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NOTICE

Medicine is an ever-changing science. As new research and clinical
experience broaden our knowledge, changes in treatment and drug therapy
are required. The authors and the publisher of this work have checked with
sources believed to be reliable in their efforts to provide information that is
complete and generally in accord with the standards accepted at the time of
publication. However, in view of the possibility of human error or changes
in medical sciences, neither the authors nor the publisher nor any other
party who has been involved in the preparation or publication of this work
warrants that the information contained herein is in every respect accurate
or complete, and they disclaim all responsibility for any errors or omissions
or for the results obtained from use of the information contained in this
work. Readers are encouraged to confirm the information contained herein
with other sources. For example and in particular, readers are advised to
check the product information sheet included in the package of each drug
they plan to administer to be certain that the information contained in this
work is accurate and that changes have not been made in the recommended
dose or in the contraindications for administration. This recommendation is
of particular importance in connection with new or infrequently used drugs.
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Understanding and applying clinical pharmacokinetics and dosing medications
safely and appropriately are an essential role of the pharmacist in medication
therapy =~ management.  Ostensibly, =~ pharmacokinetics and  clinical
pharmacokinetics are a core part of doctorate of pharmacy program curriculums,
and these skills are further honed during pharmacy practice experiences in
clerkships and in postgraduate pharmacy residency training programs. Although
in the last decade pharmacy has undergone significant specialization,
pharmacists are expected to be the drug expert and maintain knowledge of a vast
array of agents beyond their area of specialty. Physicians and other prescribers
expect the pharmacist to be the expert in pharmacokinetics, drug interactions,
and drug dosing. The goal of Casebook in Clinical Pharmacokinetics and Drug
Dosing is to provide students and clinicians with real-world dosing case
scenarios and a step-by-step approach to determining dosing regimens.

Traditionally, clinical pharmacokinetics courses and clinical pharmacokinetic
textbooks focus on drugs with readily available therapeutic serum levels such as
aminoglycosides, vancomycin, carbamazepine, phenytoin, phenobarbital,
valproic acid, lithium, digoxin, amiodarone, immunosuppressants, and
antiarrhythmics such as quinidine and procainamide. Many of these agents
remain effective and are highly utilized in today’s practice; hence, mastering
how to dose these agents is an expectation of today’s pharmacist. Casebook in
Clinical Pharmacokinetics and Drug Dosing will provide extensive reviews and
cases for these traditional agents with readily available serum levels that are used
to determine drug-dosing regimens.

Many drugs in use today do not have readily available therapeutic serum
levels, but have narrow therapeutic indexes, sophisticated pharmacokinetics and
pharmacodynamics, extensive drug interactions, and complicated dosing
schemes, and are classified as high-alert agents. The risk of medication errors
and patient harm with these agents is high, but minimal guidance is provided for



safely utilizing and dosing these drugs in actual patient case scenarios. Such
agents include the newer second-generation antiepileptics, long-acting
antipsychotics, colistin and polymyxin B, dronedarone, direct thrombin
inhibitors, neuromuscular blocking agents, oncologic agents, antifungal agents,
epoetin alfa, warfarin, heparin and low-molecular-weight heparins, extended-
infusion beta-lactams, and opioids for pain management. Casebook in Clinical
Pharmacokinetics and Drug Dosing provides equal emphasis and focus with
these type of agents and traditionally dosed pharmacokinetic agents and offers
extensive reviews, cases, and answers to challenging dosing questions.

This casebook is designed to teach and guide the pharmacy student,
pharmacist, and clinical pharmacist in dosing drugs and goes beyond agents with
readily available and applied therapeutic blood levels. Each drug chapter is
written by clinical pharmacists who have expertise and experience in drug
dosing. Each chapter provides an overview of the drug’s pharmacology
including mechanisms of action, indications, toxicities, and pharmacokinetics. A
comprehensive review and discussion of the drug’s bioavailability, volume of
distribution, clearance, half-life, therapeutic drug level monitoring (when
applicable), drug interactions, dosing, and availability are provided. Each
chapter contains a plethora of patient cases with clear step-by-step answers and
explanations. Calculations, equations, and dosing recommendations are provided
for each case. Loading doses and maintenance doses using population and actual
pharmacokinetics are depicted and reviewed. Challenging cases including drug
interactions, alterations in volume of distribution, reduced renal or hepatic
function, and overweight and underweight patients are covered extensively.

This casebook is intended for teaching, learning, and clinical practice. The
casebook can be used in the classroom by faculty to teach drug dosing, by
pharmacy students to practice and learn drug dosing, and by the clinical
pharmacist practitioner for daily patient care needs. This casebook will be an
invaluable resource providing the clinician with assistance in both routine and
challenging drug-dosing cases.
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AMIODARONE

Amiodarone is designated as a class III antiarrhythmic drug based on the
Vaughan Williams classification. Consistent with other class III antiarrhythmic

drugs, amiodarone blocks potassium channels to delay phase 3 repolarization.’
However, amiodarone possesses electrophysiological (EP) effects similar to all
four classes of antiarrhythmic drugs by (1) blocking sodium channels (class I
effect)?, (2) potent nonselective, noncompetitive B-adrenergic receptor blockade
(class II effect)?, and (3) antagonizing calcium channel activity (class IV effect).
As a result, amiodarone prolongs action potential duration (APD), resulting in
prolongation of the effective refractory period.!

Amiodarone is indicated for the treatment of life-threatening, recurrent,
refractory ventricular arrhythmias,* including recurrent ventricular fibrillation
(VF)® and recurrent hemodynamically unstable ventricular tachycardia (VT).® In
addition to these indications, amiodarone is commonly used for treatment of
atrial fibrillation (AF) particularly in patients with heart failure.”2* According to
the 2011 consensus guidelines of the American Heart Association (AHA) and
the American College of Cardiology (ACC) for the management of atrial
fibrillation,?> amiodarone can also be used for cardioversion of recent-onset
AF.?® Amiodarone is not only beneficial in terminating AF, but it can be
effective at maintaining normal sinus rhythm (NSR) and preventing AF



recurrence.”’” The Canadian trial of AF (CTAF) reported that amiodarone
reduced the incidence of recurrent AF compared to other antiarrhythmic drugs

(35% vs. 63%, respectively).”” Additional studies have demonstrated that
amiodarone is effective at preventing AF following cardiovascular and
cardiothoracic surgeries.?%3!

Dosing

Amiodarone dosing varies depending on the clinical indication. Table 1-1
summarizes the dosing recommendations for amiodarone according to AHA
recommendations, 2006 guidelines for management of patients with ventricular
arrhythmias and the prevention of sudden cardiac death, and its focused update
in 2011 on the management of atrial fibrillation. Amiodarone is commercially
available as 100 and 200 mg oral tablets or as 50 mg/mL for IV administration.

TABi“E 1= Amiodarone Dosing
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Adverse Effects and Monitoring

Amiodarone administration has been associated with various cardiac and
noncardiac side effects, some life-threatening. (See Table 1-2.) Cardiac adverse



effects include bradycardia (2-4%), atrioventricular (AV) block (2-5%), QTc
interval prolongation with a mild risk (<1%) of torsades de pointes (TdP)
compared to other QTc interval prolonging drugs. Noncardiac adverse effects
caused by amiodarone include impaired thyroid function (hypo- 6% or hyper-
<1%), which is largely attributed to an iodine moiety on amiodarone resembling
the hormone thyroxin.3® In addition, chronic administration of high doses (>500
mg/day) can result in serious pulmonary fibrosis, which requires treatment
discontinuation (2-17%).3%40 Other adverse effects include skin discoloration,
photosensitivity (10%), hepatotoxicity (0.6 %), peripheral neuropathy (0.3%),
and corneal deposits (<10%), which may occur with prolonged use. Due to the
involvement of multiple organ systems and the potential for serious adverse
effects, prolonged use of amiodarone requires close monitoring for these
toxicities. Routine monitoring of liver and thyroid function as well as a chest X-
ray and electrocardiogram (ECG) is recommended every 6 months.

TAB;‘E & Adverse Effects Associated with Dronedarone and Amiodarone



Amiodarone

Dronedarone

Pulmonary fibrosis Gastrointestinal toxicity
Thyroid disorders (hypo- or hyperthyroidism) Nauses
Peripheral neuropathy Vomiting
(omeal deposits Gastroenteritis
Liver enzymes elevation Liver enzymes elevation
Skin discoloration Serum creatinine elevation
(ardiac adverse events

Bradycardia

(T prolongation

Low risk (<1%) of TdP
Gastrointestinal toxicity

Nausea

Vomiting

Pharmacokinetics

Following oral administration, amiodarone absorption is incomplete with highly
variable bioavailability reported between 20 to 80 percent.*’*? This
unpredictable and incomplete absorption may be partially attributed to the fact
that amiodarone is a substrate for the cytochrome P450 (CYP) 3A metabolizing
enzyme and the efflux transport protein, P-glycoprotein (P-gp). Following oral
administration, it can take between three to seven hours to achieve maximum



plasma concentrations.*>#* Both the rate and extent of absorption of amiodarone
increase when administered concurrently with food.

Amiodarone is a highly lipophilic compound that results in significant
accumulation and an atypical pharmacokinetic profile. (See Table 1-3.)
Amiodarone is slowly and extensively distributed to peripheral tissue, especially
adipose and cell membranes. This distribution and extensive plasma protein
binding (>95%) account for its large volume of distribution (Vdy) of 50-150

L/kg. Amiodarone is primarily de-ethylated by CYP3A4* and CYP2C8 into
the pharmacologically active metabolite: desethylamiodarone (DEA).
Administration of DEA alone suppressed ventricular arrhythmias in dogs,
whereas coadministration of DEA and amiodarone suppressed ventricular

arrhythmias at lower doses than giving amiodarone alone.*” Amiodarone and
DEA, when given separately, reduced the incidence of ischemia-induced
ventricular arrhythmias in rats.*® Therefore, both amiodarone and DEA are
effective, but more DEA may reach cardiac tissue. Similar plasma concentrations

of amiodarone and DEA resulted in higher myocardial concentrations of DEA.4’
Renal elimination of both amiodarone and its metabolite is negligible (<1%).

JV:V BN B Key Pharmacokinetic Parameters of Amiodarone and
3 Dronedarone

Amiodarone Dronedarone
Bioavailability 20-80% 5-15%
Volume of distribution 50-150 (L/kg) 14001
Protein binding 95% 98%
(learance 0.2-04 (L/kg/h) 130-150 (L/h)
Elimination half-life Upto 120 days 24hour
Plasma concentration (mg/L) 1.0-25 5-12 (parent drug)




Chronic administration of amiodarone is associated with a long elimination
half-life (t,, ~ 120 days). The half-life and volume of distribution appear to be

proportional to the duration of therapy, where longer periods of treatment
resulted in larger reported values of both pharmacokinetic parameters.

Therapeutic and Toxic Concentrations

A therapeutic plasma concentration range for amiodarone is not clearly defined.
However, data suggest that it may be beneficial to maintain concentrations of
1.0-2.5 mg/L, with some studies reporting increased risk of toxicity at plasma
concentrations >2.5 mg/L.1#%> Higher plasma concentrations (>2.5 mg/L) are
associated with a higher incidence of pulmonary, neurologic, and gastrointestinal
toxicity with no additional antiarrhythmic effect observed. In general, little
clinical usefulness comes with monitoring amiodarone plasma concentrations.
However, in some cases it may be valuable to measure periodic trough
concentrations to determine patient-specific effective concentrations when
considering chronic use of the drug. In a multicenter clinical trial in patients with
ventricular and supraventricular arrhythmias, amiodarone and DEA
concentrations linearly correlated with the administered dose of amiodarone
(200, 400, or 600 mg/day).! Similarly, the concentration of DEA correlated with
observed amiodarone concentrations, whereas drug-to-metabolite ratio remained
constant at all studied doses. The patients who experienced adverse events had
amiodarone concentrations of 2.9 + 1.5 mg/L, while drug-to-metabolite ratio was
similar (1.8 + 0.8) whether adverse events occurred or not.°!

Drug Interactions

Both amiodarone and DEA can inhibit several drug metabolizing enzymes,
which is the primary source for drug interactions. Amiodarone itself is a weak
inhibitor of CYP2C9, CYP2D6, and CYP3A4. However, DEA is a more potent
inhibitor of these enzymes and additionally inhibits the function of CYP1A1,
CYP2AS6, and CYP2B6.°2 Amiodarone is also a substrate and an inhibitor of P-
gp. This primary mechanism of interaction with digoxin results in elevated
digoxin plasma concentrations when coadministered with amiodarone.

DRONEDARONE

Dronedarone is a benzofuran derivative that is structurally analogous to
amiodarone without an iodine moiety. The structural dissimilarities improve the



drug safety profile of dronedarone over amiodarone. The lack of an iodine
moiety aims at reducing the incidence and severity of the thyroid toxicity
associated with amiodarone.”® Also, the addition of a methyl-sulfonyl group
decreases the lipophilicity of dronedarone, resulting in less tissue distribution
and therefore less accumulation compared to amiodarone. Overall, dronedarone
has a shorter half-life and more favorable pharmacokinetic profile compared to
amiodarone.>3>4

Similar to amiodarone, dronedarone has electrophysiological effects of all
four Vaughan-Williams classes of antiarrhythmic drugs.>>°® Despite these
electrophysiologic similarities, dronedarone is less effective at suppressing AF
recurrence (63.5%) compared to amiodarone (42.0%).>” However, in a large,
multicenter, randomized clinical trial, dronedarone was associated with a
reduced risk of hospitalizations versus placebo in patients with paroxysmal or
persistent AF associated with cardiovascular risk factors.”® This trial resulted in
the U.S. Food and Drug Administration (FDA) approval of dronedarone for the
treatment of patients with AF. However, dronedarone has been shown to have
detrimental effects in heart failure patients, and postmarketing surveillance has
indicated it can prompt life-threatening hepatotoxicity. Therefore, the role of
dronedarone in clinical practice remains controversial, and many consider it a
second-line agent to amiodarone.>® Dronedarone has also been investigated for
ventricular rate control in permanent AF. In the Efficacy and Safety of
Dronedarone for the Control of Ventricular Rate during AF (ERATO) study,?° a
dose of 400 mg twice daily was successful in controlling the ventricular rate
compared to placebo; however, dronedarone is not yet approved for rate control.

Dosing

In a dose-ranging study of dronedarone for the prevention of AF (DAFNE),
doses of 400, 600, and 800 mg twice daily were assessed.>® In this trial, 400 mg
twice daily increased the time to AF recurrence following cardioversion. This
effect on the time to relapse was not statistically significantly for 600 mg and
800 mg twice daily compared to placebo. Moreover, these higher doses (600 and
800 mg twice daily) were not statistically significantly more efficacious in
cardioversion to normal sinus rhythm. Additionally, the incidence of drug
discontinuation due to adverse events was higher at 600 mg twice daily (7.6%)
and 800 mg twice daily (22.6%) versus 400 mg twice daily (3.9%). Therefore,
the recommended and approved dose is 400 mg twice daily with meals.
Dronedarone exposure is 20—30 percent higher in special populations including



females, patients older than 65 years, or patients with moderate hepatic
impairment; however, no dosage adjustment in these populations has been
reported.

Adverse Events

Drug discontinuation due to adverse events was 3.9 percent with the approved
400 mg twice daily dose.®®> The most frequently reported adverse event is
gastrointestinal toxicity (4-20%) in the form of diarrhea, nausea, vomiting, and
gastroenteritis.>>

In clinical trials dronedarone was associated with fewer cases of thyroid
toxicity and overall better tolerance compared to amiodarone.®! (Refer to Table
1-2.) A short-term, randomized, double-blind, parallel-group study to evaluate
the efficacy and safety of dronedarone versus amiodarone in patients with
persistent atrial fibrillation (DIONYSOS study) directly compared both drugs
over a maximum duration of treatment of 13.8 months.>” Drug discontinuation
due to intolerance was 10 percent in dronedarone group versus 13.3 percent in
patients receiving amiodarone. Fewer incidences of thyroid, neurologic, ocular,
and dermatologic adverse events were reported in patients who were
administered dronedarone compared to those who received amiodarone.
However, the proportion of patients who experienced gastrointestinal toxicity
(12.9% vs. 5.1%) and liver enzymes elevation (12.0% vs. 10.6%) was higher in
patients who received dronedarone compared to those who received amiodarone.

Despite an enhanced adverse effect profile compared to amiodarone,
dronedarone is largely considered a second-line therapy to amiodarone for a
couple of reasons related to adverse effects. First, dronedarone was associated
with increased mortality when administered to patients with New York Heart
Association (NYHA) class III or IV heart failure. Therefore, current guidelines
do not recommend using dronedarone in patients with NYHA class III or IV
heart failure or those with a recent exacerbation.” Amiodarone remains the
agent of choice in heart failure patients. Secondly, severe hepatotoxicity
requiring liver transplantation has been reported in two cases.®® Both patients
were female, approximately 70 years of age, and were receiving dronedarone for
atrial fibrillation. All other potential causes of hepatic failure were reportedly
excluded. Accordingly, the FDA has required the inclusion of this potential risk
for hepatotoxicity in the product labeling of dronedarone.

Pharmacokinetics



Dronedarone has less accumulation and exhibits a more traditional
pharmacokinetic profile compared to amiodarone. (Refer to Table 1-3.)
Dronedarone undergoes extensive first-pass metabolism, which may be
attributed to CYP3A metabolism. Consequently, the drug has a low absolute
bioavailability (<5%) that increases to approximately 15 percent when
administered with food. It takes 3—6 hours to reach peak plasma concentrations
following oral administration. Dronedarone is highly bound to plasma proteins
(>98%), mainly albumin, with a steady-state volume of distribution of
approximately 1,400 L.%4

Dronedarone is extensively metabolized by CYP3A into an active N-debutyl
metabolite, which is three- to tenfold less potent than the parent drug. Following
metabolism, the drug is mainly excreted in feces (84%) and a small portion (6%)
is excreted in urine. The elimination half-life of dronedarone is approximately 24
hours with steady-state plasma concentrations (85—170 ng/mL) achieved in four
to eight days.

Drug Interactions

Dronedarone has a potential for multidrug interactions when coadministered
with CYP3A substrates, inducers, or inhibitors. Coadministration with a strong
CYP3A inhibitor such as ketoconazole results in greater than a 15-fold increase
in dronedarone exposure. Moderate CYP3A inhibitors such as verapamil
increase exposure by 40-70 percent. Coadministration with CYP3A inducers
such as rifampin reduces exposure by 80 percent.

Dronedarone is also an inhibitor of P-gp, CYP2D6, and CYP3A and can
affect the metabolism of other drugs. For example, dronedarone administration
causes an approximately fourfold increase in simvastatin exposure and a 1.5-fold
increase in verapamil concentration, both substrates of CYP3A. A daily
dronedarone dose of 800 mg increases metoprolol (CYP2D6 substrate) C_ ., and

max
exposure by 1.8- and 1.6-fold, respectively.5> Dronedarone increases exposure of
digoxin through P-gp inhibition in a similar manner as with amiodarone.%° Other
drug interactions arise from the electrophysiologic effects of dronedarone. Class
I and III antiarrhythmic drugs can potentiate the risk of torsades de pointes (TdP)
due to QTc interval prolongation. Similarly, the incidence of bradycardia
increases when coadministered with beta blockers.®>

CASE STUDIES



CASE 1: TRANSITIONING FROM INTRAVENOUS TO ORAL
AMIODARONE

MH is a 73-year-old woman (weight = 50 kg) with a past medical history
significant for coronary artery disease, hyperlipidemia, hypertension, diabetes
mellitus, and chronic kidney disease stage III. She was admitted to the
cardiovascular intensive care unit following a three-vessel coronary artery
bypass grafting. Her postoperative course was complicated by development of
atrial fibrillation on postoperative day 2. She was started on a loading regimen
of intravenous amiodarone as a 150 mg intravenous (IV) bolus followed by 1
mg/min for 6 hours. She was switched to and has been on an amiodarone
infusion of 0.5 mg/min for approximately 36 hours. The medical team wishes to
switch her to an oral regimen to facilitate transfer to a medical floor and
eventual discharge.

QuesmoNt

Estimate MH’s amiodarone plasma concentration at the end of the six-hour
infusion of 1 mg/min of amiodarone.

Answer:

The plasma concentration (Cp) of amiodarone at six hours will reflect both the

administered I'V bolus (150 mg) and the infused (1 mg/min) amiodarone. To help
visually depict the scenario, Figure 1-1 represents a theoretical plasma
concentration-time curve for a drug with similar properties to amiodarone that
was administered in the same manner as in this clinical case. Point A in Figure 1-
1 represents the theoretical concentration of this drug following a bolus dose,
and Point B represents a theoretical concentration following a 6-hour infusion. In
order to estimate amiodarone concentration after six hours, the remaining
amount of the IV bolus after 6 hours can be added to the amount accumulated
from the 6-hour infusion. To estimate the amount remaining of the IV bolus, the
following fundamental first-order elimination kinetics equation can be used:
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FIGURE 1-1. Amiodarone plasma concentration following IV-injection and infusion at 2 different rates
(1.0 mg/min for 6 hours and 0.5 mg/min for 36 hours). A is the amiodarone plasma concentration just after
the IV-injection, B is the concentration at 6 hours before starting the second infusion, and C is the
concentration at the end of the second infusion. The solid line represents the actual change in plasma
concentration, and the dashed line represents the first-order elimination of amiodarone if a second infusion
was not started.

Equation 1: C, = (C)y x e™!

where Cj, is the plasma concentration at any time (t), (Cp), is the initial plasma
concentration (point A), and K, is the first-order elimination rate constant for
amiodarone. Because the initial amiodarone concentration (Cp), was obtained
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following a bolus dose, it can be substituted by Va based on the

fundamental relationship between amount (dose), concentration, and volume,
where F is the bioavailability (equal to 1 for an IV dose), and V, is the

amiodarone volume of distribution.
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Equation 2: C_ =
}'I

To calculate the portion of C, that is attributed to the IV infusion for 6 hours,
the following equation can be used:

R
Equation 3: C = —— (1- &%)
" KV,

£

where R, is the infusion rate constant (i.e., 1 mg/min for the first 6 hours).
Hence, amiodarone C, following both the IV bolus and IV infusion can be
estimated using the combined equation:

: R : FeD
Equation 4: C_ = = (1= e %) O o oKt
P KV \Y

e d d

It is important to keep in mind that the utilization of this equation will give an
estimate that is only as accurate as the variability in the underlying
pharmacokinetic parameters. Population data will have to be used to estimate the
pharmacokinetic parameters for amiodarone in this patient because no plasma
concentrations have been clinically assessed. Amiodarone is characterized as
having a large and variable V4 that ranges between 50 and 150 L/kg. This result

is associated with a long half-life, which has been reported up to 120 days, with
most of the patients in clinical studies demonstrating half-lives ranging from 40
to 50 days. Therefore, the inherent variability in the intersubject variability of
amiodarone will reflect on the estimated C, in this example. For the required
calculation in this case, an average V4 of 100 L/kg and a half-life of 45 days will

be used.



Using this patient’s body weight, the volume of distribution is estimated as
follows:

[
Vd = 100 k_ X bOdY wieght (kg)
8

=100 x 50 = 5000 L

K, can be estimated from the half-life using the following equation:

0.693
K = :

1/2

et 0.0154 days
45 days

and converted to hours by

0.0154
= =64 x10* h™
24

The infusion rate R (1 mg/min) is equivalent to 60 mg/h.

Given this information, the C, after 6 hours can be estimated using equation
4:

60
6.4 x 107" x 5000

X (] — e-(64x10 4><6)) +[ﬁ X e-(64x10 4x6ﬂ
5000

=0.072 + 0.030 = 0.102 mg/L

Administration of a 150 mg IV-bolus followed by an IV-infusion of
amiodarone 1 mg/min for 6 hours results in an estimated plasma concentration of
0.102 mg/L using average population data for V4 and half-life. Performing the



same calculation and assuming the lower and upper limits of the reported V
range of 50-150 L/kg yields C, at 6 hours of 0.068 and 0.203 mg/L,

respectively. Therefore, the administered I'V-bolus and 6 hours infusion should
yield C, in the range of 0.068-0.203 mg/L in this patient.

GoESEON® 0000000000

Estimate MH’s amiodarone plasma concentration at the end of the 36-hour
infusion administered at a rate of 0.5 mg/min (i.e., following the 150 mg bolus,
6-hour 1 mg/min infusion and 36-hour 0.5 mg/min infusion).

Answer:

The 36-hour infusion of amiodarone at 0.5 mg/min followed the initial loading
dose and 6-hour infusion at 1 mg/min. The total amiodarone administration time
in this patient is equal to 42 hours, represented by point C in Figure 1-1. At the
end of the 42 hours, the plasma concentration should reflect the following:

1. The remaining amount of amiodarone following the initial IV bolus and the
previous infusion (1.0 mg/min for 6 hours), which was estimated to be
0.102 mg/L at 6 hours. This amount will decrease over the next 36 hours, as
depicted in Figure 1-1 by a dashed line from point B over the 36 hours of
the new infusion. The amount remaining can be estimated using a slightly
modified version of equation 1.

C,=(Cplo e Ke(t=T)

where (C,), is the initial concentration that was estimated to be 0.102 mg/L

in question 1 (Point B in Figure 1-1), while T is the infusion time of the
initial I'V infusion (i.e., 6 hours) and t is the total time of amiodarone
administration (i.e., 42 hours).

2. The resulting amiodarone concentration from the second infusion (0.5
mg/min for 36 hours) can be estimated using equation 3.

R
C,=—— (1-e™™¢
KV )

e d




Therefore, the estimated amiodarone C;, after 36 hours of 0.5-mg/min
infusion (C,), is calculated by adding both components as follows in
equation 5:

Equation 5: (C,), = = {"[ (1-€%7) + €5, g

d

R, = 0.5 mg/min x 60 = 30 mg/h

Similar to question 1, average values of V4 and K, will be used to perform
the calculation.

30 .
(CP)42 = x(l_e—ﬁAxm }:36)
(6.4 x 107 (5000)

+0.102 % (e—ﬁ.4x 1[}"'><{42—ﬁ})

=0.214 + 0.099 = 0.313 mg

After changing the I'V-infusion rate and continuing amiodarone administration
for 36 more hours, the estimated plasma concentration is 0.313 mg/L.
Performing the same calculation and assuming the lower and upper limits of the
reported V4 range of 50-150 L/kg yield C, of 0.208 and 0.626 mg/L,

respectively. Therefore, the total intravenously administered amiodarone should
achieve C, in the range of 0.208-0.626 mg/L in this patient. This concentration
range is below the reported therapeutic range of amiodarone (1.0-2.5 mg/L) that
is targeted by the loading regimen before switching the patient to a maintenance
regimen.

GOESEONS 00000000

What is an appropriate oral regimen of amiodarone that MH should be
administered to complete the loading dose phase?



Answer:

As described, amiodarone has a complex pharmacokinetic behavior given its
extensive accumulation in body tissues. Thus, amiodarone has a large volume of
distribution associated with a lengthened half-life and time to reach steady-
steady plasma concentrations. Consequently, a loading dose of amiodarone is
recommended in certain situations to expedite the time for amiodarone to exert
its full therapeutic action. Amiodarone loading is achieved clinically by giving a
maximum daily dose of 1,600 mg orally until reaching a total loading dose of 10
g before switching to a maintenance regimen. It is common for patients to be
started on IV amiodarone to attain rapid electrophysiological effects before being
switched to an oral regimen of 400 mg twice (BID) or three times (TID) daily. It
should be noted that the bioavailability of amiodarone is highly variable between
patients (usually 0.2-0.8). Therefore, clinically 10 g of total amiodarone is
commonly targeted for total IV and oral doses. In order to switch MH to an oral
regimen, the total amount administered intravenously should be calculated.

Amount already administered = 150 mg IV bolus
+ 1 mg/min for 6 h + 0.5 mg/min for 36 h

=150 + (1 x 60 x 6) + (0.5 x 60 x 36)

= 1,590 mg

Amount remaining to be administered for the loading dose = 10,000 mg —
1,590 mg = 8,410 mg.

Given a dose of 400 mg TID (i.e., 1,200 mg per day):

The time to reach the total loading dose
=20 = 10.5 days of 400 mg BID dosing.

S00

Given a dose of 400 mg BID (i.e., 800 mg per day):

The time to reach the total loading dose
=20 = 10.5 days of 400 mg BID dosing.

S00

When choosing the daily dose regimen of amiodarone, the risk-to-benefit
ratio should be assessed for the individual patient. In this case, if MH had
converted to normal sinus rhythm from the IV regimen alone, it would likely be



beneficial to give her the lower daily dose to minimize adverse effects given her
age and comorbid conditions. However, if MH had paroxysmal AF with
hemodynamic instability, then the shorter period of higher dose loading may be
preferred.

Following the loading phase, the recommended maintenance dose for AF is
200-400 mg/day.

GOESEONS 00000000000

MH was switched from IV amiodarone to 400 mg orally three times daily for 7
days to complete the loading dose phase. Estimate the amiodarone concentration
postloading dose following the postinfusion oral regimen of amiodarone.

Answer:

Because amiodarone has a long elimination half-life, 7 days is not enough time
to reach steady state, which theoretically requires five to seven half-lives. In
such a case, one method to estimate amiodarone concentrations at the end of the
loading period is to use multiple-dose kinetics represented by equation 6:

F e Dose 1 — e NKI
N,max — X

\% 1 — e

d

Equation 6: (C,)

where (C

doses, and T is the dosing interval. This equation enables the estimation of the
maximum plasma concentration after any number of doses before reaching
steady state. When the oral regimen is postinfusion, the remaining IV
amiodarone prior to starting the oral administration should be considered. Thus,
in addition to the oral amiodarone accumulating and estimated by equation 6,
postinfusion amiodarone is eliminated in the same time over the 7 days and can
be estimated using the previously mentioned first-order elimination equation:

p)N,max 1S the maximum plasma concentration after N administered

_ K, x7d
C, = (Cp)ype e 7 davs

where (Cp),; is concentration of amiodarone following the 42-hour IV regimen

(estimated to be 0.313 mg/L in the answer to question 2). With oral and infusion
regimens, amiodarone plasma concentration can be estimated at the end of the 7



days (168 hours) by adding both as represented in the following equation:

Equation 7: (C,),

,max

-NK 1
- F * DOSQ 1 -e ‘ —(K_ ) (7 days or 168 hours)
- V . 1 -K.T * (Cp )42e (
d - €

MH was administered 400 mg TID for the oral loading phase, so the number
of doses administered orally is

N = 3 doses x 7 days = 21 doses

T = 8 hours
0.5 x 400 mg 1 — e—(ilxﬁ.z}xl{}_.txghj
(Cpme = y |
P/ N,max 5000 L P e_(6_4x 104 x 8 h)

+0.313 X e-—cm % 107" x 168 h)

=0.829 + 0.252 = 1.081 mg/L

Therefore, considering elimination characterized by the long half-life reported
for amiodarone, the plasma concentration is estimated to be 1.081 mg/L.

GOESEONS 0 0000000

Estimate the amiodarone concentration dfter the entire loading phase (IV and
oral), assuming NO amiodarone elimination during the loading phase.
Compare your answer to that estimated in question 4 and explain the
similarities.

Answer:

If amiodarone is theoretically not eliminated during the entire loading phase, the
estimation of plasma concentrations is quite simple. All that needs to be done is



to estimate the total amount of amiodarone that reaches the systemic circulation
and divide by the volume of distribution to get an estimated concentration. In the
loading phase, MH received 1,590 mg of amiodarone intravenously and 8,400
mg orally. Amiodarone has an oral bioavailability that can range from 20 percent
to 80 percent or higher with an approximate average of 50 percent (F = 0.5).
Therefore, F = 0.5 will be used for the calculation of amiodarone concentration
following oral administration in this case. Theoretically, if no elimination
occurred during this loading phase, amiodarone would accumulate in the body
without elimination. First, the total amount of amiodarone administered that
reached systemic circulation needs to be calculated:

The total amount administered was 1,590 mg IV and 8,400 mg orally
(400 mg TID for one week). Therefore, the total amount to reach
systemic circulation

= 1,590 mg + (8,400 mg x F)
= 1,590 mg + (8,400 mg x 0.5) = 5,790 mg

Second, amiodarone concentration can be estimated using the fundamental
relationship between dose, volume, and plasma concentration as follows:

Amount Reaching Systemic Circulation
\Y%

d

P

5790 mg
5000 L

C,=

1.158 mg/L

Thus, assuming no elimination, the administered loading regimen is estimated
to yield a plasma concentration of 1.158 mg/L. assuming a 50 percent oral
bioavailability. Therefore, if no elimination occurred, the estimated plasma
concentration (1.158 mg/L) is only 7 percent higher than that estimated (1.081
mg/L) when considering elimination. The similarity is due to the long half-life
for amiodarone, which is characterized by a slow elimination from the body.
Theoretically, drugs with long half-lives will not have rapidly changing plasma
concentrations due to slow elimination. This characteristic can be taken



advantage of to make estimates of plasma concentrations following complex
regimens as demonstrated by the similarities in the answers to questions 4 and 5.

CASE 2: CONVERTING A PATIENT FROM AMIODARONE
TO DRONEDARONE THERAPY

SA is a 62-year-old man with mild left ventricular systolic dysfunction who has
been receiving amiodarone 400 mg daily as maintenance therapy for atrial
fibrillation for 3 years. He presents to the clinic for his routine appointment with
complaints of hand tremors and heat intolerance. The physical exam indicates
that he has lost approximately 15 kg since his last appointment and has a
moderately enlarged thyroid gland. SA was diagnosed with amiodarone-induced
thyrotoxicosis and will be transitioned to dronedarone therapy.

QuesmoNt

What considerations should be made to determine how long amiodarone should
be washed out before dronedarone is initiated? What should be monitored
closely?

Answer:

The decision whether or not and the length of time to washout a drug before
switching to a similar therapeutic agent requires a combination of
pharmacokinetic and pharmacodynamic considerations. In general, it is accepted
that after five half-lives a drug is adequately eliminated from the body. By
definition, 50 percent of any given drug that follows linear first-order kinetics is
eliminated from the body after one half-life. After each additional half-life, 50
percent of the remaining amount of drug in the body is lost. Therefore, after two
half-lives only 25 percent of the original amount administered would remain.
Therefore, theoretically, 96.875 percent of a drug will be eliminated from the
body after five half-lives as displayed in Table 1-4.

§ V.V B 58 B Theoretical Amount of Drug Remaining and Lost Based on
4 Number of Half-Lives in the Body
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As mentioned, amiodarone has a complex pharmacokinetic profile due to its
extensive accumulation in tissue, which corresponds to an unusually large
volume of distribution. The half-life (t,,) of a drug is influenced by its

elimination clearance (CL) and volume of distribution (Vd) as demonstrated in
equation 8:

V, « 0.693
CL

Therefore, drugs that are highly distributed to tissues and have large volumes
of distribution will generally have a long half-life. For amiodarone, the half-life
can be up to 100 days given its unusual accumulation in tissues. In this extreme
case, it would require waiting 500 days (1.4 years) to fully wash out the drug
from systemic circulation. This amount of washout time is clearly unrealistic.
Therefore, pharmacokinetic principles do not provide a complete picture of the
factors that need to be considered in switching a patient from amiodarone to
dronedarone.

Equation 8: t 5 =

Even though amiodarone is detectable in the systemic circulation for a long
period of time, it does not remain effective at arrhythmia suppression for this
extended time interval. Therefore, consideration of pharmacodynamic
parameters such as the time of effectiveness is necessary to consider for drugs



with long half-lives. Amiodarone remains effective at suppressing arrhythmias
for several days after discontinuation but may lose effectiveness as soon as 3 to 5
days after discontinuation. Therefore, the potential accentuating of amiodarone
toxicity versus the risk of losing the effectiveness of arrhythmia suppression
needs to be considered. In this case amiodarone is being used to maintain sinus
rhythm in a patient with atrial fibrillation with a current toxicity of
thyrotoxicosis. Dronedarone, in theory, should not accentuate the thyroid toxicity
of amiodarone because it lacks an iodine group and has a significantly decreased
propensity to cause thyroid-related problems in clinical trials. Furthermore, the
administration of dronedarone or continued course of amiodarone therapy will
not change the course of therapy to treat thyrotoxicosis, such as the
administration of methimazole. However, by not administering one of these
agents, it may decrease the effectiveness of treatment.

The most likely immediate concern related to toxicity of dronedarone and
amiodarone would be associated with an excessive QT-interval prolongation and
the increased risk for torsades de pointes. This consideration is important
because both drugs have similar mechanisms related to ion channel function and
Vaughn-Williams classification. Therefore, pharmacodynamic monitoring of
ECG data becomes important in patients switching from amiodarone to
dronedarone. Given a normal heart-rate corrected QTc-interval, maintenance of
normal sinus rhythm, and absence of other amiodarone-related adverse effects, it
would be reasonable to begin dronedarone after a 3- to 5-day washout in this
patient.

The pharmacokinetic and pharmacodynamic (effectiveness and toxicity)
considerations described are important to consider regarding the decision on an
appropriate washout period. One additional consideration should be based on the
literature and washout periods that were used in the clinical trials that evaluated
dronedarone therapy. Two of the trials did not require a washout period when
converting patients from amiodarone to dronedarone, although the largest trial
had a 28-day washout. However, the rationale for the 28-day washout in the
ATHENA trial was because the trial outcome was not related to the maintenance
of sinus rhythm. In summary, it is not feasible to wait for five half-lives for
amiodarone to be eliminated from this patient before beginning dronedarone
given the intense amiodarone accumulation. Previous trials started dronedarone
without a washout period, and if there are no current toxicities other than
thyrotoxicosis, it would make the most sense to start dronedarone immediately to
optimally avoid atrial fibrillation recurrence.



CASE 3: DRUG INTERACTIONS 1

DN is a 64-year-old man who presented to the emergency department
complaining of lightheadedness, palpitations, and one episode of syncope that
made him decide to seek medical attention. Upon initial presentation his heart
rate was 45 beats per minute and his electrocardiogram displayed first-degree
heart block.

His past medical history includes hypertension, atrial fibrillation,
hyperlipidemia, HIV, and depression. His medications include:

Lisinopril 20 mg daily

Metoprolol 25 mg twice daily
Atorvastatin 40 mg daily

Amiodarone 400 mg daily

Atazanavir 400 mg once daily
Ritonavir 600 mg twice daily

Truvada® (emtricitabine plus tenofovir)
Sertraline 100 mg daily

He has been taking all medications for several years other than the initiation of
the antiretroviral therapy (ART) 6 months ago. DN states that he uses a
pillbox and has been taking his medications as prescribed.

QuesmoNt

What may be possible drug interactions and mechanisms that are precipitating
DN’s symptoms?

Answer:

The occurrence of undesirable clinical manifestations following a change in a
medication record may be an adverse event of the added medications or a result
of drug-drug interaction. Coadministration of amiodarone and metoprolol could
possibly cause bradycardia and dizziness as experienced by this patient.
However, the patient was stabilized on both medications with no reported
adverse events before he started taking the ART. Both atazanavir and ritonavir



(protease inhibitors) are potent CYP3A4 inhibitors that can increase amiodarone
plasma concentrations (CYP3A4 substrate) and should be carefully administered
in patients receiving atorvastatin. Coadministration of these drugs leads to
pharmacokinetic drug interactions due to the inhibition of CYP3A4 metabolizing
enzyme that may result in elevated concentrations of its substrates (amiodarone
and atorvastatin). This inhibition of CYP3A4 can be associated with an
increased risk of developing adverse events from both drugs. Therefore, the most
likely drug interaction would be due to amiodarone toxicity manifested by
dizziness, bradycardia, and AV block. Amiodarone should be stopped in this
patient immediately until symptoms are controlled, and alternative therapies
should be considered. Atorvastatin toxicity is also a potential concern in this
patient and dosing changes may be considered along with assessing liver
function and myopathy.
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DN had an amiodarone concentration of 2.2 mg/L 6 months ago before starting
ART. Estimate the steady-state clearance of amiodarone for DN.

Answer:

Because the patient has been taking amiodarone for more than 6 months, the
plasma concentration may be at or close to steady state. Steady-state amiodarone
clearance, CL, can be calculated using equation 9 or 10:

F ¢ Dose

Equation 9: CL_ x (Cp)sﬂ =

where F is amiodarone bioavailability, (C

concentration, and T is the dosing interval. This equation represents the steady
state in which the left-hand side of the equation represents the output rate of the
drug and the right-hand side represents the input rate. By definition the rates of
input and output are equal at steady state. Equation 9 can be rearranged to
estimate CL for amiodarone.

p)ss 1S the steady-state plasma



Equation 10: CL =

As previously used, the F value of 50 percent (0.5) will be used to estimate
amiodarone clearance.

0.5 x 400
L - X mg
¥ 22mg/Lx24h

=3.79 L/h

Therefore, the steady-state clearance of amiodarone by DN is approximately
3.79 L/h.
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Given the reported adverse effects of DN, an amiodarone plasma concentration
was ordered and determined to be 3.7 mg/L. Calculate the clearance of
amiodarone, assuming no change in bioavailability.

Answer:

Similar to question 2, amiodarone steady-state clearance can again be calculated
using the equation and the newly determined plasma concentration:

F ¢« Dose
(C) XT

p’ss

Equation 10: CL, =

~0.5% 400 mg
3.7mg/L x24h

=2.25L/h



Based on the observed amiodarone (C),s and its calculated CL,, amiodarone

clearance was estimated to be reduced from 3.79 to 2.25 L/h after initiation of
the ART. The increased amiodarone concentration is a likely cause of the
adverse events experienced by DN. The decreased amiodarone clearance may be
attributed to a reduced elimination of amiodarone due to inhibition of CYP3A4
by atazanavir and ritonavir.
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Based on the calculated clearance in answer 3, recommend a new maintenance
dose to maintain amiodarone plasma concentration near 2.2 mg/L.

SS»

Answer:

A new dose to achieve the desired concentration can be calculated by
rearranging equation 10 as follows:

CL% % (Cp)‘i‘i k]
Equation 11: Dose = — - =

2255 228 o4t
h L

0.5
= 237.6 mg
Based on this estimation, DN requires only half of his regular daily

amiodarone dose, which can be reduced from 400 mg daily to 200 mg daily once
his symptoms are alleviated.

CASE 4: DRUG INTERACTIONS 11

DK is a 59-year-old, 60-kg, female who just underwent a coronary artery bypass
grafting surgery. After the surgery, DK experienced left-sided hemiplegia that
may be a cardiovascular embolism associated with intermittent atrial
fibrillation. Her inpatient medications included:



Aspirin 81 mg/day
Propranolol 25 mg BID
Furosemide 40 mg/day
Simvastatin 40 mg/day

A week later she was transferred to a rehabilitation facility without any changes
in her medication order. Two days later, atrial fibrillation recurred. Oral
anticoagulation and amiodarone were indicated.
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Explain why amiodarone was selected for the treatment of DK and specify the
proper dosing regimen.

Answer:

DK’s atrial fibrillation is considered recurrent with a history of coronary artery
disease (CAD). The 2011 update from the American College of Cardiology and
American Heart Association on the management of AF recommends restoration
of normal sinus rhythm (NSR).!® Pharmacological cardioversion with
amiodarone or dofetilide is recommended for restoration of NSR in patients with
CAD or underlying structural heart disease. Dofetilide needs to be initiated in
the hospital after administration of AV node blocking drugs to avoid a
paradoxical increase of the ventricular response. Because DK has been already
discharged, amiodarone is the best choice for pharmacological cardioversion.
According to the aforementioned 2011 consensus guidelines, the recommended
amiodarone dose for the conversion to NSR is 400 mg BID until a 10 gm total
dose is achieved, followed by a 200 mg/day maintenance dose.

A dosing regimen can be calculated as follows:

Total loading dose

The total number of doses required for loading = ——
Single dose

10gm 10000 mg
= = =25 doses
400mg 400 mg




Because the dosing calls for administering amiodarone twice daily in this
patient, therapy should continue for 12.5 days (i.e., 25/2). Therefore, a potential
regimen for this patient would be amiodarone 400 mg BID for 12.5 days as a
loading regimen followed by a maintenance regimen of 200 mg daily.
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Two weeks following the initiation of amiodarone, DK complained of
generalized muscle weakness and severe muscle pain preventing her from
leaving bed.

Laboratory results: INR 1.91, LDH 820 U/L, CK 17,923 U/L, and TSH 1.3
mU/L. What are the suspected causes of DK’ myopathy and what do you
recommend to manage it?

Answer:

Several possible causes may explain the myopathy experienced by DK.
Hypothyroidism could be a possible cause of muscle weakness and pain;
however, DK’s lab results show her TSH is within the normal range, making this
diagnosis unlikely. Another cause of myopathy could be related to simvastatin
therapy. Amiodarone is a known inhibitor of CYP3A4, and simvastatin is
predominantly metabolized by CYP3A4. Concomitant administration of both
drugs may result in reduced simvastatin elimination; hence, elevated plasma
concentrations of simvastatin may be precipitating myopathy. This adverse event
may be reversible upon discontinuation of simvastatin. An alternative option for
DK would be to switch to another HMG-CoA reductase inhibitor, pravastatin,
which is not metabolized by the cytochrome P450 enzymatic system.

CASE 5: AMIODARONE IN ACLS

DM is a 68-year-old man (body weight = 83 kg) with a history of coronary
artery disease, congestive heart failure (EF 15%), type II diabetes mellitus,
hypertension, and hyperlipidemia, who presented to the emergency department
with chest pain and dyspnea. Upon presentation, the patient was hypotensive
and diaphoretic. Soon dfter arrival the patient suddenly became unresponsive
and pulseless. CPR was initiated and a code was activated. The initial rhythm
showed ventricular fibrillation (VF). The patient was defibrillated at 200 J and
CPR was resumed. After 2 minutes of CPR the patient was still pulseless and



ventricular fibrillation persisted. The patient was then defibrillated again at 200
J, CPR was resumed, and epinephrine 1 mg IV push was administered. After an
additional two minutes of CPR the patient remained in ventricular fibrillation.
As the code team prepared to defibrillate the patient for a third time, the
physician leading the resuscitative effort requested antiarrhythmic therapy with
amiodarone.
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What initial dose would you recommend and when would you expect to see an
effect of amiodarone administration?

Answer:

The 2010 American Heart Association Guidelines for Cardiopulmonary
Resuscitation and Emergency Cardiovascular Care recommend amiodarone 300
mg IV or intraosseus (IO) first line for treatment of VF or pulseless ventricular
tachycardia (VT) unresponsive to defibrillation, CPR, and a vasopressor.®?
Although amiodarone administered orally may have an onset of action up to 2
days to 3 weeks, the onset is much more rapid following IV administration. The
rapid response following IV administration may be a result of enhanced delivery
to the site of action with increased plasma concentrations and hence exposing
cardiac tissue to greater amiodarone concentrations. Given the variability in the
bioavailability of amiodarone, IV administration should be considered in life-
threatening scenarios. Therefore, even though amiodarone has extensive tissue
distribution and a long time to reach steady state, IV administration is effective
for the treatment of patients with life-threatening ventricular arrhythmias.
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Following 300 mg of IV amiodarone administration, DM is defibrillated again
and CPR continues; however, ventricular fibrillation persists. Would it be
appropriate to administer a second dose of amiodarone at this time and, if so, at
what dose?

Answer:



It is not uncommon to need to administer a repeated dose of amiodarone when
ventricular fibrillation persists especially in overweight or obese patients. The
larger volume of distribution in these patients would result in lower
concentrations of amiodarone immediately achieving the target tissue and hence
potentially decreasing efficacy at arrhythmia suppression. It has been reported
that amiodarone dosed at 5 mg/kg is superior to lidocaine in patients with shock-
resistant ventricular fibrillation followed by a repeat dose of 2.5 mg/kg if
needed.’> Using the initial dose of 300 mg IV as the guidelines recommend
would only provide 5 mg/kg for patients with a body weight of 60 kg or less (5
mg/kg x 60 kg = 300 mg). Indeed, the 2010 American Heart Association
Guidelines for Cardiopulmonary Resuscitation and Emergency Cardiovascular
Care recommend a second dose of amiodarone 150 mg IV/IO if ventricular
fibrillation persists after further defibrillation.®> Therefore, it would be
appropriate to redose amiodarone in this patient at the recommended dose of 150
mg IV/IO.

HOMEWORK QUESTIONS
A patient with bradycardia has an amiodarone concentration of 3.2 mg/L at
steady state following a regimen of 400 mg daily. Estimate a dosing regimen to

maintain a steady-state concentration of 2.0 mg/L while assuming 50 percent
bioavailability for amiodarone.

Answer:



- F ¢« Dose
(CP)SSX T

Sx4
CL - 0.5 x 400 mg
» 32mg/Lx24h

Equation 10: CL_

CL, = 2.60 L/h

CLSS >< (Cp )55 x T
F

Equation 11: Dose =

3602 % 30 B.x FAh
h L

0.5
= 250 mg

The recommended dose would be 200 mg daily.
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A loading dose of amiodarone was administered to a patient (weight = 70 kg) as
a 150 mg intravenous (IV) bolus. Estimate the amiodarone plasma concentration
3 hours after administration of the bolus dose assuming amiodarone’s Vd is
equal to 100 L/kg and the half-life is 45 days in this patient.

Answer:



V, = lif)()kL x body wieght (kg )
&

=100 x 70 = 7000 L

K, can be estimated from the half-life using the following equation:

0.693
K, =
tlf’i
0.693
= ——— = 0.0154 days™
45 days
and converted to hours by
0.0154
=——=64x%x10"h"'
24
FeD
Equation 2: C_= O x ek
Y
d
== 150 % e—(6.4 x 1074 x 3)
P 7000

C,=0.021 mg/L
The amiodarone plasma concentration after 3 hours is 0.021 mg/L.
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A loading dose of amiodarone was administered to a patient and a serum
amiodarone concentration of 0.05 mg/L was achieved. An amiodarone infusion



was started at 1 mg/min for eight hours. Estimate the amiodarone plasma
concentration following the 8-hour infusion of amiodarone assuming the Vy is

equal to 10,000 L and the half-life is 45 days for amiodarone in this patient.

Answer:

To calculate the portion of C, that is attributed to the IV infusion for 8 hours, the
following equation can be used:

R
Equation 3: C, = Amt from bolus + = 2 (1-e7Xt)
d

where R is the infusion rate constant (i.e., 1 mg/min for the first 6 hours). The
infusion rate R (1 mg/min) is equivalent to 60 mg/h.

Amount remaining from bolus can be calculated using the following
equation:

C =0 05% % e—(6.4 % 107 x 8 hr)
p ' L

Given this information the Cp after 8 hours can be estimated:

— (005 X e"(6,4 X iU"*xS}) i 60 % (1 _ e—(6.4 x 1074 x 8))

6.4 x 107 x 10,000

=0.049 + 0.048 = 0.097 mg/L

The estimated plasma concentration is 0.097 mg/L.
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INTRODUCTION

The aminoglycoside class of antibiotics represents the class of drugs whose
pharmacokinetics has been studied more extensively than any other. Remarkably
resilient, these antibiotics continue to provide valuable weapons in the fight
against infectious disease. Yet their well-known toxicities prevent their more
frequent use. Clinical pharmacists are expected to serve as experts on the
pharmacokinetic dosing of these drugs, and yet complex issues still lead to
misunderstandings in their optimal use. In this chapter, several aspects of dosing
will be presented:

» Extended interval dosing versus conventional dosing
 Traditional dosing and peak optimization

* Aminoglycoside ADRs related to trough concentrations
* Aminoglycoside dosing in acute renal failure

» Rounding serum creatinine in the elderly



* Aminoglycoside dosing in the obese patient
* Aminoglycosides used in the treatment of gram-positive endocarditis

* Aminoglycosides pharmacokinetics in pediatrics patients with cystic
fibrosis

EXTENDED-INTERVAL DOSING VERSUS

CONVENTIONAL DOSING

CASE 1

TJ is a 25-year-old male transferred from an outside hospital after walking in
front of a moving city snowplow. X-rays taken at the outside hospital show left
open pelvic fracture and a right open tibula/fibula fracture. He was intubated
prior to arrival for combativeness and airway protection. Medications received
prior to arrival include cefazolin 1gm via intravenous piggyback (IVPB) and
fentanyl 150 mcg slow IV push. The orthopedics team is consulted in the
emergency department and wants to add gentamicin for additional coverage of
the open fracture.

Height: 5'11" Weight: 180 lbs

PMH: Schizophrenia, depression

Allergies: Depakote

Vital Signs:

Blood pressure: 162/92. Heart rate: 102 beat/min.
Temperature: 98.0°F

Respiratory rate: 12 breath/min on vent 100% on vent

Labs:
Sodium: 140 Chloride: 109 Potassium: 4.4
Glucose: 122 Bicarbonate: 25

Blood Urea Nitrogen (BUN): 15 Serum Creatinine (SCr): 0.86

What is your recommendation for starting gentamicin?

The first step to approaching an aminoglycoside patient is to calculate the
weight to be used for dosing. Convert the patient’s actual body weight (ABW)
from pounds (Ib) to kilograms (kg) and determine the ideal body weight (IBW).



Utilization of a calculated dosing weight may be necessary if the actual body
weight is greater than 20 percent of the ideal body weight. This concept will be
discussed in detail in another section.

ABW = 180 Ibs/2.2 = 81.8 kg

IBW = 50 [45.5 for females] + (2.3 x inches over 5 ft)
=50 +(2.3+ 11) =753 kg

Because ABW <1.2(IBW), actual body weight will be used.

The next step is to determine the patient’s renal function, which is most often
done by estimating their creatinine clearance (CrCl), utilizing the Cockcroft-
Gault equation.! Estimating CrCl will assist in determining whether the patient is
a candidate for extended interval dosing versus conventional dosing and for
selecting the appropriate dosing schedule.

(140 — Age) x IBW
72 x SCr
(140 - 25) x 75.3
T 72%x0.86

Once the determination to use an aminoglycoside has been made, the
pharmacist can assist with the selection of the regimen.

Three common methods are used in designing an effective and safe
aminoglycoside regimen: conventional or traditional dosing (CD), individualized
dosing, and extended interval dosing (EID). Conventional dosing involves
giving the total daily dose of the aminoglycoside divided throughout the day,
typically every 8 to 12 hours in patients with good renal function. Monitoring
includes determination of peak and trough serum concentrations at steady state,
which occurs after three to five half-lives of the drug. Once serum levels are
available, the patient’s pharmacokinetic parameters can be calculated and
utilized for regimen adjustments. Individualized dosing determines patient-
specific pharmacokinetic parameters to achieve the desired peak and trough
concentrations. Similar to conventional dosing, this method requires obtaining
steady-state peak and trough serum concentrations.

EID is also referred to as once-daily dosing, high dose, or nontraditional

CxCl =

(x 0.85 for female)

= >100 mL/min



dosing. EID has become an accepted alternative method for dosing, based on
favorable pharmacodynamic and pharmacokinetic features. It is recommended
that EID be the term used, in order to avoid confusion with patients with renal
dysfunction who may receive conventional dosing on a once-daily basis. EID is
becoming the preferred method at many institutions based on comparable
efficacy, potential reduction in toxicity, and decreased monitoring when
compared with other dosing methods.?

Aminoglycosides exhibit concentration-dependent bactericidal activity,
meaning the bactericidal activity increases as the concentration of
aminoglycoside increases. Utilization of EID maximizes the concentration-
dependent killing effect of aminoglycosides by providing the total daily dose as
a single infusion. This approach produces an elevated peak and undetectable
trough concentrations.® The significance of undetectable trough concentrations
will be discussed later. For antimicrobials that exhibit concentration-dependent
killing, a serum concentration 10 times the minimum inhibitory concentration
(MIC) of the organism is necessary to achieve optimal bactericidal activity.>*
For example, a concentration of 20 mcg/mL is necessary for an organism with an
MIC of 2.

As our knowledge of pharmacokinetic and pharmacodynamics of
aminoglycosides has grown, so has the acceptance and implementation of EID.
The recommended dosing for gentamicin and tobramycin is 5-7 mg/kg and
amikacin is 15 mg/kg. The landmark trial supporting the use of EID was
published by Nicolau and colleagues.> The authors described their experience
utilizing 7 mg/kg of gentamicin/tobramycin or 15 mg/kg of amikacin. In phase
one, they sought to determine the dose necessary to achieve a peak concentration
of 20 mcg/mL (to provide 10 times an MIC of 2 for Pseudomonas) with at least
a four-hour drug-free interval. They found EID to be clinically as effective with
a lower incidence of nephrotoxicity as a historical group of patients receiving
traditional dosing. In addition, serum concentrations obtained during therapy
were used to construct a nomogram for regimen monitoring.3 (See the following
section on monitoring.)

Subsequent to Nicolau’s pivotal trial, additional studies utilizing 5 mg/kg
were conducted,>® confirming similar results of comparative efficacy and
reduced toxicity when compared with conventional dosing. A separate
nomogram for assessing the regimen should be utilized when the lower dose is
selected. A common mistake when using the 5 mg/kg EID regimen is to use the
Nicolau (or “Hartford”) nomogram and multiply the serum levels on the y-axis
by 5/7ths. This strategy has not been validated. To help determine which dosing



scheme should be selected, Wallace and colleagues’ compared four available
EID protocols. Based on patient-specific pharmacokinetic parameters, they
determined the peak and trough concentrations and dosing interval based on
each protocol. The 7 mg/kg protocol produced peak concentrations closer to the
target when compared with the 5 mg/kg protocols. A limitation of this evaluation
is that it was a simulation and therefore does not offer insight into clinical or
microbiologic efficacy or toxicity related to achieving higher peak
concentrations.” Knowing local resistance patterns and MIC of commonly
encountered organisms can assist in the selection of a dosing regimen. For
example, if the local strain of Pseudomonas has an MIC of 2, then a 7 mg/kg
dose of gentamicin/tobramycin will be more appropriate, whereas a 5 mg/kg
dose may be adequate if the MIC is <1. Based on the limited available evidence,
7 mg/kg of gentamicin/tobramycin or 15 mg/kg of amikacin is an appropriate
starting dose for most patients.

One of the primary benefits of EID is that it results in a drug-free interval. For
several hours per day, the serum concentration of the aminoglycoside falls well
below the MIC of the organism, but bactericidal activity continues. This
phenomenon of continued killing despite subtherapeutic concentrations is
referred to as the “postantibiotic effect” (PAE).® The duration of PAE for
conventional doses of aminoglycosides varies but is generally 2-7 hours
depending on the organism, based on animal models.2 EID potentially increases
the duration of PAE because a higher single dose is administered. A trough
concentration that is undetectable is acceptable because of PAE. The typical
drug-free interval can be 4-6 hours for an aminoglycoside, which is why a serum
concentration is obtained 6—-14 hours after the dose for monitoring. The drug-
free interval decreases the amount of time the aminoglycoside can accumulate in
renal cortical tissues, thereby potentially reducing the risk of toxicity.

Adaptive resistance is the third pharmacodynamic characteristic exhibited
with EID that may offer benefit over CD.? The organism is exposed to the
antimicrobial and is initially susceptible to bactericidal action of the
aminoglycoside or other antimicrobial. As the antimicrobial concentration
decreases, the effectiveness of bactericidal action decreases due to a relative
resistance of a subpopulation of the organism colony. For aminoglycosides, the
administration of a larger dose exhibits more rapid bactericidal activity. In the
following 2—4 hours, the organism starts to develop relative resistance to the
aminoglycoside. Over the next 8-12 hours, bacterial susceptibility gradually
returns to baseline. By 24 hours postdose, the majority of bacterial susceptibility
is reestablished. With EID, the next dose of aminoglycoside would be due when



minimal to no resistance is present. Subsequent doses with conventional dosing
regimen will be scheduled during the 8-12-hour period when the bacteria are
resistant or minimally susceptible, therefore not providing maximal bacterial
killing.” The concept of adaptive resistance has been assessed in vitro and in
vivo animal studies. However, human studies are lacking. The concept of
adaptive resistance appears to be a favorable component in the effectiveness of
EID.

The overall effectiveness of extended interval aminoglycoside dosing is likely
due to the combination of maximizing the concentration-dependent killing, the
postantibiotic effect, and adaptive resistance.* By achieving higher peak
concentrations for rapid bactericidal activity followed by a drug-free interval
with continued bactericidal activity during which some of the bacteria are
exhibiting temporary resistance to the aminoglycoside all may play a role in the
clinical effectiveness as well as potentially reducing the incidence of toxicity.

Aminoglycosides are often overlooked as an antimicrobial option because of
the associated toxicities: nephrotoxicity and otovestibular toxicity.
Nephrotoxicity occurs when the aminoglycoside accumulates within the cortical
tissues of the proximal tubule. The result is cell lysis and resultant presentation
of initial nonoliguric renal failure that can progress to oliguric renal failure. For
most patients, this toxicity is reversible.>* Nephrotoxicity is often associated
with elevated trough concentrations in patients receiving conventional dosing
regimens when the drug is allowed to accumulate. EID is thought to decrease the
incidence of nephrotoxicity due to the drug-free interval, thereby decreasing the
amount of time the kidney is exposed to the drug. Nicolau and Colleagues?
found a prevalence of nephrotoxicity of 1.2 percent, defined as an elevation in
SCr of 0.5 mg/dL or greater. This level was lower than their previous experience
of 3-5 percent occurrence with multiple daily dosing. A meta-analysis found an
absolute risk reduction of 0.6 percent when using EID, compared with
conventional dosing, although this finding was not statistically significant.> The
current evidence is inconsistent with the definition and reporting of
aminoglycoside-induced nephrotoxicity. Based on the available literature, an
increased risk of nephrotoxicity is not apparent and potentially a decreased risk
was noted with EID.

The occurrence of otovestibular toxicity has not been extensively studied in
patients receiving EID. In the limited number of trials using objective evaluation
of otovestibular function, EID did not result in an increased incidence of toxicity
when compared with conventional dosing regimens.>® Similar to nephrotoxicity,
otovestibular toxicity is likely the result of prolonged exposure of the tissue to



the aminoglycoside. Extended interval dosing allows for a drug-free period to
reduce potential accumulation.

Once the dose has been determined, the dosing interval for EID can be
selected. The interval is based on the patient’s current renal function, which is
based on the Cockcroft-Gault equation for CrCl, calculated in Step 2. Although
many institutions have implemented laboratory reporting of a modification of
diet in renal disease (MDRD) equation as an estimate of GFR for staging of
kidney disease, its application for determining aminoglycoside clearance has not
been fully evaluated. Table 2-1 can be utilized in determining the dosing interval

for the patient’s aminoglycoside regimen.?

TAB}‘E o Dosing Interval Determination?

(rCl (mL/min) Dosing Interval

>60 Every 24 hours
40-59 Every 36 hours
20-39 Every 48 hours
<0 Use alternative dosing regimen

It should be noted that EID may not be appropriate for all patients, including
those with increased clearance (e.g., burns involving >20% of the patient’s body
surface area, cystic fibrosis, pregnancy) or with variable pharmacokinetic
parameters (i.e., pregnancy, neonates and pediatrics, ascites, hemodialysis).
Patients with such contraindications to EID should be considered for alternative
dosing strategies.

7 mg/kg x 81.8 kg = 572.6 mg
Rounding to nearest 25 mg = 575 mg

Because CrCl was estimated as greater than 100 mL/min, the dosing interval



is every 24 hours.

Final recommendations: 575 mg every 24 hours.

The final step involves monitoring the selected aminoglycoside regimen. One
advantage of using aminoglycosides is the ability to obtain serum
concentrations, calculate patient-specific pharmacokinetic parameters to adjust
the regimen, and thereby potentially optimize efficacy and avoid toxicity.
Conventional dosing regimens require the assessment of peak and trough serum
concentrations, ideally once the patient has achieved steady state. With these
measured values, the elimination rate constant, half-life, and volume of
distribution can be calculated, and a new, patient-specific dosage regimen can be
determined to achieve the desired concentrations, if the current regimen does
not. This process can be time-consuming and tedious, especially when the peak
and/or trough concentrations are not obtained at the scheduled times (e.g., when
a patient is unavailable for blood draws due to the need to go to another area for
therapy or diagnostic imaging). With EID, evaluation of just a single serum
concentration after the first dose is all that is necessary to determine regimen
appropriateness. The nomogram by Nicolau and Colleagues® (Figure 2-1) allows
for determination of regimen appropriateness based on single serum
concentration. (As stated previously, if a 5 mg/kg regimen is selected, a separate
nomogram should be utilized for monitoring. See Figure 2-2.)> When the serum
concentration obtained 6-14 hours after the dose is administered falls below the
designated interval line, the regimen should be continued. If the level moves
above the current dosing interval line, the interval should be extended. These
same principles apply to amikacin (Figure 2-3). If the serum concentration
cannot be plotted on the nomogram, clinical judgment should be used to
determine an appropriate regimen, and is beyond the scope of this section.
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FIGURE 2-1. ODA nomogram for gentamicin and tobramycin at 7 mg/kg. Reproduced with permission
from Nicolau DP, Freeman CD, Belliveau PP, Nightingale CH, Ross JW, Quintiliani R. Experience with a
once-daily aminoglycoside program administered to 2,184 adult patients. Antimicrob Agents Chemother.
1995;39(3):650-655.
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FIGURE 2-2. Extended-interval aminoglycoside nomogram for gentamicin and tobramycin at 5 mg/kg.
Reproduced with permission from Bailey TC, Little JR, Littenberg B, Reichley RM, Dunagan WC. A
metaanalysis of extended-interval dosing versus multiple daily dosing of aminoglycosides. Clin Infect Dis.
1997;24:786-795.
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FIGURE 2-3. Extended-interval aminoglycoside nomogram for amikacin at 15 mg/kg. Reproduced with
permission from Bailey TC, Little JR, Littenberg B, Reichley RM, Dunagan WC. A metaanalysis of
extended-interval dosing versus multiple daily dosing of aminoglycosides. Clin Infect Dis. 1997;24:786—
795.

Lastly, the operational attributes of EID include decreased time spent by
nursing, pharmacy, and laboratory personnel on administration of doses and
obtaining and evaluating serum aminoglycoside concentrations. A decrease in
cost of therapy is related to intravenous tubing, infusion pumps, and laboratory
samples as well.

CASE 2

KT is a 30-year-old male who fell 20 feet at a construction site with no loss of
consciousness. He is brought into the emergency department by EMS with his
right leg splinted for an open fracture of his tibia and fibula. He also complains



of right arm pain, with no obvious deformity. He is currently able to protect his
airway.

Orthopedics is evaluating the patient and requests 1gm of cefazolin and
gentamicin per pharmacy.

Height: 5’7" Weight: 165 lbs VSS
PMH: denies Allergy: NKA

Labs:

BUN 18 SCr 0.93

MOESEONS 00000000000

1. What are your initial recommendations for starting gentamicin?

2. If the 10-hour gentamicin level was 4.8, what would be your
recommendation?

3. What would be your recommendation if an 8-hour level was 8.17?

Answers:
1. Calculate dosing weight.

165 1bs/2.2 = 75 kg
IBW =50+ (2.3 x 7) = 66.1 kg
Calculate CrCl.

140 - 30(66.1)
72 %093

Calculate gentamicin dose and determine interval.

= >100 mL/min

7 mg/kg x 75 kg = 525 mg

Because CrCl is greater than 100 mL/min, a 24-hour dosing interval
will be used.

Recommend serum gentamicin level be obtained 6-14 hours after the
dose is administered.

2. The 10-hour gentamicin level is 4.8. Maintain continue current regimen of



525 mg every 24 hours (see Figure 2-1).

3. Extend the interval and change regimen to 525 mg every 36 hours. Also
recommend obtaining a gentamicin level 6-14 hours after the regimen
change.

TRADITIONAL DOSING AND PEAK

OPTIMIZATION

CASE 1

LH, a 79-year-old female with a medical history significant for congestive heart
failure, hypothyroidism, and hypercholesterolemia, presents to the emergency
department from a nursing home with cough, shortness of breath, and altered
mental status. She was admitted to the ICU with a diagnosis of bilateral
pneumonia. Admission data include the following:

Height: 62 in

Weight 52 kg

SCr 1.4 mg/dL

WBC 18,000/mm? with 85% neutrophils
Temperature of 101° F.

Sputum gram stain showed gram-negative rods. Cefepime and tobramycin are
ordered for empiric coverage of health care—associated pneumonia. You are
consulted to do maintenance dosing of tobramycin using traditional dosing due
to the patient’s age and renal function.

Desired Aminoglycoside Plasma Concentrations

The microbiologic activity of aminoglycosides is pH-dependent. Due to the low
pH in the lung and bronchial secretions, especially in the presence of
pneumonia,'® the antimicrobial effectiveness of aminoglycosides may be
reduced. The MICs of most gram-negative bacteria are usually less than 2
mcg/mL for gentamicin and tobramycin and 8 mcg/mL for amikacin.
Aminoglycosides eradicate bacteria optimally when they achieve a peak/MIC
ratio of at least 8 to 10 times greater than the MIC.>*M" Whereas peak



concentrations of 5-7 mcg/mL may be adequate for other infections, for gram-
negative pneumonia or in patients who are critically ill due to a life-threatening
gram-negative infection, peak concentrations of 8-10 mcg/mL should be
targeted with traditional dosing.!”? Because the patient is elderly, she is at
increased risk of aminoglycoside-induced nephrotoxicity.'>14 Therefore, the
trough level should be maintained at less than or equal to 1 mcg/mL. The
relationship between aminoglycoside trough concentrations and adverse effects
is discussed in the next section.

To solve this case, the following steps need to be taken:

1. Determine the CrCl.

2. Calculate population estimates for volume of distribution (Vd) and
elimination rate constant (Ke).

3. Calculate the dosing interval, T.

4. Determine maintenance dose (infusion time (t) will be assumed to be 1
hour), optimizing peak concentrations (Cmax desired = 9 mcg/mL) while
keeping the trough below 1 mcg/ml (Cmin desired = 1 mcg/mL).

5. Calculate a loading dose.

6. Determine when to order peak and trough levels based on calculated half-
life.

Step 1: Calculate CrCl.
Start by calculating the IBW for LH, in order to determine her CrCl.

IBW = 45.5 + 2.3 kg per inch over 60 inches (female)
= 45.5 kg + 2.3(2 inches over 5 ft) = 50.1 kg

Her IBW is less than actual body weight of 52 kg, and she does not weigh 20
percent over her IBW. Thus, IBW can be used for the CrCl calculation.



(140 — Age)IBW
72 ¥ SCr
(140 - 79) x 50 kg

- 72 % 1.4

Step 2: Calculate population pharmacokinetic variables.

CrCl' =

x 0.85 (woman)

x 0.85 = 26 mL/min

To calculate an initial maintenance dose and dosing interval for LH, population
estimate equations for Ke! and Vd!® need to be used:

Ke = 0.00293 (CrCl) + 0.014 = 0.00293 (26) + 0.014 = 0.090 hr*
Vd=0.24 L/kg (IBW)=0.24 x 50 kg = 12 L,
Note: Because the clearance of aminoglycosides approximates CrCl,'® some
experts recommend using CrCl as the clearance of aminoglycosides and using
the equation Cl = ke x Vd to calculate Ke.

Step 3: Calculate dosing interval.

T = 1/Ke (In [Cmax desired/Cmin desired]) + t
=1/0.090 (In[9/1]) + 1 = 25.4 hours

To obtain the desired peak of 9 and trough of 1, a dosing interval of 25.4
hours was calculated, which can be rounded to 24 hours.

Step 4: Calculate maintenance dose (MD).

Next, the maintenance dose must be determined to be given at an interval of
every 24 hours.



Cmax = MD(1-e*)/(Vd x Ke)(1-e*T)
9 mg/L = Ko(1-e*®1m/(0.09 x 12)(1-e*24hn)
= Ko0(0.086)/(1.08)(0.885)
K0(0.086/0.9558) = Ko(0.090)
Ko =9 mg/L/(0.090) = 100 mg

Our maintenance dose for LH would be 100 mg tobramycin IV g24h.

Step 5: Calculate loading dose (LD).

Because LH has renal dysfunction, subtherapeutic concentrations may exists for
1-2 days of therapy until she reaches steady-state concentrations. Time to steady
state cannot be shortened by giving a loading dose infusion; however, a loading
dose can produce a plasma level that may approximate the steady-state
concentration earlier in treatment.

LD = Cmax(Vd x Ke)/(1-e™*) = 9(12 x 0.09)/(1-e 01 hr)
= 9.72/0.086 = 113 mg

The dose for aminoglycosides is generally rounded to the nearest 10 or 20 mg
in practice. The loading dose of tobramycin for LH should be 110 mg given over
1 hour.

Step 6: Therapeutic drug monitoring.

With traditional aminoglycoside dosing, peak and trough serum concentrations
need to be monitored in order to assure optimal dosing and to minimize the risk
of toxicity (i.e., nephrotoxicity, ototoxicity).!”1® Once steady-state conditions
have been achieved, a trough level within 30 minutes prior to the next dose and a
peak level timed to be drawn 30 minutes after the end of the infusion of the
following dose need to ordered. (A peak level measured at least 30 minutes after
the end of the infusion will avoid the distributive phase of tobramycin, thereby
preventing an inaccurate level.)!®?Y As noted previously, goal peak
concentrations for pneumonia are 8—10 mcg/mL for gentamicin or tobramycin.



Calculate ty, (half-life) = 0.693/Ke = 0.693/0.090 = 7.7 hours

Three half-lives (87.5% of steady state) will be reached at 23.1 hours, so
steady-state concentrations should almost be obtained by the second dose. A
trough concentration can be obtained then for close monitoring due to the
patient’s critical status and poor renal function. A peak will be obtained
immediately following the dose to make sure it is adequate for maximum
bactericidal activity.

CASE 2

DT is a 32-year-old male who comes into the emergency department with
coughing and productive sputum. He admits to drinking alcohol daily and was
admitted two weeks ago with a five-day stay in the ICU for severe alcohol
withdrawal symptoms. Admission data include the following:

Height: 74 in

Weight: 80 kg

BUN 12 mg/dL

SCr 0.7 mg/dL

Oral temp 101.5° F

WBC 16,000/mm? and infiltrate is seen in left lower lobe on chest X-ray.

DT is diagnosed with pneumonia and started on piperacillin/tazobactam 4.5
grams g6h and gentamicin 140 mg load. Physician requests consult. What will
DT’s initial maintenance dose be to obtain a peak of 8 mcg/mL and trough of 1
mcg/mL, using an infusion time of 0.5 hours?

. Estimated IBW.

. Estimated CrCl.

. Estimate the elimination rate constant, Ke.
. Estimate T,.

. Estimate Vd.

. Calculate dosing interval (T).

. Calculate a maintenance dose (MD).

o N o Ul AW N

. Calculate the predicted peak and trough levels at steady state.



9. Provide a final recommendation.

Answers:
1. Estimated IBW = 50 kg + (2.3 x 14) = 82.2 kg

2. Estimated CrCl = [(14 - Age) x IBW] / 72 x SCr

— [(140 - 32) x 80] / 72 x 0.7
Note: Used ABW because ABW <IBW.
3. Estimated Ke = 0.00293 (CrCl) + 0.014 = hr—1
4. Estimated T,, = Ln(2)/Ke = hours

5. Estimated Vd: BUN/SCr = 17 (assume normal hydration)
Vd = 0.24 L/kg x 80 kg = 19.2 liters

6. Calculate dosing interval (T):

Quick method: T=3 x T, =3 x 2.44 = 7.3 hours
(Interval = 8 hours)

Longer method: T = Ln (Cmax/Cmin) / Ke + ti
= Ln (8/1)/40.5 = hrs (Interval = 8 hours)
7. Maintenance dose (MD):
MD = [(Ke) x (Vd) x (ti) x (Cpeak desired) x (1—e*T)] / (1—e k1)

8. Calculated predicted peak and trough at steady state.



Cmax = [Dose x 1-e™] / (Ke)(Vd)(ti)1-e™*T
Cmin = Cmax x e k(T-t)

Cmax = [140 mg x 1-e©28x09] / [0.284 x 17.5 x 0.5
% ]—e(0284 % Shr}l]

= 8.3 mcg/mL (Expected peak)

Cmin= Cmax x e*eTt) = 8§ 3 % 0284(8-05 - ()99 = ~1.0

Regimen is therefore appropriate.

9. Recommendation: Give gentamicin 140 mg [VPB g8h. Infuse over 30
minutes. Estimated Cpeak = 8-8.5 mcg/mL. Ctrough ~ 1 mcg/mL.

AMINOGLYCOSIDE ADRs RELATED TO

TROUGH CONCENTRATIONS

CASE 1

CB is a 59-year-old female who presents to the emergency room with chills,
fever, and cough. Her past medical history is significant for COPD, diabetes,
and hypertension. She was hospitalized for pneumonia two months ago. She
states that she has had increased shortness of breath over the past few weeks.
She visited her doctor and received a course of levofloxacin two weeks prior to
this current admission. However, she only took five days of her antibiotic course
because she began to feel better.

Height: 62 in.

Weight: 111 kg

BP: 150/90

RR: 25

Temperature: 38°C

Allergies: Penicillins (reaction — anaphylaxis)
Labs:



WBC 18.2 (76% segs)
SCr 2.2 mg/dL
BUN 37 mg/dL

Gram stain of sputum and bronchoalveolar lavage reveals gram-negative
rods.
CT pulmonary angiography is negative for pulmonary embolism.

Given her recent (<90 days prior to current admission) hospitalization and
antibiotic use, the concern is that CB is at risk for multidrug-resistant
pneumonia. The physician wishes to start a broad-spectrum antibiotic regimen.
Given her poor renal function and her penicillin allergy history, you suggest
aztreonam, tobramycin, and linezolid. The team agrees, and you calculate a
tobramycin dose of 140 mg IVPB every 24 hours. (You are unable to use high-
dose [7 mg/kg] extended-interval dosing due to the patient’s renal function.)
Four days later, you remind the team that tobramycin levels need to be drawn to
properly assess the dose and risk of toxicity. The resident is reluctant to order
levels, stating that the urine output has been adequate despite the IV fluids
having been stopped two days ago. You persist, and he orders the levels, which
return as follows:

Tobramycin trough 3.2 mg/L Tobramycin peak 7.9 mg/L (SCr now 2.9)

GoESIONS 000000000

Which of these levels, if any, are most concerning and may lead to an adverse
reaction?

a. trough level
b. peak level
c. neither trough nor peak level

d. both trough and peak level

GoESEON® 000000000

Which of the following statements is false?

a. Volume depletion may increase the risk of nephrotoxicity with



aminoglycosides.

b. The contrast given for the CT four days ago has been eliminated and
therefore cannot be correlated to the increase in SCr nor the risk of
nephrotoxicity in this patient.

c. Typically nephrotoxicity seen with aminoglycosides occurs as a delayed
reaction with continued therapy.

d. The presence of diabetes or hypotension and the use of other nephrotoxic
drugs and iodinated contrast are all considered independent risk factors
for the development of aminoglycoside-associated nephrotoxicity.

Discussion

Despite having been used since the 1940s, aminoglycosides remain active
against a broad range of gram-negative pathogens and are therefore a viable
choice for the treatment of serious gram-negative systemic infections. Their
association with nephrotoxicity and ototoxicity may have prevented overuse of
this class of medications.?!

Nephrotoxicity associated with aminoglycosides has been clinically
correlated to an elevated trough level concentration (>2 mg/L), but more recent
studies show that the overall incidence of nephrotoxicity is highly dependent on
the duration of therapy (most often if greater than or equal to 14 days). Typically,
aminoglycoside nephrotoxicity presents without a decrease in urine output
(nonoliguric renal failure) and with a slow rise in SCr that develops after 4-5
days of therapy.?>?3 Although the reported incidence of nephrotoxicity varies
substantially between studies, averaging 6 percent to 10 percent, the
nephrotoxicity rates do not vary significantly among the different
aminoglycosides. Most common risk factors that have been associated with
nephrotoxicity include duration of treatment, increasing age, compromised
baseline renal function, volume depletion, elevated peak and trough levels,
concurrent nephrotoxic drugs (e.g., vancomycin, amphotericin, NSAIDs,
iodinated IV contrast, etc.), diabetes, and previous exposure to
aminoglycosides.??%# In this patient case, the peak level is within range but the
trough is elevated (>2 mg/L). The patient has multiple risk factors predisposing
her to acute kidney injury with tobramycin, including volume depletion,
diabetes, and recent iodinated contrast exposure.

Aminoglycoside-associated nephrotoxicity results from renal cortical

accumulation resulting in proximal tubular cell necrosis. Examination of urine
sediment may reveal dark-brown, fine, or granulated casts consistent with acute



tubular necrosis but not specific for aminoglycoside renal toxicity. Although SCr
levels are frequently monitored during aminoglycoside use, an elevation of SCr
is more likely to reflect glomerular damage rather than tubular damage. In most
clinical trials of aminoglycosides, however, nephrotoxicity has been defined by
an elevation of SCr. Periodic monitoring of SCr concentrations—as well as peak
and trough drug levels—may alert the clinician to renal toxicity. Treatment of
aminoglycoside-induced nephrotoxicity is supportive. The aminoglycoside and
any other nephrotoxic agents should be discontinued while maintaining the fluid
and electrolyte balance.?1-242526

Unlike nephrotoxicity, the vestibular and/or auditory ototoxicity caused by
aminoglycosides is often permanent. Overt otoxicity occurs in 0.5 percent to 7
percent of patients treated with aminoglycosides.?”~?® Originally, ototoxicity was
thought to be the result of high peak serum concentrations that led to high
concentrations of the drug in the inner ear. Later studies concluded that
aminoglycoside accumulation in the ear is dose-dependent but
saturable.?®-30:31,32 Recently, investigators demonstrated that audiometry testing
was significantly better than monitoring symptoms in identifying early
aminoglycoside auditory toxicity in patients prescribed aminoglycosides for
more than 21 days.>?

Factors associated with otoxicity include increasing age, duration of therapy,
elevated peak and trough levels, concurrent ototoxic medications (e.g., loop
diuretics, vancomycin), underlying disease states, and previous exposure to
aminoglycosides.33

Vestibulotoxicity is difficult to diagnose, and no reliable monitoring process
is available. Recent studies indicate a genetic predisposition to aminoglycoside
auditory ototoxicity due to a mutation of mitochondrial DNA. However, this
genetic component does not appear to influence aminoglycoside vestibular
ototoxicity. Gentamicin toxicity is the most common single known cause of
bilateral vestibulopathy, accounting for 15-50 percent of all cases.3!-3%:34

For gentamicin, tobramycin, and netilmicin, the risk of ototoxicity and
nephrotoxicity is increased if peak levels are consistently maintained above 12—
14 mcg/mL or trough levels consistently exceed 2 mcg/mL. For amikacin, peak
levels above 32—-34 mcg/mL or trough levels greater than 10 mcg/mL have been
associated with a higher risk of ototoxicity and nephrotoxicity.3%-343>

CASE 2




CP is a 67-year-old male with HIV/AIDS admitted to the ICU with respiratory
failure. Other significant past medical history includes CHF for which the
patient takes furosemide 40 mg PO b.i.d. at home. Current antibiotic regimen
consists of trimethoprim/sulfamethoxazole 1V, piperacillin/tazobactam 3.375 gm
IVPB g6h, and azithromycin 500 mg IV q24h. Sputum culture reveals 4+
enterobacter cloacae. Based on the culture, the physician decides to discontinue
piperacillin/tazobactam and azithromycin, and start levofloxacin 750 mg IVPB
q24h and gentamicin. On admission, a chest x-ray (CXR) reveals bilateral
infiltrates and fluid accumulation.

Height: 61 in

Weight: 140 lbs

BP: 125/70

RR: 23

Temp 39°C NKDA
Labs:

WBC: 8.2 (66% segs)
SCr: 1.0 mg/dL
BUN: 15 mg/dL
(CrCl ~ 53 mL/min)

Due to fluid overload, the patient’s furosemide is changed to 60 mg IV push
q12h.

GOESEONS 0000000000

How many risk factors for aminoglycoside-induced nephrotoxicity does CP have
at this time?

Answer:

The patient is elderly and is starting gentamicin concomitantly with a diuretic
(furosemide).

AMINOGLYCOSIDE DOSING IN ACUTE RENAL



FAILURE

Aminoglycoside dosing in patients with renal failure can be difficult. Significant
changes in the pharmacokinetic profiles of these drugs and lack of consistent
data provide little guidance for the clinician. Because aminoglycosides are
excreted largely as unchanged drug in the urine (95%), their clearance is directly
proportional to the patient’s glomerular filtration rate (GFR).'® The elimination
half-life of aminoglycosides is approximately 1.5-3 hours in patients with
normal renal function, but it is extended to as long as 20-60 hours in patients
with end-stage renal disease (ESRD).1%3637 Also, a slower tissue distribution
rate of aminoglycosides in patients with renal failure delays the time to peak
concentration.?® These factors in turn may significantly affect pharmacokinetic
calculations if not taken into account. For example, a falsely low volume of
distribution (Vd) may be calculated as a result of drawing peak serum
concentrations too soon (30—60 minutes after infusion end time).3839 Patients
with ESRD may also require hemodialysis. which adds to the variability of drug
clearance. Characteristic behaviors of aminoglycosides with concurrent
hemodialysis treatment have been determined to include increased elimination
and shortened half-lives during the actual session, a rebound phenomenon in
plasma serum concentrations immediately after the session has ended (plasma
rebound), and a delayed post-dose distribution. Aminoglycoside clearance is
determined by the type of dialyzer used, length and frequency of dialysis
sessions, blood flow rates, as well as other factors.38:39:40:41.424344 1y fact
reported differences in serum concentrations during plasma rebound and
postdistribution vary widely, especially when looking at different types of
dialysis schedules, such as intermittent (IHD) and slow daily home hemodialysis
(SDH).364! Tt is therefore recommended that predialysis levels be used to assess
the need for supplemental aminoglycoside dosing.*> The variability observed in
patients with renal failure in both Vd and clearance is too large to rely on a
standard dosing approach. Serum level monitoring must be done in order to
achieve desired therapeutic outcomes of efficacy and safety, especially if therapy
is to be continued for more than a few days. Reported peak concentration ranges
of 7-10 mg/L and troughs (prehemodialysis) of 3.5-5 mg/L have been shown to
improve outcomes in this population.*!

CASE 1
EC is a 68-year-old male (height = 6’2", ABW = 155 Ibs, IBW = 81 kg) with a




history of Type II DM and HTN who was started on cefepime plus gentamicin
500 mg IVPB every 24 hours for health care—associated pneumonia on February
4. On admission, he underwent chest CT with contrast to rule out a pulmonary
embolism. His SCr and BUN have increased from 0.9 to 1.5 mg/dl and 15.1 to
30.6, respectively, within the last 24 hours, and his urine output over the last 6
hours has been zero. You have made a recommendation to the physician to
switch to an alternative antibiotic, given the patient’s worsening renal function.
The physician denied your request, stating that he believes that the decrease in
renal function is not due to the aminoglycoside and that the patient has a
multidrug-resistant Pseudomonas in the sputum. He thus believes the benefit is
much greater than the risk of further renal damage.

2/5, Day #2
Vital Signs:
BP: 100/72
HR: 92

RR: 16

Temp: 100.3° F
Labs:

WBC: 22

SCr: 1.5

BUN: 30.6
I/Os:

Input: 2682 mL
Output: 661 mL
Urine Output (U/O): 0 mL/hr

B @200

Determine EC’s CrCl, and develop a plan for his gentamicin therapy.

Answer:

EC has an estimated CrCl of <10 mL/min.}
U/O: 0 mL/hr
WBC: 22



Temp: 99°F

Plan

Stop EC’s gentamicin maintenance dose and check a gentamicin random level in
the AM. Check SCr and BUN daily and monitor for ototoxicity. Redose
gentamicin 1 mg/kg once levels are decreased to below 2.5 mg/L.

Rationale

Cockcroft-Gault equation! for CrCl

_ (140 - Age) x (Wt. in kg) x (0.85 if Female)
72 x SCr

(Use IBW unless ABW is less.)
ABW = 155/2.2 =70 kg

EC’s Calculated CrCl = dat= 70 & Lilo) = 46 mL/min
72 % 1.5

Using the Cockcroft-Gault equation for EC’s CrCl estimation yields a value
of 46 mL/min; however, the problem with using equations to calculate GFR is
that they use a snapshot in time of the patient’s renal function, and they assume
stable renal function (or steady state). The results will be unreliable if the SCr is
changing (such as in acute kidney failure) and thus not a true indicator of the
patient’s renal function. An increasing SCr will overestimate CrCl, and a
decreasing SCr will underestimate CrCl until steady state is reached. Because
this patient’s SCr is rising and not at steady state, it may be assumed that his
CrCl is less than the value calculated by standard equations. His lack of urine
output confirms the concern that he is in acute renal failure.*> A common
mistake made by clinicians is to rely too heavily on computer calculations, not
taking the entire clinical picture into consideration prior to making conclusions.
EC was positive approximately two liters yesterday, and he is not excreting any
urine. Given the fact that he is a diabetic and he has recently received IV
contrast, he is at high risk of developing acute renal failure. Another risk factor

may be hypoperfusion to the kidneys, caused by hypotension.?2-24




2/6, Day #3
Vital Signs:
BP: 110/75
HR: 89

RR: 15

Temp: 99°F
Labs:

WBC: 16

SCr: 2.2

BUN: 36.8
Gent R: 3.6 mg/L
I/Os:

Input: 1550 mL
Output: 0 mL
U/O: 0 mL/hr

The physician has ordered a 4-hour dialysis session for today.

B 2= 00 0

Develop an assessment and plan for EC’s gentamicin therapy today.

Answer:

EC has an estimated CrCl of <10 mL/min. U/O = 0 mL/hr. WBC = 16. T = 99°
F. Gentamicin random level = 3.6 mg/L. Intermittent hemodialysis is to begin
today.

Plan

Give gentamicin 1 mg/kg (or 70 mg) today at the end of the dialysis session and
repeat random level prior to the next dialysis session. Redose as needed when
the predicted gentamicin level <2.5 mg/L. Check SCr and BUN daily and
monitor for ototoxicity.

Rationale



ABW = 155/2.2 = 70 kg
Supplemental dose = 1 mg/kg x 70 kg = 70 mg
(Use IBW unless ABW is less.)

A 4-hour intermittent dialysis session removes approximately 50 percent of
aminoglycoside concentrations.*’ Several known factors may contribute to a
lesser degree of removal, including dialysis session characteristics (e.g., shorter
session duration, ultrafiltration only, or use of less permeable dialyzers) and
patient characteristics (e.g., volume overload or reduced blood flow).*! Current
practice recommendations for aminoglycoside dosing in adults with ESRD on
hemodialysis are to administer one-half of the full dose after each session.!®
However, as mentioned previously, therapeutic drug monitoring is required to
ensure that sufficient excretion of drug has occurred and that troughs are below
toxic levels. An additional dose of 1-1.8 mg/kg (depending on time lapsed from
the dose, the specific dialysis prescription, and the patient’s presentation) should
be given at the end or after dialysis.*>* For severe infections or cases requiring
prolonged treatment, as in the case of osteomyelitis and endocarditis, it may be
desirable to calculate the patient’s half-life off of dialysis. This calculation may
be done by obtaining a peak concentration 2—3 hours after the dose and a second
level just before the next dialysis session.

CASE

JF is a 62-year-old female (Height = 5'6", ABW = 131 Ibs, IBW = 60 kg) with a
history of recurrent UTIs who has been admitted to the hospital for multidrug-
resistant Klebsiella in the urine, which is only sensitive to tobramycin (MIC = 2
mcg/mL) and started on tobramycin 400 mg IVPB every 24 hours. On the fourth
day of therapy, her SCr and BUN have increased to 2.2 mg/dL and 39 mg/dL,
respectively, from baseline of 1.1 mg/dL and 17.1 mg/dL. She is currently anuric
and the physician has consulted nephrology, who has now ordered a 6-hour
intermittent hemodialysis session to begin tomorrow morning.

3/31, Day #4
Vital Signs:
BP: 92/57
HR: 89



RR: 12

Temp: 99.1°F
Labs:

WBC: 12

SCr: 2.2 mg/dL
BUN: 39 mg/dL
I/Os:

Input: 3250 mL
Output: 220 mL
U/O: 0 mL/hr

GoESEoN 20000000 0 0

Determine JF’s CrCl and develop a plan for her tobramycin therapy.

Answer.

JF has an estimated CrCl of <10 mL/min.
U/O: 0 mL/hr

I/O: +2 liters

WBC: 12

Temp: 99.1°F

Plan

Stop JF’s tobramycin maintenance dose and check a tobramycin random level in
the AM, prior to dialysis. Redose with tobramycin 1 mg/kg when predicted level
<2.5 mg/L. Check SCr and BUN daily and monitor for ototoxicity.

4/1, Day #5
Vital Signs:
BP: 98/60
HR: 87

RR: 14
Temp: 99.2°F
Labs:



WBC: 11.7

SCr: 3.4 mg/dL

BUN: 42 mg/dL

Tobra trough level: 3.8 mg/L
I/Os:

Input: 2117 mL

Output: 0 mL

U/O: 0 mL/hr

Develop an Assessment and Plan for JF’s tobramycin therapy today.

Answer:
JF has an estimated CrCl of <10 mL/min.

U/O =0mL/hr I/O = +2 L WBC = 16 T = 99°F

Tobramycin random level = 3.8 mg/L. Intermittent hemodialysis is to begin
today.

Plan

Give tobramycin 1 mg/kg (60 mg) today at the end of the dialysis session and
repeat random level prior to the next dialysis session. Redose as needed when
the predicted tobramycin level <2.5 mg/L. Check SCr and BUN daily and
monitor for ototoxicity.

ROUNDING SERUM CREATININE IN THE

ELDERLY

As previously noted, aminoglycosides are eliminated by the kidneys, and a
decline in renal function affects the dosage interval that is used. However, the
effect of renal dysfunction on individual doses is minor.*®*’ Serum
concentrations of creatinine, a by-product of muscle metabolism, are reduced in
patients who are malnourished or have advanced liver disease. SCr is also
affected by a person’s muscle mass. Geriatric patients have relatively less muscle
mass than younger persons, and as a result their SCr values are often low.*3



Despite the frequent finding that elderly patients have normal SCr values, they
often have slowly declining renal function.*%>°

Using the standard equations to calculate CrCl with the low SCr values often
seen in the elderly can lead to a significant overestimation of GFR and as a result
an inappropriate dosing interval with aminoglycosides, possibly resulting in
nephrotoxicity. In a study investigating drug dosing in elderly hospitalized
patients, the Cockcroft-Gault equation was less predictive of the correct dose in
patients with a SCr of less than 1 mg/dL than those with higher SCr values.>! For
this reason, clinicians often round low SCr values up to a higher value, 1 mg/dL.
However, data to support this practice is limited. In elderly patients, rounding the
SCr to 1 mg/dL can lead to an underestimate of the CrCl when using the
Cockcroft-Gault equation.®>°3>* Thus, some clinicians round SCr to 0.8 mg/dL.
In one study, rounding up to a SCr of 0.8 mg/dL actual improved the predictive
ability of Cockcroft-Gault equation in patients with a GFR <100 mL/min.>®

In all patients, but in especially in the elderly, avoiding aminoglycoside-
associated nephrotoxicity and ototoxicity is an important part of therapy.
Calculating CrCl by rounding low SCr to a higher value allows clinicians to
better calculate an empiric dosing interval for aminoglycosides until levels can
be drawn.

CASE 1

VM, a 93-year-old female resident of a local nursing home, presents to the
emergency department (ED) accompanied by her daughter, who states that the
patient has had recent mental status changes. Upon presentation to the ED, she
is febrile with a temperature of 101.9 F. She is 5'1" and 98 pounds. Recent labs
show WBC 21.2, Bands 36%, and SCr 0.3. She has no known drug allergies.
Cultures are drawn, and VM is to be started on piperacillin/tazobactam,
linezolid, and amikacin. The ED attending calls to request pharmacy dosing of
the amikacin.

1. Calculating the IBW.
IBW =455+ (2.3 x 1) =45.5+2.3=47.8 kg
2. Calculate CrCl.



(140 - Age) x IBW

CrCl = x 0.85 (female)
SCr X 72
CrCl = (140 - 93) x 47.8 x 0.85 .
0.8* x 72
Note that the patient’s SCr of 0.3 has been rounded up to 0.8, as discussed
earlier.

3. Determine loading dose.
Dose = 20 mg/kg
=20 mg x 44.6 kg = 890 mg.
Round to 900 mg.

4. Estimated Ke.46

Ke = (0.0024 x CrCl)® + 0.01
= (0.0024 x 33) + 0.01 = 0.09 hour™'

bNote that a different formula to calculate the elimination rate constant has
been used here than was used in Section 2 in order to illustrate that both
have been validated and either can be used.

5. Estimating half-life (t,).

ti, = 0.693/Ke = 0.693/0.09 = 7.7 hours

6. Calculate dosing interval.>®>”

Dosing interval = 3 x t,, = 3 x 7.7 = 23 hours

OR



Dosing Interval”

(rCl (mL/min) Dosing Interval

>60 Administer every 8 hours

40-60 Administer every 12 hours

20-40 Administer every 24 hours

< Loading dose, then monitor levels

Answer:

Recommended dosing regimen would be amikacin 900 mg IVPB every 24
hours. A 1-hour postdose level (peak) and 10-hour level (random) are ordered
for appropriate dose adjustments.

CASE 2

RS, an 89-year-old male, is admitted to the hospital for a persistent cough that
has gotten worse over the last several days despite being on
amoxicillin/clavulanic acid 875 mg b.i.d. and azithromycin for 4 days. He is
febrile with a temperature of 100.9 F. He is 5'10" and 180 pounds. Recent labs
show WBC 17.9 and SCr 0.3. His only allergy is to statins, which he reports
cause muscle pain. RS is being started on cefepime and gentamicin. The resident
calls and requests dosing recommendations for gentamicin.

1. Calculate the IBW.
2. Calculate CrCl.

3. Determine loading dose.

4. Estimate the elimination rate constant, Ke.
5. Estimate the half-life (t,,).

6. Calculate a dosing interval.



Answers:
1.IBW =50+ (2.3 x 8) =50 + 18.4 = 68.4 kg
2 Cr(l = (140 - Age) x IBW _ (140 - 89) x 68
' SCr x 72 0.8 x 72
3. Loading dose = 7 mg/kg = 7 mg x 81.8 kg = 572.6 mg Round to 570 mg.
4. Estimated Ke = (0.0024 x CrCl) + 0.01 = (0.0024 x 60) + 0.01 = 0.15
5. ti, = 0.693/Ke = 0.693/0.15 = 4.6 hours

= 60 mL/min

6. Dosing interval = 3 x t,, = 3 x 4.6 = 14 hours
OR

Dosing Interval

(rCl (mL/min) Dosing Interval
260 Administer every 8 hours
40-60 Administer every 12 hours
20-40 Administer every 24 hours
< Loading dose, then monitor levels

Recommended dosing regimen would be gentamicin 570 mg IV ql12h plus
checking a 1-hour level (peak) and 10-hour level (random) for appropriate dose
adjustments.

AMINOGLYCOSIDE DOSING IN THE OBESE
PATIENT

CASE 1



AM is a 67-year-old male (5'10", 283 pounds) who was transferred to the ICU
from a general surgical floor with severe, acute abdominal pain, fever (39.2°C),
and hypotension (92/58 mm Hg). He is post-op day #2; status is post
laparoscopic ventral hernia repair and extensive lysis of adhesions. On exam,
his abdomen is tender and firm, and the intensivist, suspecting a bowel
perforation, wants to start broad-spectrum antibiotics while awaiting surgical
intervention. The team chooses cefepime, metronidazole, and gentamicin and
asks for you to recommend an extended-interval dosing regimen for gentamicin.
Labs drawn earlier today reveal a stable SCr of 1.2 mg/dL. PMH is significant
only for DM and COPD. Surgical history reveals a previous cholecystectomy
and an amputation of his left forearm due to a fireworks accident five years ago.

Discussion

Drug dosing in obese patients is a challenge for clinical pharmacists in all
settings and for virtually all drugs, due to the paucity of obese patients in clinical
trials. Two independent issues come into play when dosing aminoglycoside in
overweight patients: (1) adjustment of the dose to account for the increased Vd,
and (2) estimation of renal function in this population via formulas that utilize
weight as one of the independent variables.

Many of the physiologic changes that occur in obesity influence
aminoglycoside dosing. Obese patients have an increased body mass compared
to their normal-weight counterparts due to an increase in both lean and adipose
tissue. Organ hypertrophy and increased blood volume also contribute to the
increase in total body weight (TBW). Aminoglycosides are hydrophilic drugs
primarily distributed into the extracellular fluid space. Because blood flow to
adipose tissue accounts for less than 5 percent of total cardiac output and its
water content is roughly 30 percent that of other body tissues, aminoglycoside
kinetics are affected less by excess adipose tissue than are more hydrophobic
drugs. Therefore, dosing based on TBW is not warranted and is likely to result in
supratherapeutic drug concentrations.”®*° Fortunately, aminoglycosides are
likely the most pharmacokinetically studied antimicrobials in obesity, and
numerous studies have been conducted in overweight patients in order to
determine the dosing weight conversion factor (DWCF) that can be used to
appropriately estimate dosing weight for patients receiving aminoglycosides.
The DWCEF is intended to account for the increase in lean body mass seen in
obese patients that is not reflected by calculated IBW. Published studies have
classified patients into various, somewhat arbitrary categories, ranging from



“overweight” to “morbidly obese” and have suggested DWCFs ranging from
0.38 to 0.58.59%7 Overall, literature supports employing a DWCF of 0.4 for
overweight patients defined as those weighing 125 percent or more of their
calculated IBW to determine a dosing weight for aminoglycosides.

When calculating IBW for AM, his forearm amputation must also be taken
into consideration. This is accomplished by reducing the calculated IBW by a
percentage that estimates what portion of IBW the missing body part (or parts)
normally contributes to total body weight. (See Table 2-2.)

TAB;E & Average Body Weight Distribution by Anatomic Location%?

Body Part Percent of Total Body Weight

Hand 0.6
Forearm and hand 1
Upper arm 2]

Total arm 49
Foot 14
Lower leq (including knee) and foot 6.0

Thigh 91
Total leg 15.6

The average body weight distribution for each body part can be used to
approximate an adjustment to the calculated IBW for amputees. For example,
when accounting for the amputated limb in a patient with an above-knee
amputation at midthigh:

6.0% (for knee, lower leg, and foot)



+ 4.8% (estimating half of thigh) = 10.8%

Step 1: Calculate the patient’s IBW.

For patient AM, first calculate what his IBW would be without a forearm
amputation:

For men, IBW (kg) = 50 + 2.3 (inches over 5 ft tall)
=50 + 2.3(10) = 73 kg

Now subtract the appropriate amount to account for his forearm amputation:

% of BW for amputated body part x IBW
= kg to be subtracted from IBW

=2.2% x 73 kg = 1.6 kg

IBW - adjustment for amputation
= IBW for AM considering his amputation
=73kg-1.6kg= 71.4kg

(Be sure to use this IBW, which accounts for his amputation, in all future
calculations.)

Step 2: Determine whether a DW should be calculated for the patient.
Calculate what percentage of IBW is AM’s TBW:

TBW =283 Ibs, or 129 kg
TBW/IBW = 129 kg/71.4 kg = 1.81 or 181%

AM’s TBW is 181 percent of his calculated IBW. Because he weighs more than
125 percent of his IBW, a DW should be calculated:

DW = IBW + DWCE(TBW - IBW)
= 71.4 kg + 0.4 (129 kg - 71.4 kg) = 94.4 kg



Step 3: Use DW to calculate the dose of gentamicin.
7 mg/kg x 94.4 kg = 660.8 mg

Round the dose to 660 mg for ease of preparation.

The second issue to consider when dosing aminoglycosides in obese patients
is how to most accurately estimate renal function. As noted previously in this
chapter, the gold standard for estimating renal function for drug dosing
considerations is the Cockcroft-Gault (CG) equation:

CrCl = [(140 — Age) x Wt.]/(72 x SCr) x (0.85 if female)

where CrCl is estimated creatinine clearance in mL/min, age is in years, weight
is in kilograms, and SCr is serum creatinine concentration in mg/dL. Cockcroft
and Gault derived this formula from a group of male patients with stable renal
function, all of whom were within 10 percent of their ideal body weight (IBW).!
Naturally, the validity of this method in different patient populations, including
those who are overweight, has been questioned. The original CG equation is not
adjusted for body surface area (BSA), and it has been shown to grossly
overestimate renal function when used in obese patients.®®~7# Various attempts
have been made to validate the CG equation in obese patients by substituting
IBW,00:69,72.75-77 fat_free weight (FFW),%%7% lean body weight (LBW),5%76.78.79
predicted normal weight (PNWT),”®80 or adjusted body weight (ABW)5%.69.76
for TBW in the formula. Although not unanimous, most studies have found that
the use of LBW as the weight descriptor in the CG equation leads to the most
accurate estimation of CrCl when compared to measured values obtained by 24-
hour urine collections.%%7879 Erroneously, the assumption has been made that
LBW is the same as IBW, which has led to the widespread adoption by clinicians
of the use of IBW in the CG equation for patients of all sizes, except those
whose actual body weight is less than IBW. Multiple studies, however, have
demonstrated that use of IBW in the CG equation consistently underestimates
renal function.®%:6%7275-77 Even though the literature cannot give clear direction
on which weight descriptor performs best for estimating renal function with the
CG equation, the assumption might be made that a descriptor that is less than
TBW (which overestimates CrCl) and greater than IBW (which underestimates
CrCl) is likely most accurate. This assumption is supported in a study by Leader
and colleagues that determined use of dosing weight (DW) as a replacement for
TBW in the CG equation was best at predicting gentamicin clearance in obese
patients.%0



An alternative method of estimating CrCl in obese patients was developed by
Salazar and Corcoran:

(137 - Age) x [(0.285 x TBW) + (12.1 x Ht?)]
51 % SCr

(146 - Age) x [(0.287 x TBW) + (9.74 x Ht?)]
60 x SCr

where CrCl is estimated creatinine clearance in mL/min, age is in years, TBW is
in kilograms, height is in meters, and SCr is in mg/dL.8! The Salazar-Corcoran
(S-C) equation was developed using an obese rat model and then validated using
patient data. Some studies have been able to further validate the S-C method in
obese patients as the most accurate of available equations for estimating renal
function from SCr,”” but others have not been able to draw the same
conclusion.®%99-82 The S-C equation is not widely used by clinicians, perhaps
because it is a more complicated equation to remember and compute.

The Modification of Diet in Renal Disease (MDRD) Study equation for
estimation of glomerular filtration rate (GFR) was derived from data from men
and women with chronic kidney disease and has been validated for accuracy of
GFR estimation in many studies.”>7483-86 The four-variable MDRD equation
has been most widely accepted and reexpressed for use with the standardized
creatinine assay:

GER = 175 % (SCr)™""** x (Age)** x 0.742 if female
x 1.212 if African American

CrCl (male) =

CrCl (female) =

where GFR is expressed in mL/min/1.73m?, SCr is in mg/dL, and age is in
years.8” Initially there was reluctance to use this method for estimating renal
function for drug dosage adjustments because the FDA’s Guidance for Industry
requiring study and publication of renal dose adjustments in drug labeling
recommends use of measured CrCl or estimated CrCl using the CG equation,
and it was not known whether the MDRD calculation would correlate to the
breakpoints established with these methods.?8 Recently, Stevens and colleagues
conducted a large simulation study looking at dosage adjustments determined via
the MDRD method, CG equation using TBW, or CG equation using IBW (or
adjusted body weight for overweight individuals) and found that the MDRD



equation has a high rate of concordance with established breakpoints and drug
dosage recommendations.”> These findings led to revision of the National
Kidney Disease Education Program recommendations for estimation of kidney
function for prescription medication dosage in adults to include the use of the
four-variable MDRD equation adjusted for the patient’s actual BSA or the CG
equation utilizing TBW.8 Additionally, a draft revision to the FDA’s Guidance
for Industry includes both the CG and MDRD equations as acceptable methods
for describing renal function for dose adjustments in drug labeling.”® The
MDRD equation is less reliable in patients whose estimated GFR is >60
mL/min/m?; therefore, it is not the best choice for calculating drug doses in
patients with near normal renal function.”#8691 The MDRD equation would
therefore seem to be attractive for use in obese patients because it is normalized
for an average body surface area (BSA) and can be adjusted according to a
patient’s actual BSA by multiplying by the patient’s calculated BSA. However,
several studies have shown the MDRD to be less accurate when applied to
overweight patients. In the Stevens simulation study previously described, the
MDRD equation underestimated renal function in the portion of the study
population weighing more than 90 kg.”? These findings are consistent with other
studies that show the MDRD to be accurate for the population overall, but
somewhat less accurate and likely to underestimate renal function in overweight
patients.”>’4 Based on current evidence, the MDRD should not be used to
estimate renal function for drug dosing in obese patients.

It is important to recognize the limitations of any SCr-based estimate of renal
function and that these limitations may be more pronounced in obese patients.
Twenty-four-hour urine collections for obese patients have been suggested.??
However, this process is time-consuming and fraught with error in the not-
unlikely event that a patient may forget and urinate without monitoring the
volume. Additionally, it is not feasible when quantification of renal function is
needed to start a drug right away. When estimating renal function for dosing
aminoglycosides, particularly in obese patients, the appropriate use of
therapeutic drug monitoring becomes even more important to assure efficacy and
prevent toxicity. Because no single method of estimating renal function in
obesity has been shown to be superior, use of either the S-C equation, which has
been validated for use in obese patients, or the CG equation utilizing dosing
weight, which has been shown to be accurate for estimating gentamicin
clearance, is acceptable for determining an initial dosage interval for
aminoglycosides. However, it is imperative that drug concentration levels are
utilized to dictate continued dosing.



Step 4: Estimate the patient’s renal function.
Cockcroft-Gault equation using dosing weight:

CrCl = [(140 - Age) x DW]/(72 x SCr)
= [(140 - 67) x 94.4 kg]/(72 x 1.2 mg/dL)
= 80 mL/min

Salazar-Corcoran equation:
(137 - Age) x [(0.285 x TBW) + (12.1 x Ht*)]
51 X 8Cr

(137 - 67) x [(0.285 x 129 kg) + (12.1 x 1.78 m?)]
51 x 1.2 mg/dl

CrCl (male) =

= 86 mL/min

Step 5: Use estimated CrCl to determine appropriate dosage interval and
complete dose and monitoring recommendation (see Section 1).

Recommended dose: 660 mg IV every 24 hours

Check level 10 hours after first dose is finished infusing and follow
nomogram for adjustment.

CASE 2

LP is a 48-year-old female (5'6", 207 pounds) admitted yesterday morning with
pyelonephritis. She was initially started on ceftriaxone, but today continues to
worsen clinically and blood cultures from admission are showing gram-negative
rods on gram stain. The physician wants to add tobramycin to the antibiotic
regimen until definitive culture results are back. LP’s PMH is significant only for
HTN (poorly controlled). SCr = 1.6 mg/dL on today’s labs. Outpatient blood
work from one month ago showed SCr = 1.6 mg/dL at that time. Recommend a
dose and monitoring plan for tobramycin for LP.

Answers:



Step 1: Calculate the patient’s IBW.

Women: IBW (kg) = 45.5 + 2.3(inches over 5 ft tall)
=45.5+2.3(6) = 54 kg

Step 2: Determine whether a DW should be calculated for the patient.
Calculate what percentage of IBW is LP’s TBW:

TBW =207 lbs, or 94 kg
TBW/IBW = 94 kg/54 kg = 1.74, or 174%

Because she weighs more than 125 percent of her IBW, a DW should be
calculated:

DW = IBW + DWCF(TBW - IBW)
= 54 kg + 0.4(94 kg - 54 kg) = 70 kg

Step 3: Use DW to calculate the dose of tobramycin.
7 mg/kg x 70 kg = 490 mg
Round the dose to 500 mg.

Step 4: Estimate the patient’s renal function.
Cockcroft-Gault equation:

CrCl = [(140 - Age) x DW]/(72 x SCr) x 0.85 (for female)
= [(140 - 48) x 70 kg]/(72 x 1.6 mg/dL) = 48 mL/min

Salazar-Corcoran equation:



(146 - Age) x [(0.287 x TBW) + (9.74 x Ht?)]
60 x SCr

(146 - 48) x [(0.287 x 94 kg) + (9.74 x 1.68 m?)]
60 x 1.6 mg/dl

ClCr(female) =

=56 mL/min

Step 5: Use estimated CrCl to determine dosage interval and dose.

Recommended dose: 500 mg IV every 36 hours.

Check level 10 hours after first dose is finished infusing; follow nomogram
for adjustment.

AMINOGLYCOSIDES USED IN THE

TREATMENT OF GRAM-POSITIVE
ENDOCARDITIS

Infective endocarditis can be associated with significant morbidity and mortality.
Choosing appropriate antimicrobial therapy is essential, but has been made more
challenging with the emergence of resistant pathogens. The 2005 American
Heart Association recommendations for the treatment of infective endocarditis
include antibiotic selections for the most common pathogens. In some settings,
the recommendations utilize synergy with aminoglycosides.®?

CASE 1

A 29-year-old man presents to the trauma bay dafter suffering blunt trauma by
multiple assailants. Workup is negative for traumatic head bleeding, fractures,
or dislocations. Upon questioning, the patient complains of fever and chills for
the last three days and admits to illicit intravenous drug use (IVDU) as noted by
multiple skin tracks on both upper extremities. Imaging studies reveal pulmonary
cavitary lesions. He subsequently undergoes transthoracic echocardiography
(TTE) with a finding of definitive tricuspid valve vegetation (2 cm) with
moderate regurgitation. Two sets of peripheral blood cultures are drawn by the
bedside nurse; gram stain returns with gram-positive cocci on all four with
culture pending.



Height: 6'1" Weight: 70 kg SCr: 0.9 Allergies: NKDA
Blood culture x 4 pending

While ruling out other differential diagnoses, the attending physician asks his
resident to initiate antibiotic therapy for what he believes to be cavitary lesions
due to septic emboli secondary to infective endocarditis (based on Modified
Duke Criteria).%?

The resident remembers learning that streptococcus is a common pathogen
associated with endocarditis but that staphylococcus should also be considered
due to patient’s history of IVDU. He writes an order for ceftriaxone 2 gm IV
every 24 hours, vancomycin 15 mg/kg every 12 hours, and gentamicin
“pharmacy to dose.”

Case Analysis

Per the current AHA guidelines, the usual synergy dose of gentamicin is 3 mg/kg
per day divided into three doses, adjusted for renal dysfunction.®?

1. Calculate the initial dose (based on the guidelines) and frequency of
gentamicin therapy in this patient based on the information given.

3 mg/kg/day in three divided doses = 3 mg x 70 kg
= 210 mg/day
=70 mg q 8 hrs

2. Use population-based pharmacokinetic parameters to calculate the initial
gentamicin dose.

a. Determine IBW®3 = 50 + (2.3 x inches over 5 feet [50 + 2.3(13)] = 80 kg
b. Using the Cockcroft-Gault equation!, calculate the patient’s CrCl.

CrCl = (140 - Age)(Wt)* _ (140 - 29)(70) — 109 mL/min

72(SCr) 72(0.9)

Note: “Because the patient weighs less than his IBW, his actual weight
can be used.

c. Calculate Ke.
Ke =0.00293 x CrCl + 0.014 = 0.00293 (109) + 0.014 = 0.33



d. Calculate half-life.
t,, = 0.693/Ke = 0.693/0.33337 = 2.1 hours

e. Calculate the Vd.
Vd=0.25L/kg =0.25L/kg x 70 kg = 17.5 L

f. Calculate dosing interval® (7).
In (Cpk/Ctr
T= (CDCin) +

Ke

where t = infusion time (30 min = 0.5 hr), Cpk and Ctr are the peak and trough
concentrations, respectively. T = time difference of when Cpk drawn and time at
end of infusion (30 min = 0.5 hr) [i.e., Infusion ends at 9:00 and Cpk level is
drawn at 9:30, then T = 9:30 — 9:00 = 30 min = 0.5 hr].

= In(4/0.25) | 5. 05=83 hours

0.33337

+ T

Round to 8 hours.

g. Calculate the maintenance dose rate (Ko).!°

_ (Cpk[ssD(VA)(K)(1-¢ )
( 1 _e—Kt) (e—K'I')

where Cpk[ss] is the desired steady-state peak concentration. Ko is measured as
mg/hr and dose must be adjusted for 0.5-hour infusion.

Ko = 168 mg/hr, or 82 mg/0.5 hr

Ko

Round to 80 mg IVPB over 30 minutes.

3. The next day, speciation of blood cultures is in process. As the clinical
pharmacist caring for the patient, you request peak and trough gentamicin
levels to be drawn. The physician accepts your recommendations to initiate
gentamicin as follows:

80 mg IVPB every 8 hours at exactly 1:00 AM, 9:00 AM, and 5:00 PM.

Use the following serum concentration adata to determine individualized



patient pharmacokinetic parameters: trough: 0.4 mcg/mL (drawn at 08:30 AM),
and peak: 4.6 mcg/mL (drawn at 10:00 AM, 30 minutes after completion of IV
infusion).

Dosages should be adjusted to achieve a peak serum concentration of 3—4
mcg/mL and trough serum concentration of 1 mcg/mL.%?

a. Calculate the patient’s elimination rate constant, Ke.

_ In (Cpk[ss])/Ctr/ss] _ In (4.6/0.4) _24
T 8§-1.5 6.5

where T’ = 1 (interval) minus the time difference between Cpk and Ctr (in
hours).

b. Calculate t,,.

_0.693 _ 0.693

’ Ke 0.375
c. Calculate Vd.

Vd = Ko(1-e™)(e™") = 80(0.17)(0.83) = 11.28 = 13.1 L
Cpk[ss] (K)(1-e™) 4.6(0.375)(0.5) 0.933

It is possible that errors in administration, sampling, and documentation may
have altered the interpretation of the measured serum levels. Therefore, it is
important to note the exact times of infusion as well as level sampling.'”

Ke = 0.375

t = 1.85 hours

d. Calculate the new dosing interval (7).

o In (Cpk/Ctr) +t+ T = 8.4 hours

e. Calculate the new dosing rate (Ko).

_pK1)
= ACPRSDVENIINE™ _ 1oy ol on 68 mef0i5 hr

(1%
= 60 mg dose infused over 30 minutes

f. Recalculate the actual Cpk.



Actual (rounded) dose

Actual Cpk = Desired Cpk x
Calculated dose

=4 mcg/mL x 60 mg/66 mg = 3.64 mcg/mL

CASE 2

JR is a 45-year-old woman (5'6", 155 Ibs) with a history of prosthetic mitral
valve replacement, presenting with a temperature 102.5°F. A large vegetation is
seen on TTE and the patient is taken to surgery to avoid embolization. The
patient’s urine output decreases significantly postoperatively and her SCr
remains mildly elevated at 1.2. The diagnosis of acute renal failure (ARF)
secondary to extended time on cardiopulmonary bypass is made. Blood cultures
return showing streptococcus species with minimum inhibitory concentration
(MIC) 0.12-0.5 g/mL (relatively resistant) to penicillin.86 Therefore, the
physician would like to proceed with ceftriaxone and gentamicin. The
cardiothoracic surgeon seeks your assistance in adjusting all the patient’s
medication doses.

1. Calculate an appropriate starting dose of gentamicin (to achieve peaks of 3—
4 mcg/mL and troughs of <1 mcg/mL) using population-based
pharmacokinetic parameters of gentamicin.

a. Determine ideal body weight (IBW).

b. Using the Cockcroft-Gault equation, calculate the patient’s CrCl.
c. Estimate Ke (elimination rate constant).

d. Estimate t,, (half-life).

e. Calculate the volume of distribution (Vd).
f. Calculate dosing interval (7).
g. Calculate the maintenance dose rate (Ko).

2. Use the following serum concentration data to determine individualized
patient pharmacokinetic parameters:

Dose: 80 mg IVPB every 18 hours

Trough: 0.6 mcg/mL (drawn 30 minutes before the third dose)
Peak: 4.8 mcg/mL (drawn 30 minutes after completion of IV infusion)



a. Calculate Ke.
b. Calculate t,,.

c. Calculate Vd.

d. Calculate the new dosing interval (7).
e. Calculate the new dosing rate (Ko).
f. Recalculate the actual Cpk.

Answers:

1. Calculate an appropriate starting dose of gentamicin (to achieve peaks of 3—
4 mcg/mL and troughs of <1 mcg/mL) using population-based
pharmacokinetic parameters of gentamicin.

a. Determine ideal body weight (IBW).

IBW (kg) = 50 (kg) + (2.3[kg] x every inch over 5 feet
|height]) male

IBW (kg) = 45.5 (kg) + (2.3[kg] x every inch over 5 feet
[height]) female

=45.5 + 2.3(6) = 59.3

b. Using the Cockcroft-Gault equation, calculate the patient’s CrCl.

(140 - Age)(IBW)(0.85) _ (140 - 45)(59.3) x 0.85

72(SCr) 72(1.2)
= 55 mL/min

c. Estimate Ke (elimination rate constant).

Ke = 0.00293(CrCl) + 0.014 = 0.00293(55) + 0.014 = 0.17515
d. Estimate t,, (half-life).
t,, = 0.693/Ke = 0.693/0.17515 = 3.96 hours

e. Calculate the volume of distribution (Vd).



Vd=0.25L/kg =0.25L/kg x 70kg = 17.5 L
f. Calculate dosing interval (7).
. In (Cpk/Ctr) AT In (4/0.25)
Ke 0.17515

g. Calculate the maintenance dose rate (Ko).

+0.5 + 0.5 = 16.8 hour

Ko = (Cpk[ss])(Vd)(K?(l-e‘K ) _ 151 mg/hr, or 75.5 mg/0.5 hr
(1-e™)(e™)

Consider 80 mg dose infused over 30 minutes.

2. Individualized patient pharmacokinetic parameters.

a. Calculate Ke.

Ke = In (Cpk[ss])/ Ctr[ss] _ In (4.8 mcg/mL/ 0.6 mcg/mL)
T 18 - 1.5
.. 0.127
16.5

b. Calculate t,,.

0.693 _ 0.693
“  Ke 0.127
c. Calculate Vd.

~ Ko(l-eX)(e*")  80(0.06)(0.94) 4512
 Cpk[ss](K)(1-e %) 4.8(0.127)(0.9)  0.547

d. Calculate the new dosing interval (1):

t = 5.46 hours

321




. In (Cpk/Ctr)
Ke

e. Calculate the new dosing rate (Ko):

(Cpk[ss])(Vd)(K)(1-e™)
(1_e—Kt) (E_KT)

= 70 mg/hr, or 35 mg/0.5 hour

= 40 mg dose infused over 30 minutes

+t+ T = 22.8 hours (round to 24 hours)

Ko

f. Recalculate the actual Cpk

Actual (rounded) dose
Calculated dose

4 mcg/mL x (35 mg/40 mg) = 3.5 mcg/mL

Desired Cpk x = Actual Cpk

AMINOGLYCOSIDES PHARMACOKINETICS IN

PEDIATRICS PATIENTS WITH CYSTIC
FIBROSIS

As described previously, EID of aminoglycosides maximizes their bactericidal
activity by utilizing a higher peak concentration to MIC ratio and maximizing
the postantibiotic effect. Several studies have evaluated extended-interval
aminoglycoside administration in pediatric patients with cystic fibrosis (CF).
EID was found to be equally efficacious in improving pulmonary function
(change in FEV,, the forced expiratory volume in one second) and was

associated with a lower risk of nephrotoxicity.*% The CF Foundation
guidelines support the use of EID in patients with normal renal function. For CF
patients with renal dysfunction, traditional dosing methods should be used.%®
Nomograms for EID have been developed to simplify dosing, but they should
not be used in patients who have altered pharmacokinetics, including those with



CF. A nomogram has been developed for use specifically in pediatric CF patients
based on a tobramycin dose of 12 mg/kg once daily, but lacks supporting data.®”

Higher doses of antibiotics are often required in CF patients due to higher
volumes of distribution and increased clearance. Because of the considerable
interpatient variability in clearance rates, it is important to monitor serum
concentrations soon after initiation of aminoglycoside therapy. Serum
concentrations should be monitored 2 hours after the start of the infusion, to
account for distribution time, and a second random level 10 hours after the start
of the infusion. One-compartment kinetics can then be used to determine the
volume of distribution and clearance. The peak level can be calculated with a
target of 20 to 30 mcg/mL (or 10 times the MIC if known) and can be
extrapolated forward to ensure a 6-hour period when the serum level will be
below 1.5 mcg/mL. Serum trough concentrations should be below the detectable
range; therefore, they are not useful.%

Barclay and colleagues described another method to assess dosing. These
investigators calculated the 24-hour AUC (area under the curve). EID should
give the same level of drug exposure as conventional multiple daily dosing
regimens (AUC,, 70 to 100 mg-hr/L).%°

CASE 1

AK, a 10-year-old female with cystic fibrosis (CF), presents to the clinic with a
4-day history of shortness of breath, increasing cough, and sputum production,
which is green and foul smelling. AK has an oral temperature of 100.6°F. Her
current height is 4'8" and weight is 75 Ibs.

AK has had previous sputum cultures positive for Pseudomonas aeruginosa.
Other pertinent lab findings include: WBC 18,000, BUN 7, SCr 0.5. A new
pulmonary infiltrate is noted on chest X-ray. Due to her acute exacerbation of
CF, AK is admitted to the hospital for IV antibiotics, respiratory treatments, and
aggressive chest percussion to improve airway clearance. It is likely she is again
infected with Pseudomonas, since the organism is rarely eradicated in patients
with CF. The physician orders ceftazidime 50 mg/kg IV q8h and tobramycin to be
dosed by pharmacy.

Estimate of CrCl using the Schwartz’s equation for pediatric patients:
CrCl = K x L/SCr (in mL/minute/1.73 m?)

K = constant of proportionality that is age-specific:



Age K

Preterm infants up to 1 year 0.33
Full-term infants up to 1 year 0.45
2-12 years 0.55
13-21 years, female 0.55
13-21 years, male 0.7

L = Length or height in cm

SCr = Serum creatinine concentration in mg/dL

Thus, for AK, CrCl = 0.55 x 140 cm/0.5 mg/dL = 154 mL/min. AK has normal
renal function and EID would be appropriate. Tobramycin 10 mg/kg IVPB every
24h (340 mg IVPB g24h) is ordered.

Tobramycin 340mg IV infused over 30 minutes at 1400 hours
Cmax (C1) drawn at 1600 hours = 20.1
Random level (C2) drawn at 2300 hours = 1.3

Calculate the volume of distribution (Vd) and elimination rate constant (Ke)
for AK using X the tobramycin levels. The time interval between 1600 hours and
2300 hours is 7 hours and can be used to determine the elimination rate constant.

Ke =1n (C1/C2)/A t =1n (20.1/1.3)/7 hours = 0.39 hour™

_ Dose/Cl « ek 340 mg/20.1 e 0 h1h) — 78]

(l_e—kt) 1‘6_0'39 hr=1 (24 hr)

The clearance of the drug can then be calculated using the volume of
distribution and elimination rate constant.

Vd



CL = (Ke)(Vd) = 0.39 hr (7.8 L) = 3.04 L/hr

The elimination rate constant can be used to calculate the expected plasma
concentration at 1500 hours (or one hour before the observed peak of 22.6) and
the expected trough concentration (30 minutes prior to the next dose). In the
following equations, t represents the time difference from the measured plasma
concentration.

Cpeak = Gl _. 201 = 29.7 mg/L

e—]-:t e—(l?:&] hr-1(1)

Ctrough = C1 x e =20.1 x e ¥ = (0.0046 mg/L

Another method to assess dosing would be to calculate the AUC,, (target 70—
100 mg-h/L).

_ Dose (mg) 340 mg
' CL(L/hr) 3.04 L/hr

Although AUC slightly is slightly above the target range, the peak is within
the target range and AK is clearing the drug. The dose of tobramycin 340 mg IV
g24h would be appropriate.

AUC

= 111.8 mg-hr/L

CASE 2

GJ is a 6-year-old boy admitted to the hospital with a CF exacerbation. GJ
weighs 42 Ibs and is 4' tall; his SCr is 0.4. GJ was recently hospitalized for IV
antibiotics to treat a respiratory infection with positive sputum cultures for
methicillin-resistant Staphylococcus aureus and Pseudomonas. Along with
vancomycin, GJ has an order for tobramycin to be dosed by pharmacy. The
pharmacist orders tobramycin 200 mg IVPB q24h, based on the dose used
during his previous admission. Serum levels were drawn to assess dosing:

Tobramycin 200 mg IV infused over 30 minutes at 0900 hours
Cmax (C1) drawn at 1130 hours = 17.2
Random level (C2) drawn at 1800 hours = 1.4
Based on the tobramycin concentrations obtained for GJ, estimate his



elimination rate constant (K), clearance (Cl), and volume of distributions (Vd) to
assess the dose. Thereafter, using the calculated pharmacokinetic parameters for
GJ, calculate the expected peak, trough, and AUC,, for the current dose.

Answers:

=In(C1/C2)/At =1n(17.2/1.4)/6.5 hours = 0.39 hr™'

Dose/Cl ekt 200 mg/17.2
(1-e™X) ¢ _‘1_8439M4(Mhn

CL = (K)(Vd) =0.39 hr' (44 L) = 1.7 L/hr

Vd » 6_0‘39 hr-1(2.5 hr) — 44 L

Cpeak = 6l 17,2 =30.9 mg/L

e—kt 1 _6—0.39 hr-1(24 hr)

Ctrough = Cl X e™=172 x g#?u- 1@ = (0048 mg/L

_ Dose (mg) _ 200 mg
“ CL(L/r) 17 L/hr

REFERENCES

1. Cockcroft DW, Gault MH. Prediction of creatinine clearance from serum creatinine. Nephron.
1976;16(1):31-41.

2. Chambers HF. Chapter 45. Aminoglycosides. In: Brunton LL, Lazo JS, Parker KL. Goodman &
Gilman’s The Pharmacological Basis of Therapeutics, 11th ed.. Available at:
http://www.accessmedicine.com/content.aspx?alD=949068.

3. Nicolau DP, Freeman CD, Belliveau PP, Nightingale CH, Ross JW, Quintiliani R. Experience with a
once-daily aminoglycoside program administered to 2,184 adult patients. Antimicrob Agents
Chemother. 1995;39(3):650-655.

4. Maglio D, Nightingale C, Nicolau D. Extended interval aminoglycoside dosing: From concept to
clinic. Int J Antimicrob. 2002;19:341-348.

5. Bailey TC, Little JR, Littenberg B, Reichley RM, Dunagan WC. A metaanalysis of extended-interval
dosing versus multiple daily dosing of aminoglycosides. Clin Infect Dis. 1997;24:786-795.

6. Gilbert DN, Lee BL, Dworkin RJ, et al. A randomized comparison of the safety and efficacy of once-

= 117.6 mg-hr/L


http://www.accessmedicine.com/content.aspx?aID=949068

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

daily gentamicin or thrice-daily gentamicin in combination with ticarcillin-clavulanate. Am J Med.
1998;105:182-191.

. Wallace AW, Jones M, Bertino JS. Evaluation of four once-daily aminoglycoside dosing nomograms.

Pharmacotherapy. 2002;22(9):1077-1083.

. Spivey JM. The postantibiotic effect. Clin Pharm. 1992;11:865-875.
. Barclay ML, Begg EJ. Aminoglycoside adaptive resistance: Importance for effective dosage regimens.

Drugs. 2001;61(6):713-721.
Bodem CR, Lampton LM, Miller DP, et al. Endobronchial pH. Relevance of aminoglycoside activity
in gram-negative bacillary pneumonia. Am Rev Respir Dis. 1983;127(1):39-41.

. Moore Rd, Leitman P, Smith CR. Clinical response to aminoglycoside therapy: Importance of the ratio

of peak concentration to minimum inhibitory concentration. J Infect Dis. 1987;155:93-97.

Moore RD, Smith CR, Lietman PS. Association of aminoglycoside plasma levels with therapeutic
outcome in gram-negative pneumonia. Am J Med. 1984;77:657-662.

Bertino JS, Booker LA, Franck PA, et al. Incidence of and significant risk factors for aminoglycoside-
associated nephrotoxicity in patients dosed by using individualized pharmacokinetic monitoring. Infect
Dis. 1993;167(1):173-179.

Leehey DJ, Braun BI, Tholl DA, et al. Can pharmacokinetic dosing decrease nephrotoxicity associated
with aminoglycoside therapy? J Amer Soc Neph. 1993;4(1):81-90.

Evans WE, Schentag JJ, Jusko WJ (Eds.). Applied Pharmacokinetic Principles of Therapeutic Drug
Monitoring, 2nd ed. Spokane, WA: Applied Therapeutics, 1986.

Aronoff G, Bennett W, et al. Drug Prescribing in Renal Failure: Dosing Guidelines for Adults and
Children, 5th ed. Philadelphia: American College of Physicians, 2007.

Radigan EA, Gilchrist NA, Miller MA. Management of aminoglycosides in the intensive care unit. J
Intensive Care Med. 2010;25:327-342.

McCormack JP, Jewesson PJ. A critical reevaluation of the “therapeutic range” of aminoglycosides.
Clin Infect Dis. 1992;14(1): 320-339.

Demczar DJ, Nafziger AN, Bertino JS Jr. Pharmacokinetics of gentamicin at traditional versus high
doses: Implications for once-daily aminoglycoside dosing. Antimicrob Agents Chemother.
1997;41:1115-1119.

McNamara DR, Nafziger AN, Menhinick AM, Bertino JS Jr. A dose-ranging study of gentamicin
pharmacokinetics: Implications for extended interval aminoglycoside therapy. J Clin Pharmacol.
2001;41:374-7.

Gonzalez LS, Spencer JP Aminoglycosides: A practical review. Am Assoc Fam Pract.
1998;58(8):1811-1820.

Lopez-Novoa J, Quiros Y, Vicente L, et al. New insights into the mechanism of aminoglycoside
nephrotoxicity: An integrative point of view. Kidney Int. 2011;79:33-45.

Oliveira J, Silva C, Barbieri C, et al. Prevalence and risk factors for aminoglycoside nephrotoxicity in
intensive care units. Antimicrob Agents Chemother. 2009;53(7):2887-2891.

Leehey D, Braun B, Tholl D, et al. Can pharmacokinetic dosing decrease nephrotoxicity associated
with aminoglycoside therapy? J Am Soc Nephrol. 1993;4:81-90.

Sandhu J, Sehgal A, Gupta O, et al. Aminoglycoside nephrotoxicity revisited. JJACM. 2007;8(4):331—
333.

Nayak-Rao S. Aminoglycoside use in renal failure. Ind J Nephrol. 2010;20(3):121-124.

Munckhof WJ, Grayson ML, Turnidge JD. A meta-analysis of studies on the safety and efficacy of
aminoglycosides given either once daily or as divided doses. J Antimicrob Chemother. 1996;37:645—
663.

Jackson GG, Arcieri G. Ototoxicity of gentamicin in man: A survey and controlled analysis of clinical
experience in the United States. J Infect Dis. 1971;124(suppl):S130-S137.

Tran P, Deffrennes D. Aminoglycoside ototoxicity: Influence of dosage regimen on drug uptake and
correlation between membrane binding and some clinical features. Acta Otolaryngol. 1988;105:511—



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

15.

Cosgrove S, Vigliani G, Campion M, et al. Initial low-dose gentamicin for staphylococcus aureus
bacteremia and endocarditis is nephrotoxic. Clin Infect Dis. 2009;48:713-721.

Balakumar P, Rohilla A, Thangathirupathi A. Gentamicin-induced nephrotoxicity: Do we have a
promising therapeutic approach to blunt it? Pharmacol Res. 2010;62:179-186.

Guan M, Fischel-Ghodsian N, Giuseppe A. A biochemical basis for the inherited susceptibility to
aminoglycoside ototoxicity. Human Mol Genet. 2000;9(12):1787-1793.

Palmay L, Walker SAN, Walker SE, Simor AE. Symptom reporting compared with audiometry for the
detection of cochleotoxicity in patients on long-term aminoglycoside therapy. Ann Pharmacother.
2011. Published online ahead of print, 10.1345/aph.1P729:
http://www.theannals.com/cgi/content/abstract/aph.1P729v1.

Cortopassi G, Hutchin T. A molecular and cellular hypothesis for aminoglycoside-induced deafness.
Hearing Res. 1994;78:27-30.

Mulheran M, Degg C, Bur S, et al. Occurrence and risk of cochleotoxicity in cystic fibrosis patients
receiving repeated high-dose aminoglycoside therapy. Antimicrob Agents Chemother.
2001;45(9):2502—-2509.

Sowinski KM, Magner SJ, Lucksiri A, et al. Influence of hemodialysis on gentamicin
pharmacokinetics, removal during hemodialysis and recommended dosing. Clin J AM Soc Nephrol.
2008;3:355-361.

Zaske D. Aminoglycosides. In: Evans W, Shentag J, Jusko W (Eds.). Applied Pharmacokinetic
Principles of Therapeutic Drug Monitoring, 3rd ed.; also Appl Ther. 2006; 1:331-381.

Halstenson CE, Berkseth RO, Mann HJ, Matzke GR. Aminoglycoside redistribution and tobramycin.
Int J Clin Pharmacol Ther Toxicol. 1987;25:50-55.

Manley HJ, Bailie GR, McClaran ML, Bender WL. Gentamicin pharmacokinetics during slow daily
home hemodialysis. Kidney Int. 2003;63:1072—-1078.

Dager W, King J. Aminoglycosides in intermittent hemodialysis: Pharmacokinetics with individual
dosing. Ann Pharmacother. 2005;40(1):9-14.

Matze GR, Halstenson CE, Keane WF. Hemodialysis elimination rates and clearance of gentamicin
and tobramycin. Antimicrob Agents Chemother. 1984;25:128-130.

Catolico M, Campbell J, Jones W, et al. Time course of gentamicin serum concentration rebound
following hemodialysis. Drug Intell Clin Pharm. 1987;21:46-49.

Amin N, Padhi I, et al. Characterization of gentamicin pharmacokinetics in patients hemodialyzed with
high-flux polysulfone membranes. Am J Kidney Dis. 1999;34:222-227.

Argawal R, Cronin R. Heterogeneity in gentamicin clearance between high-efficiency hemodialyzers.
Am J Kidney Dis. 1994;23(1):47-51.

Manjunath G, Sarnak M, Levey A. Estimating the glomerular filtration rate: Do’s and Don’ts for
assessing kidney function. Post Grad Med. 2001;110(6):55-62.

Murphy John E. Aminoglycosides (AHFS 8;12.02). Clinical Pharmacokinetics, 4th ed. American
Society of Health-System Pharmacists, Inc., 2008.

Giannelli SV, Patel KV, Windham G et al. Magnitude of unascertainment of impaired kidney function
in older adults with normal serum creatinine. J Am Geriatr Soc. 2007;55(6):816—823.

Chan P. Pharmacokinetic and pharmacodynamic considerations in geriatrics. Calif J of Health-System
Pharm. 2010;22:5-12. Available at: www.cshp.org/uploads/file/CTHP/CJHP%20SepOct%202010.pdf
(accessed May 8, 2011).

Laroche ML, Charmes JP, Marcheix A, Bouthier F, Merle L. Estimation of glomerular filtration rate in
the elderly: Cockcroft-Gault formula versus modification of diet in renal disease formula.
Pharmacotherapy. 2006;26(7):1041-1046.

Gral T, Young M. Measured versus estimated creatinine clearance in the elderly as an index of renal
function. J Am Geriatr Soc. 1980;28:492—-496.

O’Connell MB, Dwindell AM, Bannick-Mohrland SB. Predictive performance of equations to estimate
creatinine clearance in hospitalized elderly patients. Ann Pharmacother. 1992;26:627-635.


http://www.theannals.com/cgi/content/abstract/aph.1P729v1
http://www.cshp.org/uploads/file/CJHP/CJHP%20SepOct%202010.pdf

52.

53.

54.

55.

56

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Smythe M, Hoffman J, Kizy K, Dmuchowski C. Estimating creatinine clearance in elderly patients
with low serum creatinine concentrations. Am J Hosp Pharm. 1994;51:198-204.

Bertino JS Jr. Measured versus estimated creatinine clearance in patients with low serum creatinine
values. Ann Pharmacother. 1993;27:1439-1442.

Reichley RM, Ritchie DJ, Bailey TC. Analysis of various creatinine clearance formulas in predicting
gentamicin elimination in patients with low serum creatinine. Pharmacotherapy. 1995;15(5):625-630.
Dooley MJ, Sungh S, and Rischin D. Rounding of low serum creatinine values and the consequent
impact on accuracy of bedside estimates of renal function in cancer patients. Br J Cancer.
2004:90:911-915.

. McAuley, David F. Pharmacokinetic dosing. Aminoglycoside-vancomycin dosing. GlobalRPH.com.

Available at: http://www.globalrph.com/aminoglycosides.htm (accessed March 4, 2011)

Adberg JA, Goldman MP, Gray LD, Long JK. Infectious Disease Handbook, 6th ed. Lexi-Comp, Inc.,
2006.

Waurtz R, Itokazu G, Rodvold K. Antimicrobial dosing in obese patients. Clin Infect Dis. 1997;25:112—
118.

Pai MP, Bearden DT. Antimicrobial dosing considerations in obese adult patients. Pharmacotherapy.
2007;27(8):1081-1091.

Leader WG, Tsubaki T, Chandler MH. Creatinine-clearance estimates for predicting gentamicin
pharmacokinetic values in obese patients. Am J Hosp Pharm. 1994;51:2125-2130.

Traynor AM, Nafziger AN, Bertino JS. Aminoglycoside dosing weight correction factors for patients
of various body sizes. Antimicrob Agents Chemother. 1995;39:545-548.

Sketris I, Lesar T, Zaske DE, et al. Effect of obesity on gentamicin pharmacokinetics. J Clin
Pharmacol. 1982;21:288-293.

Korsager S. Administration of gentamicin to obese patients. Int J Clin Pharmacol Ther Toxicol.
1980;18:549-553.

Schwartz SN, Pazin GJ, Lyon JA, et al. A controlled investigation of the pharmacokinetics of
gentamicin and tobramycin in obese subjects. J Infect Dis. 1978;138:499-505.

Bauer LA, Blouin RA, Griffen WO, et al. Amikacin pharmacokinetics in morbidly obese patients. Am
J Hosp Pharm. 1980;37:519-522.

Bauer LA, Edwards WA, Dellinger EP, et al. Influence of weight on aminoglycoside pharmocokinetics
in normal weight and morbidly obese patients. Eur J Clin Pharmacol. 1983;24:643-647.

Blouin RA, Mann HJ, Griffen WO, et al. Tobramycin pharmacokinetics in morbidly obese patients.
Clin Pharmcol Ther. 1979;26:508-512.

Smith LK, Weiss EL, Lehmkuhl LD. Brunnstom’s Clinical Kinesiology, 5th ed. Philadelphia: F. A.
Davis Company, 1996, pp. 20—68.

Demirovic JA, Pai AB, Pai MP. Estimation of creatinine clearance in morbidly obese patients. Am J
Health-Syst Pharm. 2009;66:642—648.

Dionne RE, Bauer LA, Gibson GA, et al. Estimating creatinine clearance in morbidly obese patients.
Am J Hosp Pharm. 1981;38:841-844.

Verhave JC, Fesler P, Ribstein J, et al. Estimation of renal function in subjects with normal serum
creatinine levels: Influence of age and body mass index. Am J Kidney Dis. 2005;46(2):233-241.
Stevens LA, Nolin TD, Richardson MM, et al. Comparison of drug dosing recommendations based on
measured GFR and kidney function estimating equations. Am J Kidney Dis. 2009;54(1):233-242.
Froissart M, Rossert J, Jacquot C, et al. Predictive performance of the modification of diet in renal
disease and Cockcroft-Gault equations for estimating renal function. J Am Soc Nephrol. 2005;16(3):
8763-8773.

Cirillo M, Anastasio P, DeSanto NG. Relationship of gender, age, and body mass index to errors in
predicted kidney function. Nephrol Dial Transplant. 2005;20:1791-1798.

Hermsen ED, Maiefski M, Florescu MC, et al. Comparison of the modification of diet in renal disease
and Cockcroft-Gault equations for dosing antimicrobials. Pharmacotherapy. 2009;29(6):649—655.


http://dosing.GlobalRPH.com
http://www.globalrph.com/aminoglycosides.htm

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Green B, Duffull SB. What is the best size descriptor to use for pharmacokinetic studies in the obese?
Br J Clin Pharmacol. 2004;58(2):119-133.

Spinler SA, Nawarskas JJ, Boyce EG, et al. Predictive performance of ten equations for estimating
creatinine clearance in cardiac patients. Ann Pharmacother. 1998;32:1275-1283.

Janmahasatian S, Duffull SB, Chagnac A, et al. Lean body mass normalizes the effect of obesity on
renal function. Br J Clin Pharmacol. 2008;65:964—-965.

Ozmen S, Kaplan MA, Kaya H, et al. Role of lean body mass for estimation of glomerular filtration
rate in patients with chronic kidney disease with various body mass indices. Scand J Urol Nephrol.
2009;43:171-176.

Duffull S, Dooley M, Green B, et al. A standard weight descriptor for dose adjustment in the obese
patient. Clin Pharmacokinet. 2004;43(15):1167-1178.

Salazar DE, Corcoran GB. Predicting creatinine clearance and renal drug clearance in obese patients
from estimated fat-free body mass. Am J Med. 1988;84:1053-1060.

Snider RD, Kruse JA, Bander JJ, et al. Accuracy of estimated creatinine clearance in obese patients
with stable renal function in the intensive care unit. Pharmacotherapy 1995;15(6):747-753.

Levey AS, Bosch JP, Lewis JB, et al. A more accurate method to estimate glomerular filtration rate
from serum creatinine: A new prediction equation. Modification of Diet in Renal Disease Study
Group. Ann Intern Med. 1999;130(6):461-70.

Lewis JB, Agodoba L, Cheek D, et al. Comparison of cross-sectional renal function measurements in
African-Americans with hypertensive nephrosclerosis and of primary formulas to estimate glomerular
filtration rate. Am J Kidney Dis. 2001;38(4):744-753.

Rule AD, Larson TS, Bergstralh EJ, et al. Using serum creatinine to estimate glomerular filtration rate:
Accuracy in good health and in chronic kidney disease. Ann Intern Med. 2004;141(12):929-937.
Poggio ED, Wang X, Greene T, et al. Performance of the modification of diet in renal disease and
Cockcroft-Gault equations in the estimation of GFR in health and in chronic kidney disease. J Am Soc
Nephrol. 2005;16(2):459—-466.

Levey AS, Coresh J, Greene T, et al. Using standardized serum creatinine values in the modification of
diet in renal disease study equation for estimating glomerular filtration rate. Ann Intern Med.
2006;145(4): 247-254.

Food and Drug Administration. Guidance for industry: Pharmacokinetics in patients with impaired
renal function-study design, data analysis, and the impact on dosing. Rockville, MD, U.S. Department
of Health and Human Services, May 1998. Available at:
www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm072127.p:
(accessed March 1, 2011).

National Kidney Disease Education Program. CKD and drug dosing: Information for providers.
Available at: http://www.nkdep.nih.gov/professionals/drug-dosing-information.htm (accessed February
28, 2011).

Food and Drug Administration. Guidance for industry: Pharmacokinetics in patients with impaired
renal function-study design, data analysis, and the impact on dosing. Draft Guidance. Rockville, MD,
US Department of Health and Human Services, March 2010. Available at:
www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM204959.
(accessed March 13, 2011).

Levey AS, Stevens LA, Schmid CH, et al. A new equation to estimate glomerular filtration rate. Ann
Intern Med. 2009;150:604—612.

Baddour LM, Wilson WR, Bayer AS, et al. Infective endocarditis: Diagnosis, antimicrobial therapy
and management of complications: A statement from the committee on rheumatic fever, endocarditis
and Kawasaki disease. Circulation. 2005;111:e394—e434.

Pai MP, Paloucek FP. The origin of the “ideal” body weight equations. Ann Pharmacother.
2000;34:1066-1069.

Smyth A, Tan K, Hyman-Taylor P, et al. Once versus three times daily regimens of tobramycin
treatment for pulmonary exacerbations of cystic fibrosis—the TOPIC study: A randomized controlled


http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm072127.pdf
http://www.nkdep.nih.gov/professionals/drug-dosing-information.htm
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM204959.pdf

95.

96.

97.

98.

99.

trial. Lancet. 2005;365:573-578.

Smyth AR, Bhatt J. Once daily versus multiple daily dosing with intravenous aminoglycosides for
cystic fibrosis. Cochrane Database Syst Rev. 2010:CD002009. DOI:
10.1002/14651858.CD002009.pub3.

Flume PA, Mogayzel PJ, Robinson KA, et al. Cystic fibrosis pulmonary guidelines: Treatment of
pulmonary exacerbations. Am J Respir Crit Care Med. 2009;180:802-808.

Massie J, Cranswick N. Pharmacokinetic profile of once daily intravenous tobramycin in children with
cystic fibrosis. J Paediatr Child Health. 2006;42(10):601-605.

Prayle A, Smyth AR. Aminoglycoside use in cystic fibrosis: Therapeutic strategies and toxicity. Curr
Opin Pulm Me.d 2010;16(6):604—610.

Barclay M, Dufful SB, Begg EJ, et al. Experience of once-daily aminoglycoside dosing using a target
area under the concentration-time curve. Aust NZ J Med 1995;25:230-235.



INote that the Brater equation can be used to more accurately estimate the patients creatinine clearance in a
situation of changing renal function: CrCl (mL/min/70 kg) = [[293 — (2.03 x age)] x [1.035 — 0.01685 x
(SCr1 + SCrz)]] / (SCr1 + SCrZ) +[49 x (SCr1 - SCrz)] / (SCr1 + SCrZ) x (Time difference in days). For
females: Male value x 0.86. Brater DC. Drug Use In Renal Disease. ADIS Health Science Press,
Balgowlah, Australia 1983;22-56.



DORA E. WISKIRCHEN, PharmD, BCPS
REBECCA A. KEEL-JAYAKUMAR, PharmD
DAVID P. NICOLAU, PharmD, FCCP, FIDSA

DRUG OVERVIEW

As a class, beta-lactam antibiotics are a mainstay of therapy and are
recommended for nearly all infection types in clinical practice guidelines!',
often as first-line agents. Overall, they are a broad class of antibiotics and consist
of penicillins, cephalosporins, monobactams, and carbapenems. Beta-lactams
exhibit bactericidal activity by binding to penicillin-binding proteins and,
ultimately, inhibiting cell wall synthesis. Since the discovery of penicillin, it has
been known that prolonging the infusion duration (originally done as a
continuous infusion) or more frequent dosing resulted in improved outcomes’%;
however, the utilization of prolonged or continuous infusion has remained a
matter of debate and much research has been undertaken to understand and

justify these dosing strategies.

THERAPEUTIC CONCENTRATIONS

With increasing antimicrobial resistance and limited novel antimicrobials on the
horizon, a resurgence of interest in optimizing currently available treatment
options has occurred. The potency of an antimicrobial is measured as the lowest
concentration that inhibits visible bacterial growth, also known as the minimum



inhibitory concentration (MIC). While in vitro potency is relatively
straightforward, in vivo potency is much more complex and is described using
pharmacodynamics. The pharmacodynamic parameter for beta-lactams that best
correlates with efficacy is the percentage of the dosing interval that free drug
concentration remains above the MIC (f T>MIC)?. Thus, the optimization of
beta-lactam therapy relies on the duration of exposure (i.e., time-dependent) to
maximize f T>MIC (Figure 3-1).
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FIGURE 3-1. Beta-lactam in vivo efficacy is best predicted by the percentage of the dosing interval that
free drug concentrations remains above the MIC (f T>MIC).

Three factors affect the clinical outcome of the patient: the patient, the bug,
and the drug. Of these factors, the drug is the only one that is easily modified,
and the various methods to achieve maximal f T>MIC include administering
doses more frequently, administering higher doses, or changing the infusion



duration. Dose escalation strategies add little additional benefit in optimizing the
drug exposures and are not cost effective when the overall drug cost is often
doubled. However, decreasing the dosing interval or increasing the length of
infusion can have a considerable impact on f T>MIC (Figure 3-2). When
designing dosing regimens to optimize beta-lactam therapy, it is important to
consider what f T>MIC are required to maximize antibacterial activity, and these
targets vary by class of beta-lactam. In general, maximal efficacy, often denoted
as a 2-log decrease in bacterial density, requires a f T>MIC of 40 percent for
carbapenems, 50 percent for penicillins, and 50-70 percent for cephalosporins;
whereas, the f T>MIC for stasis (i.e., no bacterial killing or growth) is 20 percent
for carbapenems, 30 percent for penicillins, and 40 percent for cephalosporins.!0-
12" This efficacy has been associated with serum concentrations, and it is
unknown whether the same exposures are needed in tissue at the site of
infection.
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FIGURE 3-2. Comparison of administrating the same dose as a traditional infusion (1 hour) with prolonged
infusion (3 hours). The prolonged infusion increases the percentage of the dosing interval that the drug
concentration is above the MIC.

TOXIC CONCENTRATIONS

Beta-lactams have a wide therapeutic index, therefore, toxic concentrations are




rare. When toxicities do occur, they are typically observed with high peak
concentrations. Because extending the infusion duration results in lower peak
concentrations when administrating the same dose (as evident in Figure 3-2),
prolonged and continuous infusions have a low propensity for attaining toxic
concentrations.

MONITORING DRUG LEVELS

The potential for toxicity is rare; therefore, routine serum concentration
monitoring is not performed. Additionally, assays for drug monitoring are not
widely available and have historically only been used for research purposes.
Likewise, population pharmacokinetic parameter estimates are often used for
dosing calculations.

BIOAVAILABILITY (F)

A number of 3-lactam antibiotics have good bioavailability and are available in
oral formulations. However, for oral drug administration, it is clearly not
possible to alter the infusion time. For the purposes of this chapter, we will only
focus on selected intravenous agents that are commonly administered over a
prolonged period of time in order to achieve a higher amount of time in which
free drug concentration remains above the MIC of the offending pathogen.

VOLUME OF DISTRIBUTION (V)

The volume of distribution for the [-lactam antibiotics discussed herein is
generally low, as depicted in Table 3-1. In addition, these particular agents
typically also demonstrate relatively low protein binding.

CLEARANCE (CL)

The rate of clearance for the (B-lactam antibiotics that are often administered as
prolonged or continuous infusions are presented in Table 3-1. It is important to
note that these values come from patients with normal renal function. These
antibiotics are largely excreted by the kidneys through glomerular filtration and
tubular secretion. Therefore, renal function can have a significant impact on the
rate of clearance for most of these drugs, requiring dose adjustments in the face



of severe renal dysfunction. Additionally, many -lactam antibiotics are removed
with hemodialysis and supplemental doses following dialysis may be required.

ELIMINATION HALF-LIFE (T%)

The elimination half-lives for these agents are rather short and, therefore, must
be administered more frequently, typically multiple times per day in patients
with normal renal function. Half-lives for [-lactam antibiotics commonly
administered as prolonged infusions are also listed in Table 3-1.

THERAPEUTIC MONITORING

As mentioned previously, assays for monitoring therapeutic drug levels are not
readily available and utilized in the clinical setting. Rather, response to therapy
should be monitored by observing improvement in the signs and symptoms of
the infection.

MONTE CARLO SIMULATION

Monte Carlo simulation can be used to predict the ability to various dosing
regimens to achieve the required pharmacodynamic target or exposures (f
T>MIC for [B-lactams) within a large simulated population. The simulation is
performed with the aid of a computer software program and utilizes a
semirandom number generator along with known population pharmacokinetic
parameter estimates and corresponding statistical distributions to generate
pharmacokinetic parameter values that are then used to construct concentration-
time profiles for each simulated patient within the simulated population. These
profiles are then analyzed against the susceptibility or MIC profile for a given
set of organisms. Using these data, the likelihood of achieving the
pharmacodynamic target, also known as probability of target attainment (PTA),
can be calculated for the entire simulated population.?”?® Data generated from
Monte Carlo simulation have been used in guiding empiric dose selection for the
development of clinical treatment pathways and protocols.

DRUG STABILITY

Drug stability at room temperature is dependent on the particular antimicrobial



agent as well as the diluent utilized to reconstitute. Stability issues can limit what
type of infusion can be initiated (i.e., prolonged vs. continuous infusion). When
determining what infusion duration to utilize, the duration of time needed to
prepare, store, and deliver the medication must be taken into account in addition
to the infusion duration. Normally, the package insert for the antimicrobial
contains the most conservative estimate of stability, while other research studies
may report an extended stability profile for the agent (Table 3-1).

TABi“E il Pharmacokinetic Parameters of Select B-Lactam Antibiotics
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CASE 1: PIPERACILLIN/TAZOBACTAM LOADING DOSE

WR has cystic fibrosis and is admitted to the hospital with an acute
exacerbation. He has a history of respiratory Pseudomonas aeruginosa with a
piperacillin/tazobactam MIC of 32 mcg/mL. Calculate a loading dose that
achieves a free serum concentration of at least 32 mcg/mL. WR is 5 foot, 9
inches and weighs 59 kg.



Equation: LD = (V)(C)/(S)(F)

Step 1: Calculate V.

Because the population pharmacokinetic value for volume of distribution in
Table 3-1 is normalized for weight (in L/kg), this value will need to be
multiplied by the patient’s weight (in kg) in order to calculate their volume of
distribution.

V = (0.15 L/kg)(59 kg)
V=885L

Step 2: Calculate C,,,;.

Free drug concentration is calculated by multiplying the total desired
concentration by the fraction of unbound drug (f,), where f, = (100 — % protein

binding)/100.
Cfree = Ctotal X fu

This equation can be rearranged to determine the total concentration needed
to attain a specific free concentration.

Ctotal - Cfree/ fu
Ciotal = (32 mcg/mL)/[(100 — 30)/100]
Ciotal = 45.71 mcg/mL
Step 3: Calculate LD.
LD = (V)(C)/(S)(F)
Both S and F are assumed to be 1.
LD = (8.85 L)(45.71 mcg/mL)

Convert L to mL and mcg to mg.

LD = (8.85)(1,000/1)(45.71)(1 mg/1,000)
LD = 404.53 mg

Convert this dose to g, as piperacillin/tazobactam is dosed in g.



LD = 404.53 (1 g/1,000)
LD =0.405g

Administering a loading dose followed by a maintenance dose (continuous
infusion) allows for the desired steady-state concentration to be achieved much
earlier in treatment. The loading dose for WR would be rounded up to 2.25 g
piperacillin/tazobactam, which is only commercially available in fixed dosage
concentrations (1:8 ratio of piperacillin/tazobactam) that include 2 g
piperacillin/0.25 g tazobactam, 3 g piperacillin/0.375 g tazobactam, and 4 g
piperacillin/0.5 g tazobactam. (The dose is reported as the combination of the
two components thus 2 g piperacillin/0.25 g tazobactam = 225 g
piperacillin/tazobactam.) Due to these dosage restrictions, our answer must be
rounded up the closest commercially available dose of 225 g
piperacillin/tazobactam.

CASE 2: PIPERACILLIN/TAZOBACTAM MAINTENANCE
DOSE

What continuous infusion dose would WR need to maintain an average free
concentration of 32 mcg/mL?

Equation: MD = (Cl)(Cg, ,ve)(f,)(infusion duration)/(S)(F)

Step 1: Calculate Cl.

Because the population pharmacokinetic value for clearance provided in Table 3-
1 is normalized for body surface area (BSA, in mL/min/1.73 m?), this value will
need to be multiplied by the patient’s BSA (in m?) in order to calculate their
clearance.

BSA = (weight/70 kg)®*’(1.73 m?)
BSA = (59 kg/ 70 kg)*’(1.73 m?)
BSA = 1.54 m?
Cl = (180 mL/min/1.73)(1.54)
Cl = 160.23 ml/min



Step 2: Calculate MD.
MD = (CI)(C,y)(infusion duration)/(S)(F)

Both S and F are assumed to be 1.
MD = (160.23 mL/min)(45.71 mcg/mL)(24 h)

Convert min to h.
MD = (160.23)(60/1)(45.71 mcg)(24 h)
MD = 10546723.15 mcg

Convert mcg to g.

MD = 10546723.15 (1 g/1,000,000)
MD =10.55¢g

This maintenance dose can be calculated and rounded up in a number of ways.
The easiest and most cost effective would be to reconstitute three vials of 4.5 g
piperacillin/tazobactam to equate a total of 13.5 g. Another option would be to
give four vials of 3.375 g piperacillin/tazobactam to also equate 13.5 g. This
dose should be infused over the entire 24 hours to maintain the
piperacillin/tazobactam free concentration above 32 mcg/mL.

CASE 3: DRUG INTERACTIONS

BA is a 57-year-old woman who developed VAP while intubated in the ICU. She
is being treated with piperacillin/tazobactam 3.35 g IV q8h over 4h. Her other
medications are as follows:

Propofol 10 mcg/kg/min IV

Enoxaparin 40 mg IV daily
Famotidine 20 mg IV q12h

KCL 40 mEq IV prn per protocol
Sliding scale insulin

Does piperacillin/tazobactam interact with any of her concurrent
medications? If so, what adjustments need to be made?

Piperacillin/tazobactam does not interact with any of BA’s concurrent
medications. Few medications interact with the beta-lactam antibiotics that are



typically administered as continuous or prolonged infusions. Probenecid is the
only medication to date that has the ability to affect plasma concentrations of
beta-lactams, because probenecid competes with these agents for active tubular
secretion, thus increasing the elimination half-life and plasma or serum
concentrations of beta-lactam antibiotics.

CASE 4: MEROPENEM DOSING IN RENAL FAILURE

NJ, a 67-year-old female (5'3", 55 kg) was receiving meropenem 1 g every 8
hours as a 3-hour infusion for an intra-abdominal infection. Escherichia coli
with a meropenem MIC of 4 mcg/mL has been isolated and identified from an
abdominal wash. When she was initiated on this regimen, her serum creatinine
(SCr) was 0.8 mg/dL; however, her condition has worsened and her serum
creatinine has increased to 1.5 mg/dL. Subsequently, her meropenem dose was
changed to 500 mg every 12 hours, but the debate is whether a traditional
infusion (1 hour) or an extended infusion of 3 hours should be utilized. What
percentage of the dosing interval exceeds the MIC (4 mcg/mL) for each of these
infusion durations and which infusion duration would you recommend?

Equations:
1. C = [((S)(F)(Dose/t;)))/(Ch1(1-e 7kt
2. C= [((S)(F)(Dose/t;,))/(CHI(1—e *M)(e ™)
3. t = (infusion duration — t1) + t2
4. %T>MIC = t/dosing interval x 100

The first equation allows you to solve for t1, which is the time it takes to
reach the MIC during infusion. This value (t1) is subtracted from the infusion
duration to determine the actual time that concentrations remain above the MIC
during the infusion. The second equation allows you to solve for t2, which is the
time it takes after the infusion stops for the concentration to return to the MIC
due to drug elimination. The third equation adds t1 to t2, resulting in the total
time that concentrations remain above the MIC during infusion. Finally, the
fourth equation is used to determine the %T>MIC, by dividing the total time
above the MIC by the dosing interval, multiplied by 100.

Step 1: Calculate Cl using population pharmacokinetic values.



BSA = (weight/70 kg) °7(1.73 m?)
BSA = (55 kg/70 kg) °/(1.73 m?)
BSA = 1.46 m?
Cl = (240 mL/min/1.73) (1.46)
Cl = 202.54 ml/min

Convert to L/hr.

Cl = (202.54)(1 L/1,000)(60/1 h)
Cl=12.15L/h

Step 2: Calculate a revised Cl based on renal function.

The clearance calculated from the population pharmacokinetic parameters must
be adjusted to reflect NJ’s reduced renal function. In order to calculate a revised
CL, a correction factor is determined from the following equation:

= (CLm) + [(Clr)(fraction of normal renal function
remaining)]

= (CLm) + [(Clr)(current SCr/baseline SCr)]

adjusted o

adjusted

Meropenem has one inactive metabolite, and 70 percent of the drug is
recovered in urine unchanged. Thus, the fraction of metabolic clearance is 0.3,
whereas the fraction of renal clearance is 0.7.

Correction factor = (0.3) + [(0.7)(0.8 mg/dL / 1.5 mg/dL)]

Correction factor = 0.67

Therefore, NJ’s clearance should be 67 percent of the clearance calculated
using population pharmacokinetic parameters.

Cl,djustea = (CD)(correction factor)

Cl = (12.15 L/h)(0.67)

adjusted —

Cl =8.14 L/hr

adjusted —



Step 3: Calculate elimination rate constant (K).

K = Cl/V
K = (8.14 L/h)/[(0.27 L/kg)(55 kg)]
K =0.55 h™!

Step 4: Calculate the %f T>MIC for a 1-hour infusion.

a. Because the pharmacodynamic parameter for beta-lactams that best
correlates with efficacy is the percentage of the dosing interval that free
drug concentration remains above the MIC, the total drug concentration
corresponding to a free drug concentration of 4 mcg/mL (the MIC) must
be calculated for use in subsequent equations. The range of % protein
binding given in Table 3-1 is 2 to 15 percent; we will use 15 percent in
these calculations in order to produce the most conservative estimate, or
worst-case scenario, of %f T>MIC with each infusion.

Ctotal = Cfree/ fu
Cyou = (4 mcg/mL)/[(100 — 15)/100]
Ciotal = 4.71 mcg/mL

b. Determine the time that the free drug concentration remains above the
MIC during the infusion by solving the following equation for t1. Since
we determined that the MIC of 4 mcg/mL corresponds to a total drug
concentration of 4.71 mcg/mL, we will use this value for C. Again, S and
F are both assumed to equal 1.



C = [((S)(F)(Dose/t ))/(CD)](1-e™*")
4.71 mg/L = [(500 mg/1 h)/8.14 L/h)](1-e *55h"x1)
4,71 = 61.43(1-e 050" x1)
0.08 = 1055 %
0.92 = g955h7 xtl
In (0.92) = -0.55 h™! x t1
-0.08 =-0.55 h! x t1
t1=0.15h

c. Determine the time that the free drug concentration remains above the
MIC after the infusion has ended by solving the following equation for
t2.

C= [((S)(F)(Dose/tm))/(Cl)]( ] —ekiin) (g-k2)
4.71 mg/L = [(500 mg/1)/8.14 L)](1-05h" x 1h)(g-055h" x2)
471 = 61.43( 1—6'"G'55)(6"”'55 bk lz)
0.08 = (&43)(6"“55 h™! x tz)
0.19 = (e~-n.55 i tz)
In (0'19) — |In (e-n.55 h™! x IE)

-1.66 = -0.55h™! x t2

=302 K
d. Calculate the total time in hours that concentration remains above the
MIC.

t = (infusion duration — t1) + t2



t=(1-0.15h) +3.02h
t=3.87h
e. Calculate the %f T>MIC.

%f T>MIC = t/dosing interval x 100
%f T>MIC = 3.87 h/12 h x 100
%f T>MIC = 32.3 % of the dosing interval

Step 5. Calculate the %f T>MIC for a 3-hour infusion.

a. Determine the time that the free drug concentration remains above the
MIC during the infusion by solving the following equation for t1.

C = [((S)(F)(Dose/t, ))/(CD](1-e™)
4.71 mg/L = [(500 mg/3 h)/8.14 L/h)](1-e055h" x 1)
4.71 = 20.48(1-e 0% x 1)

0.23 = - 035h Ly t1
0.77 = e 0 h=1 x 1
In (0.77) = -0.55 h™* x t1
~0.26 = -0.55 h~! x t1
tl =0.47 h

b. Determine the time that the free drug concentration remains above the

MIC after the infusion has ended by solving the following equation for
t2.



C = [((S)(B)(Dose/t, ))/(CD](1-e ) (e*2)
4.71 mg/L = [(500 mg/3)/8.14 L)](1-e055h " x3h)(g-055h" x12)
4.71 = 20.48(1-e"165)(e 0551 x2)
0.23 = (0.81)(e"*55h™ x12)
0.28 = (e055h x12)
In (0.28) = In (e *®)
127 =-055h" x 2

$2.=2.31 h
c. Calculate the total time in hours that concentration remains above the
MIC.

t = (infusion duration — t1) + t2
t=(3-0.47h)+231h
t=4.84h
d. Calculate the %f T>MIC.
%f T>MIC = t/dosing interval x 100
%f T>MIC = 4.84 h/12 h x 100
%f T>MIC = 40.33 % of the dosing interval

Because meropenem belongs to the carbapenem class of beta-lactams, a %f
T>MIC of 40 percent is needed for maximal bacterial activity, thus the most
appropriate regimen for NJ is meropenem 500 mg every 12 hours as a 3-hour
infusion.

CASE 5: CEFEPIME DOSING IN HEMODIALYSIS

FT is a 68-year-old, 50 kg woman with end-stage renal disease and a serum
creatinine of 8 mg/dL. She normally undergoes hemodialysis treatments three
times a week, and her last treatment was 3 days ago. She has suspected
urosepsis and one dose of cefepime 1,000 mg intravenously was administered 24
hours ago. Calculate an appropriate replacement dose for FT of cefepime after



dialysis, which is schedule for later today.
Equation: Dose = (V)(AC)/(S)(F)

Step 1. Determine the maximum concentration (C,,,,) for the previous dose.

Cefepime is primarily excreted by the kidneys, and therefore, those with renal
dysfunction, especially end-stage renal disease, have prolonged half-lives. An
average half-life (t,,) in patients requiring hemodialysis is 13.5 hours, and 19

hours in those requiring continuous peritoneal dialysis. Also, it is recommended
that on hemodialysis days, cefepime should be administered after completion of
hemodialysis. Approximately 68 percent of the total cefepime present in the
body at the start of hemodialysis will be removed during a 3-hour dialysis
period. To determine how much is lost during dialysis, we first need to determine
the C_,,, after one dose followed by the predialysis concentration in order to

determine the postdialysis concentration. Again, S and F are equal to 1.
Cy = (S)(F)(Loading dose)/V
Cy = (1,000 mg)/(0.16 L/kg x 50 kg)
Cp =125 mg/L

Step 2. Determine the predialysis concentration (Cp,cgialysis)-

The initial concentration after the dose can be used to determine the
concentration prior to initiating dialysis.

— —kt
Cpredialysis - CO(e )

a. Calculate K for use in the preceding equation.
K =0.693/t,,
K =0.693/13.5h
K =0.051 h™!

b. Solve for Cp egialysis-

1 %
Cpredialysis =125 mg/L(e—O.OSI h 24 h)
Coredialysis = 125 mg/L(0.294)
Cpredialysis =36.8 IIlg/ L

Step 3. Determine the postdialysis concentration (C,gialysis)-



If the plasma concentration declines by approximately 68 percent due to
hemodialysis, the postdialysis concentration will be 32 percent of the predialysis
concentration.

Cpostdialysis = (36-8 mg/L)(O-32)
C = 11.8 mg/L

postdialysis

Step 4. Calculate a replacement dose.

If a replacement dose is desired at this point, the dose can be calculated by using
the following equation:

Dose = (V)(AC)/(S)(F)

Dose = (0.16 L/kg x 50 kg)(125 mg/L — 11.8 mg/L)
Dose = (8 L)(113.2 mg)

Dose = 905.6 mg

Because 905.6 mg is not a standard dose available for cefepime, this amount can
be rounded up to 1,000 mg. Additionally, because the patient is receiving
hemodialysis every two days, this dose could be divided by two and given daily
(on hemodialysis days, administer after hemodialysis is completed). Cefepime
500 mg once daily is consistent with the current prescribing information
recommendations for those undergoing hemodialysis. (You can double-check the
resultant maximum concentration and minimum concentration without dialysis
by the preceding equations). A similar approach can be used to determine the
dosing needs on any particular day and dialysis schedule. The actual amount of
drug loss will depend on the individual patient intrinsic clearance, volume, time
since last dose, duration of hemodialysis, and efficiency of the dialysis
treatment.

CASE 6: CEFEPIME DOSING IN CONTINUOUS RENAL
REPLACEMENT THERAPY (CRRT)

FT is now hemodynamically unstable and hemodialysis has been discontinued.
She is to be initiated on CRRT with an ultrdfiltration rate of 1.5 L/hr. How
should her cefepime dose be changed to result in the same average
concentration as when she was on hemodialysis?

Equation: Maintenance Dose = (Cl)(Cg, ,e)(dosing interval)/(S)(F)



Step 1. Calculate the average concentration (C ,,.) that resulted from her
last dose.

First, we need to calculate the average concentration that resulted from her
cefepime 500 mg once daily dose during hemodialysis. This calculation is made
with the following equation:

C = (S)(F)(Dose/dosing interval)/Cl

ss ave
S and F can be assumed to be 1 and Cl = (K)(V).
Cys ave = (Dose/dosing interval)/(k)(V)
C = (500 mg/24 h)/(0.051 h~1)(0.16 L/kg)(50 kg)
C = 51.05 mg/L

SS ave

SS ave

Step 2. Determine the rate of cefepime clearance from CRRT.

Using an unbound fraction of 0.8 (from Table 3-1), we can estimate the CRRT
clearance.

Clergr Maximum = (f )(CRRT flow rate)
Clergrr Maximum = (0.8)(1.5 L/h)
Cleggrr Maximum = 1.2 L/h

Step 3. Determine her total cefepime clearance.

The total cefepime clearance would be the sum of the clearance by CRRT and
the estimated intrinsic clearance.

Cl = Cl .+ Clpat; where Clpat = K(V)
Clpat = (0.051 h™")(0.16 L/kg)(50 kg)
Clpat = 0.41 L/h

Cl=12L/h+041L/h

Cl=1.61L/h

Step 4. Calculate her elimination rate constant and half-life while on CRRT.



K = Cl/V
K=1.61L/Mh/8L
K=0.20 h"'

t,, = 0.693/K
t,, = 0.693/0.20 h-'
t, =346 h

This calculation of a half-life of 3.5 hours is slightly higher than the population
average of 2.1 hours, but much less than the average half-life for those receiving
hemodialysis. Based on this information, we can use the following equations to
determine an appropriate dosing regimen.

Step 5. Calculate her new dose.
MD = (Cl)(Cgg ave)(dosing interval)/(S)(F)

Both S and F can be assumed to be 1. Additionally, because her half-life on
CRRT is similar to those with normal kidney function, we can determine the
dose to be given using either an 8-hour or 12-hour dosing interval.

a. Calculate a q8h dose.

MD = (1.61 L/h)(51.05 mg/L)(8 h)
MD = 657.52 mg

This dose would be rounded to 750 mg every 8 hours. Now let’s see what the
maintenance dose would be if it was to be administered every 12 hours.

b. Calculate a q12h dose.

MD = (1.61 L/h)(51.05 mg/L)(12 h)
MD = 986.29 mg

This dose would be rounded to 1,000 mg every 12 hours. Either of these dosing
intervals would be appropriate; however, 1,000 mg every 12 hours involves less
rounding of the dose to maintain the same average steady-state concentrations of
cefepime.



CASE 7: DOSING CONSIDERATIONS IN THE CRITICALLY
ILL

SH is a 67-year-old male who was transferred to the ICU five days ago and has
been on mechanical ventilation since the day of his ICU admission. He was
recently diagnosed with VAP and has become septic. He weighs 81 kg as of this
morning, and his renal function was normal. His most recent sputum culture
grew P. aeruginosa. Sensitivity data are not yet available, but your institution
has recently seen a number of P. aeruginosa infections with higher MICs. The
attending physician just wrote an order for cefepime 2 g every 12 hours at a
standard 30-minute infusion. Will this regimen cover P. aeruginosa up to an MIC
of 16 mcg/mL? Should the infusion time be extended to 3 hours?

Before calculating the %f T>MIC to determine whether either of these doses
can achieve the appropriate pharmacodynamic target, the effect that critical
illness can have on beta-lactam pharmacokinetics must be considered. Critically
ill patients often have altered volumes of distribution. An increase in volume of
distribution is most common and occurs as a result of extravascular fluid shifts
secondary to sepsis, but can also be observed with other disease states such as
congestive heart failure, renal failure, and severe burns. We know that SH is
septic and likely has an increased volume of distribution. The volume of
distribution for cefepime from a population pharmacokinetic study conducted in
critically ill patients was 0.26 L/kg, which is much higher than the value
reported in healthy volunteers, 0.16 L/kg.>® The following equations will be
utilized to calculate %f T>MIC for each regimen.

Step 1: Calculate C using population pharmacokinetic values.
BSA = (weight/70 kg) *’(1.73 m?)
BSA = (81 kg/70 kg) *7(1.73 m?)
BSA =1.92 m?
Cl = (75 mL/min/1.73)(1.92)
Cl = 83.24 ml/min

Convert to L/hr.
Cl =(83.24)(1 L/1,000 mL)(60 min/1 h)



Cl=4.99 L/h

Step 2: Calculate volume of distribution (V).
V =(0.26 L/kg)(81 kg)

V =21.06 kg
Step 3: Calculate elimination rate constant (K).
K =CI/'V
K =(4.99 L/h)/(21.06 L)
K =0.24 h!

Step 4: Calculate the %f T>MIC for the 30-minute infusion.

a. Calculate the total drug concentration corresponding to a free drug
concentration of 32 mcg/mL (the MIC of interest) for use in subsequent
equations. The protein binding of cefepime (20%) is given in Table 3-1.

Ctotal = Cfree/ fu
C,oy = (16 meg / mL)/[(100 — 20)/100]
Ciota) = 20 mcg/mL

b. Determine the time that the free drug concentration remains above the
MIC during the infusion by solving the following equation for t1. S and F
are both assumed to equal 1.



C = [((S)(F)(Dose/t. ))/(C)](1-e*)
20 mg/L = [(2,000 mg/0.5 h)/4.99 L/h)](1-e 02" x1)
20 = 801.60(1-e024h™" x1)
0.025 = 1 - 024 h1lxtl
0.975 = g 02#h' xu
In (0.975) = -0.24 h™! x t1
-0.025 =-0.24 h™' x tl
t1 =0.11h

c. Determine the time that the free drug concentration remains above the
MIC after the infusion has ended by solving the following equation for
t2.

C = [((S)(E)(Dose/t, ))/(Ch(1-e- <) (e2)

20 mg/L = [(2,000 mg/0.5)/(4.99 L)]
(]_eﬁﬂ.m h™l % 0.5 h)(enn.zq h™! x t?.)

20 = 801.60(1-e*12)(e024h"' x12)
0.025 = (0.11)(e02H" 1)
0.23 = (e 024 x2)
In (0.23) = In (e024h'x )
-147=-024h' x 2
t2=6.13h

d. Determine the total amount of time that free drug concentrations remain



above the MIC.

t = (infusion duration — t1) + t2
t=(0.5-0.11h) +6.13h
t=6.52 h

e. Calculate the %f T>MIC.

%f T>MIC = t/dosing interval x 100
%f T>MIC = 6.52 h/12 h x 100
%f T>MIC = 54.33% of the dosing interval

Step 5: Calculate the %f T>MIC for the 3-hour infusion.

a. Determine the time that the free drug concentration remains above the
MIC during the infusion by solving the following equation for t1. S and F
are both assumed to equal 1.

C = [((S)(F)(Doselt, ))/(CD)](1-e™")
20 mg/L = [(2,000 mg/3 h)/4.99 L/h)](1-e 02" xt1)
20 = 133.60(1—¢ 02" x4}
0.15 = 1-e0x4h7 xul
0.85 = g2t %l
In (0.85) = -0.24 h™! x t1
-0.16 = -0.24 h™! x t1
tl =0.67 h

b. Determine the time that the free drug concentration remains above the
MIC after the infusion has ended by solving the following equation for
t2.



C = [((S)(F)(Dose/t ))/(CD)](1-e™*i")(e*?)
20 mg/L = [(2,000 mg/3)/(4.99 L)](1-e 024 b x3h)(g-024h" x12)
20 = 133.60(1-e°072)(e 024" x )
0.15 = (0.51)(e02h" x12)

0.29 = (e 0 h™! x 2)
In (0.29) = In (e x2)
-1.24 =-0.24 h™' x t2
T2=5.17h

c. Determine the total amount of time that free drug concentrations remain
above the MIC.
t = (infusion duration — t1) + t2
t=(3-0.67h)+5.17h
t=75h
d. Calculate the %f T>MIC.
%f T>MIC = t/dosing interval x 100
%f T>MIC = 7.5h/12 h x 100
%f T>MIC = 62.5% of the dosing interval

Because cefepime is a cephalosporin, a %f T>MIC of 50-70 percent is needed
for maximal antibacterial activity. Both regimens result in a %f T>MIC that is
within this range, however, the 3-hour infusion has a slightly higher %f T>MIC
and would be the better option.

CASE 8: DOSING IN OBESE OR UNDERWEIGHT PATIENTS

ND, a 52-year-old morbidly obese male, weighing 171 kg, was admitted to the
hospital for IV antibiotics and management of a recurrent diabetic foot infection
on his right great toe. The wound was cultured in the operating room upon
admission and initial surgical debridement, which grew P. aeruginosa with a
piperacillin/tazobactam MIC of 16 mcg/mL. Additionally, an X-ray of the limb



shows possible osteomyelitis. He is currently receiving piperacillin/tazobactam
4.5 g IV q8h, which is being given as a 30-minute infusion. Is this dose
adequate? Would decreasing the dosing interval to q6h help? How about
extending the infusion time to 4 hours?

The pharmacokinetics of the beta-lactam agents that are often given as
prolonged or continuous infusions have not been widely studied in obese
patients. Several older cephalosporin agents that are no longer commonly used
have been studied in obese patients, where increases in both volume of
distribution and clearance were observed, necessitating larger doses in this
patient population.%-3! To date, one case report has been published describing
the alterations in piperacillin/tazobactam pharmacokinetics observed in one

obese patient.>? The 39-year-old, 167 kg, obese male had an increased volume of
distribution (0.33 L/kg based on total body weight) and a longer elimination
half-life (1.4 hours). Likewise, meropenem pharmacokinetics have been studied
in nine obese patients, where a 38 percent increase in volume of distribution and
a 28 percent increase in clearance were noted over corresponding values in
normal weight controls.33

Step 1: Calculate Cl using population pharmacokinetic values.

Despite the fact that the pharmacokinetics of piperacillin/tazobactam have only
been described in one obese subject to date, no data describe obesity-related
alterations in clearance. Therefore, we will calculate the CI using the values
derived from normal weight subjects in Table 3-1.

BSA = (weight/70 kg) °7(1.73 m?)
BSA = (171 kg/70 kg) *7(1.73 m?)
BSA = 3.23 m?
Cl = (180 mL/min/1.73)(3.23)
Cl = 336.07 ml/min

Convert to L/hr.
Cl = (336.07)(1 L/1,000)(60/1 h)
Cl=20.16 L/h
It is also important to note that this clearance is similar to the clearance reported



in the case study described above (26.57/h).

Step 2: Calculate volume of distribution (V).

We will calculate volume of distribution using the value listed in Table 3-1 from
normal weight patients, as well as the value from the case report in an obese
patient for comparison.

From Table 3-1:

V =(0.15 L/kg)(171 kg)
V = 25.65 kg

From obesity case report:
V =(0.33 L/kg)(171 kg)
V =56.43 L

We will use a value of 56.43 L. moving forward for this patient, because of the
evidence that suggests an increased volume of distribution in obese patients for
piperacillin/tazobactam, as well as a number of other beta-lactams.

Step 3: Calculate elimination rate constant (K).

K = Cl/V
K = (20.16 L/h)/(56.43 L)
K =0.36 h™!

Step 4: Calculate the %f T>MIC for the 30-minute infusion.

a. Calculate the total drug concentration corresponding to a free drug
concentration of 16 mcg/mL (the MIC of interest) for use in subsequent
equations. The protein binding of piperacillin/tazobactam (35%) is given
in Table 3-1.

Ctotal = Cfree/ fu
Ciotal = (16 mcg/mL)/[(100 — 35)/100]
Ciotal = 24.62 mcg/mL
b. Determine the time that the free drug concentration remains above the

MIC during the infusion by solving the following equation for t1. S and F
are both assumed to equal 1.



C = [((S)(F)(Dose/t. ))/(CD](1-e™*)
24.62 mg/L = [(4500 mg/0.5 h)/20.16 L/h)](1-e03¢h" 1)
24.62 = 446.43(1-¢036h" xt1)
0055 s l_e—t].i'nﬁ h=! x tl
094 - e—U.36 h=! x tl
In (0.94) = -0.36 h™! x t1
-0.062 = -0.36 h™' x t1
t1=0.17h

c. Determine the time that the free drug concentration remains above the
MIC after the infusion has ended by solving the following equation for
t2.

C = [((S)(F)(Dose/t, ))/(CD](1-e™ ") (™)

24.62 mg/L = [(4500 mg/0.5)/20.16 L)](1-e036h" x05hy
(e—ﬂ.36 h™t x tz)

24.62 = 446.43(1-e018) (e 03" ¥ 2)
0.055 =(DIG)(eek )
0.34 = (e 0¥ h' xw2)
In (0.34) = In (e-0%"x2)
-1.08 =-024 h' x 2
t2=3h

d. Determine the total amount of time that free drug concentrations remain



above the MIC.

t = (infusion duration — t1) + t2
t=(0.5-0.17h)+3h
t=3.33h

e. Calculate the %f T>MIC.
%f T>MIC = t/dosing interval x 100
%f T>MIC = 3.33 h/8 h x 100
%f T>MIC = 41.6% of the dosing interval

A f T>MIC of 41.6 percent is less than the target need for maximal antibacterial
activity of 50 percent. Therefore, a dose of 4.5 g q8h administered as 30-minute
infusion is not adequate for this patient.

Step 5. Calculate the %f T>MIC for a 4.5 g q6h regimen.

Because we know that the amount of time that the free drug concentration
remains above the MIC following a 4.5 g dose in this patient is 3.33 hours, we
can simply divide this value by the new dosing interval (6 hours) to obtain %f
T>MIC.

%f T>MIC = t/dosing interval x 100
%f T>MIC = 3.33 h/6 h x 100
%f T>MIC = 55.5% of the dosing interval

A regimen of 4.5 g IV g6h as a 30-minute infusion would be appropriate as the
%f T>MIC target of 50 percent.

Step 6. Calculate the %f T>MIC for a 4.5 g q8h regimen, administered as a
4-hour infusion.

d.



C = [((S)(F)(Dose/t, ))/(C)](1-e™*"")
24.62 mg/L = [(4500 mg/4 h)/(20.16 L/h)](1-e 036" x1)
24.62 = 55.80(1—e 036" x11)
0.44 = ]1-e036h7 xul
0.56 = e 036h" xl
In (0.56) = -0.36 h™! x t1
~0.58 = -0.36 h™' x t1
t1=161h

C = [((S)(F)(Dose/t ))/(CD)](1-ekin)(e*2)

24.62 mg/L = (4500 mg/4)/20.16 L)]
(1—6"”'35 h! x4 h)(e-u.aﬁ h-! x tz)

24.62 = 55.80(1—e144)(e036 ' x 2)
0.44 = (0.76)(e038h" x®)
0.58 = (0361 x12)
In (0.58) = In (e 03¢ x©2)
-0.54 =-0.36 h'' x t2
t2=1.50h

C.

t = (infusion duration — t1) + t2
t=(4h-1.61h)+1.50h



t=3.89h

%f T>MIC = t/dosing interval x 100
%f T>MIC = 3.89 h/8 h x 100
%f T>MIC = 48.6% of the dosing interval

While prolonging the infusion time from 30 minutes to 4 hours increased the f
T>MIC from 41.6 percent to 48.6 percent, it was not sufficient to achieve the
target of 50 percent. The best regimen for this patient would be to shorten the
dosing interval to 4.5 g IV g6h or less. An adequate prolonged infusion dose
could also be calculated.

CASE 9: DORIPENEM DOSING AND DETERMINING NEED
FOR PROLONGED INFUSION

AS is 44-year-old female with a complicated urinary tract infection. Her last
urine culture grew Klebsiella pneumoniae with a doripenem MIC of 4 mcg/mL.
She is currently receiving doripenem 500 mg IV q8h. She weighs 80 kg and has
good renal function. Calculate the %f T>MIC achieved with this regimen and
determine whether this dose is adequate for the treatment of her infection.

BSA = (weight/70 kg)*7(1.73 m?)
BSA = (80 kg/70 kg)®’(1.73 m?)
BSA = 1.9 m?
Cl = (205 mL/min/1.73)(1.9)
Cl = 225.14 ml/min

Convert to L/hr.



Cl = (225.14)(1 L/1,000 mL)(60/1 h)
Cl=-13.51 1L/h

V = (0.22 L/kg)(80 kg)

V =17.6 L
K. =ClN
K ={13.51 LAY/ (1786 I.)
K =077 h
clotal = Cl“reeffu
C,u= (4 mcg/mL )/[(100 — 8)/100]

C .= 4.35mcg/mL

total

C = [((S)(F)(Dose/t, ))/(CD](1—e™)
4.35 mg/L = [(500 mg/1 h)/(13.51 L/h)](1—e™%77 b7 x11)
4,35 = B7.01(L—e 0771 xaly
0.12 = 1 —e 977 h-! »x t1
0.88 — 077 h™! xt1
In (0.88) = —-0.77 h™! x t1
—0.13 = -0.77 h™! x t1l
£l =0. 17 h

C = [((S)(F)(Dose/t, ))/(CD](1—e kin) (e k2)

4.35 mg/L = [(500 mg/1)/(13.51 L)](1—e 77k x1h)
(e—ﬂ,?? h-! = :2)

4.35 = 37.01(1—e°77)(e 077 h7" x12)
0.12 = (0.54)(e 977 h7! x2)
0.22 = (e 077 h' x2)
In (0.22) = In (e 277 h " x )
=1.51 =<0.77h ' x 12
2 =1.97 h



t = (infusion duration — t1) + t2
t=(1-0.17h)+1.97h
t=2.8h
Calculate the %f T>MIC.
%f T>MIC = t/dosing interval x 100
%f T>MIC = 2.8 h/8 h x 100
%f T>MIC = 35% of the dosing interval

A f T>MIC of 35 percent is less than the target need for maximal antibacterial
activity with a carbapenem of 40 percent. A prolonged high-dose infusion would
likely be needed in order to achieve this target.

CASE 10: PIPERACILLIN/TAZOBACTAM CONTINUOUS
INFUSION DOSING

PJ, a 90 kg, 5'6" male who was initiated on 2.25 g piperacillin/tazobactam
loading dose followed by a 9 g continuous infusion over 24 hours for the
treatment of sepsis caused by P. aeruginosa with a piperacillin/tazobactam MIC
of 32 mcg/mL. What concentration will these doses attain at 20 hours and will
this concentration be sufficient for free concentrations to be above the MIC
during the entire infusion? If not, what dose will be needed?

C,, = [((S)(F)LD)/(V))(e™)] + [((S)(F)(Dose/infusion
duration)/(Cl))(1-e™)]

This equation adds the amount of drug remaining at 20 hours from the
loading dose to the steady-state concentration (at 20 hours) from the continuous
infusion. Again S and F can be assumed to be 1. At 20 hours, little to no
concentration is expected to remain from the loading dose, thus this portion of
the equation can be removed. It has been calculated here for confirmation that it
does not contribute to the concentration at 20 hours.

Cop = [(2250 mg)/((0.15 L/kg)(90 kg))(e0-866 17" x 20 hy]
Cyo = [((166.67 mg/L)(e~73)]
Cyo = 0.000005 mg/L

As expected, this result did not contribute any sizable portion to the overall



concentration at 20 hours. Only the concentration that remains from the
continuous infusion will need to be determined.

Cyo = (S)(F)(Dose/infusion duration)/(Cl)(1—e )
Because K = 0.693/t,,, K can be calculated using the parameters from Table
3-1.
K =0.693/0.8 h
K =10.866 h™

C,, = ((9,000 mg/24 h)/(214)(60/h)(1 L/1,000))
( 1_e-—ﬂ.866 1 x 21'.})

Cpo = ((375 mg)/(12.8 L))(1-€e7""~)
C,, = (292 mg/L)(1)
C,,=29.2 mg/L

To determine the free concentration, the fraction unbound needs to be
multiplied by this concentration.

Czofree =29.2 mg/L x 0.7
Czofree =20.4 mg/L

Because 20.4 mg/L (mcg/mL) is not sufficient to treat this organism with an
MIC of 32 mcg/mL, a larger dose will be needed. To determine what dose, the
following equation can be used to calculate the maintenance dose needed.

MD = (C)(Cgq ave)(E)(infusion duration)/(S)(F)
x f

If you remember from case #2, the equation can be rearranged so C u

SS ave
equals C,,,, and the total drug needed to attain a free concentration of 32 mg/L

can be calculated. Also, his BSA needs to be calculated.



C.=C_ xF

free total

Ctntal - Cfrce/fu

C,.. =32 mcg/mL x 0.7
C.. =457 mcg/mL

BSA = (weight/70 kg)®*’(1.73 m?)
BSA = (90 kg/70 kg)®”(1.73 m?)
BSA = (1.29)*7(1.73 m?)

BSA = (1.19)(1.73 m?)

BSA = 2.06 m?

MD = (180 mL/min/1.73)(2.06 m?)(60 min/1 h)
(1 L/1,000 mL)(45.7 mg/L)(24 h)

MD = 12.86 L/h(45.7 mg/L)(24 h)
MD = 14104.8 mg(1 g/1,000 mg)
MD =14.1g

This dose should be rounded up to 18 g (four vials of the 4.5 g
piperacillin/tazobactam) and be infused over 24 hours.

CASE 11: MEROPENEM PROLONGED INFUSION DOSING

CB is a 27-year-old female with cystic fibrosis and Acinetobacter baumannii
pneumonia with a meropenem MIC of 16. Her team of physicians just asked you
to assist with dosing her meropenem. They know she will need a prolonged
infusion regimen, but are unsure as to what dose to give. Half of the team wants




to give 1 g g8h and the rest want to give 2 g q8h. She is 5'10" and weighs 59 kg.
Which regimen would be the most appropriate?

Calculate her BSA, clearance, and volume of distribution.
BSA = (weight/70 kg)*’(1.73 m?)
BSA = (59 kg/70 kg)*’(1.73 m?)
BSA =1.53 m?
Cl = (240 mL/min/1.73)(1.53)
Cl = 212.25 ml/min

Convert to L/hr.

Cl =(212.25 mL/min)(1 L/1,000 mL)(60 min/1 h)
Cl=12741/h

V = (0.27 L/kg)(62 kg)

V=16.74 L

K =CIY

K = (12.74 L/h)/(16.74 L)
K =0.76 h™!

Calculate the total drug concentration corresponding to the MIC.
Ctotal = Cfree/ fu

Ciotal = (16 mcg/mL)/[(100 — 15)/100]
Ciota = 18.82 mcg/mL
Calculate the %f T>MIC for the 1 g g8h regimen as a 3-hour infusion.



C = [((S)(F)(Dose/t;,))/(CD)](1-e 7



18.82 mg/L = [(1,000 mg/3 h)/12.74 L/h)](1-e=076 b xu)
18.82 = 26.16(1~e 076 1 %51y
0.72 = 1—e 07607 xu
0.28 = e 076 h7! x 1l
In (0.28) = -0.76 h™' x tl
-1.27 =-0.76 h™' x t1
tl =1.67 h

C = [(()(F)(Dose/t, ))/(C)](1-e ) (e )
18.82 mg/L = [(1,000 mg/3)/12.74 L)](1-e076h" x3h)

~0.76 h™! % 12
(e )

18.82 = 26.16(1-e228)(e-076 1" x12)
0,72 = (0.90) (e 078t xn2)
0.80 = (e076 h! x 2)
In (0.80) = In (e 076" =)
-0.22=-0.76 h™' x 2
t2=029h

t = (infusion duration — tl1) + t2
t=(3-1.67h) +0.29h
t=162h

%f T>MIC = t/dosing interval x 100
%f T>MIC = 1.62 h/8 h x 100
%f T>MIC = 20.25% of the dosing interval



Calculate the %f T>MIC for the 2 g q8h regimen as a 3-hour infusion.



C = [((S)(F)(Dose/t ))/(CD)](1-e ™)
18.82 mg/L = [(2,000 mg/3 h)/12.74 L/h)](1—e076h" x 1)
18.82 = 52.33(1—e076h" x 1)
0.36 = 1—e 07607 xtl
0.64 = e 076h" xtl
In (0.64) = -0.76 h™! x t1
-0.45=-0.76 h! x t1
tl =0.59h

C = [((S)(F)(Dose/t, ))/(CD](1-e ") (e™?)

18.82 mg/L = [(2,000 mg/3)/12.74 L)](1—e 076 M x3h)
(e—{}.?ﬁ by tz)

18.82 = 52.33(1—e228)(e 076 h™" x 12)
0.36 = (0.90) (e 07¢h™ x12)
0.40 = (e°76 h™! x 12)
In (0.40) = In (e"076h" x )
-0.92 =-0.76 h™' x t2
t2=121h

t = (infusion duration — t1) + t2
t=(3-0.59h)+1.21h
t=362h

%f T>MIC = t/dosing interval x 100
%f T>MIC = 3.62 h/8 h x 100
%f T>MIC = 45.25% of the dosing interval



Only the 2 g dose g8h as a 3-hour infusion exceeds the 40% f T>MIC target
needed for maximal antibacterial activity for carbapenems, therefore, this dose
would be correct.
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REVIEW OF SECOND-GENERATION/NEWER

AGENTS

PLACE IN THERAPY

The advent of the second-generation antiepileptic drugs ushered in a period of
improved management of patients with epilepsy. The introduction of these
agents began in 1993 and greatly expanded the available epilepsy treatment
options. Currently, 11 second-generation antiepileptic drugs (AEDs) are
approved for use in the United States. Table 4-1 provides a summary of the
available second-generation AEDs. Due to the regulations of the Food and Drug
Administration (FDA) with respect to studying AEDs in the United States, many
of these agents are initially approved as adjunctive agents. In essence, they are
added to an established therapeutic regimen of patients being managed primarily
with a first-generation AED (i.e., carbamazepine, phenobarbital, phenytoin, or
valproic acid). Most of them are approved for use as adjunctive therapy in the
management of partial seizures with or without secondary generalization,
primary generalized tonic-clonic seizures, or myoclonic seizures. As more data
emerge, monotherapy approval for these agents may be pursued and the use of
these agents will inevitably be expanded in clinical practice. At times, these
agents may also be used for nonepileptic purposes. For example, gabapentin and
pregabalin, while initially used for seizure management, are used almost



exclusively today for the management of neuropathic pain and other pain
syndromes.

TAB?E . Summary of Second-Generation Antiepileptic Drugs
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AED, antiepileptic drug; FDA, Food and Drug Administration; NMDA, N-methyl-D-aspartate; GABA,
gamma aminobutyric acid; CBZ, carbamazepine; PB, phenobarbital; PHT, phenytoin; VPA, valproic acid;
PRM, primidone; TC, tonic-clonic; yrs, years; HD, hemodialysis; Clcy, creatinine clearance; SJS, Stevens-

Johnson syndrome; TEN, toxic epidermal necrolysis; MD, maintenance dose; ESRD, end-stage renal
disease; ODT, orally disintegrating tablet; NA, not applicable.

ADVANTAGES/DISADVANTAGES

Prior to the approval of the second-generation AEDs and for most of the
twentieth century, the management of epilepsy was limited to only a few AEDs.
Although the first-generation AEDs are undoubtedly efficacious, clinically, these
drugs are problematic from both prescriber and patient points of view. The
management of patients with these agents (i.e., carbamazepine, phenobarbital,
phenytoin, and valproic acid) continues to be fraught with challenges due to their
toxicity, the complex nature of their kinetic profiles, adverse effects, the need for
therapeutic drug monitoring, and the cross-reactivity of hypersensitivity
reactions.! The second-generation AEDs generally tends to be more predictable
from a kinetic standpoint and have a cleaner adverse event profile compared to
their first-generation counterparts, making them an attractive advantageous
therapeutic option.

Globally, the second-generation AEDs offer a number of specific
pharmacokinetic advantages when compared with the first-generation AEDs.
First, oral absorption of the second-generation agents tends to be complete (with
the exception of gabapentin), which is in contrast with the saturable absorption
properties of phenytoin that at times may complicate a patient’s oral regimen. In
addition, concomitant administration with food appears to slow the oral
absorption of the majority of the second-generation AEDs delaying the time to
the maximum concentration (Cmax), but has little to no effect on extent of
absorption (i.e., bioavailability).? This aspect is noteworthy from a patient
counseling perspective and may be advantageous from a medication adherence
perspective as well.

The issue of plasma protein binding also plays a less prominent role in the
management of the second-generation AEDs. A number of the first-generation
agents are significantly bound to plasma protein, namely albumin, which can
lead to difficulties in interpreting total concentrations. Significant drug
interactions or potential toxicities may occur when other highly protein-bound
medications are added to a patient’s regimen secondary to displacement. The
relatively low degree of plasma protein binding of the second-generations AEDs
decreases the risk of significant protein binding interactions, simplifying the use



of these agents with other highly protein-bound medications. Tiagabine is the
sole exception to the low protein binding characteristic. More details describing
the individual agents can be found in Table 4-2.

VN3 8 2 B Pharmacokinetic Parameters of Second-Generation
2 Antiepileptic Drugs
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AED, antiepileptic drug; FDA, Food and Drug Administration.

Second-generation AEDs have significantly fewer drug-drug interactions
because they have little to no effect on the activity of hepatic metabolic enzymes
except for felbamate, topiramate, and oxcarbazepine, which mildly inhibit
CYP450 2C19 and induce 3A4 isoenzymes (see Table 4-3) In addition,
lamotrigine monotherapy is the only second-generation AED that is known to
autoinduce its own metabolism. In contrast, many of the first-generation AEDs
affect the hepatic metabolism of other AEDs as well as non-AED medications in
a patient’s regimen. For example, phenytoin, phenobarbital, and carbamazepine
induce specific isoenzymes of the P450 system that can alter the concentrations
of second-generation AEDs and non-AED substrates. This effect is particularly
important for drugs with a narrow therapeutic index, such as proteases inhibitors,
oral contraceptives, and antirejection agents (i.e., cyclosporine and tacrolimus),
to name a few. Thus, the potential for drug-drug interactions via metabolic
pathways is minimized, which is an advantage when selecting second-generation
AED for a patient currently on non-AED medications that are substrates of the
cytochrome P450 system. Routine therapeutic drug monitoring is not
recommended for second-generation AEDs because clinical trials to date have
not been able to determine an actual therapeutic range. However, therapeutic
drug monitoring may be of particular benefit in unique settings including in the
management of toxicity, drug-drug interaction, and patient compliance. Without
well-established correlations between drug concentrations and clinical efficacy
or toxicity, concentrations must be interpreted with caution and correlated with
the patient’s clinical condition if therapeutic drug monitoring is conducted.

JVAN: R B Pharmacokinetic Parameters of Second-Generation
3 Antiepileptic Drugs
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AED, antiepileptic drug; FDA, Food and Drug Administration; CBZ, carbamazepine; PB, phenobarbital;
PHT, phenytoin; VPA, valproic acid; PRM, primidone; MHD, monohydroxy metabolite

9Effect of second-generation AED on first-generation AEDs’ drug serum concentrations; Column 2: Effect
of first-generation AED on second-generation AED’s drug serum concentration

From an elimination perspective, some second-generation AEDs have renal



elimination as a major pathway for elimination (i.e., gabapentin, pregabalin,
levetiracetam, topiramate, and lacosamide), which is a major difference from
first-generation AEDs that are almost exclusively hepatically metabolized. In
addition, except for gabapentin and zonisamide at higher doses, the elimination
kinetic profile of the second-generation AEDs are linear, or first order, compared
with the nonlinear profile observed with phenytoin. This linear profile offers
improved dose-response predictability and ease of dosing. More details
describing the metabolism and elimination of the specific agents can be found in
Table 4-2.

DRUG OVERVIEW

Felbamate

Felbamate was one of the first second-generation AEDs to gain FDA approval.
However, the serious side effect profile documented with the use of this agent
prevented its routine use. Clinically, it is reserved for patients with seizures
refractory to other agents when other treatment options have been exhausted.
Patients treated with felbamate have been reported to develop aplastic anemia
and acute liver failure, with its risk reported at 1 in 4,800-37,000 and 1 in
18,500-25,000, 1respectively.3 Patient deaths due to these adverse effects have
also been reported. When choosing to initiate therapy with felbamate, clinicians
must carefully evaluate the risk versus the benefits of the agent. Patients must be
warned about the potential for serious adverse effects and informed consent must
be documented. Blood counts and hepatic function should be monitored and
felbamate should be discontinued at the first sign of these adverse effects.

Important pharmacokinetic interactions with felbamate should be noted. The
addition of felbamate to an established regimen of first-generation AEDs may
increase the concentrations of the first-generation AEDs and require subsequent

dosage reduction by at least 20-25 percent.*® This interaction is caused by
felbamate’s ability to inhibit the metabolism of these agents by various
mechanisms. Felbamate can inhibit the beta-oxidation of valproic acid,* inhibit
the parahydroxylation of phenobarbital that is partly due to the inhibition of
CYP450 2C19,° decrease in phenytoin hydroxylation via inhibition of CYP450
2C19,° and enhance conversion of carbamazepine to epoxide via induction of
P450 system with inhibition or saturation of epoxide clearance via inhibition of
epoxide hydrolase.”-

Gabapentin/Pregabalin



Gabapentin and pregabalin are structurally related agents that resemble y-
aminobutyric acid (GABA).° However, neither agent possesses GABA-like
activity. Instead, they bind to a,6 protein, a subunit of the voltage-gated calcium

channel. This bonding is presumed to be responsible for their antiepileptic
activity. Pregabalin possesses superior antiepileptic activity and an improved
pharmacokinetic profile when compared to gabapentin.®!® The improved
pharmacokinetic profile of pregabalin compared to gabapentin is thought to be
due entirely to the saturable absorption of gabapentin. The absorption of
gabapentin occurs primarily in the small intestine via the intestinal system-L
amino acid transporter 1 (LAT1).° Pregabalin is absorbed through this same
mechanism, but is also absorbed via an additional unidentified pathway. Thus,
pregabalin is more completely absorbed when compared to gabapentin.
Clinically, then, as the dose of gabapentin is increased, the percentage absorbed
decreases. For example, the bioavailability of gabapentin at the 300 mg/day dose
is approximately 80 percent. Due to saturable absorption, the bioavailability
decreases to approximately 27 percent when doses of 4,800 mg/day are
administered. In contrast, pregablin’s absorption is not saturable and does not
decrease with increasing doses. This translates clinically into improved efficacy.
For example, the bioavailability of pregabalin is >90 percent from small doses of
75 mg/day to large doses of 900 mg/day. Food delays the rate of absorption of
both gabapentin and pregabalin, but will not affect the extent of absorption.
Thus, they can be given without regard to food. In terms of distribution,
gabapentin and pregabalin exhibit a similar brain to whole-blood concentration
ratio.

The major pathway for elimination of gabapentin and pregabalin is renal.
Gabapentin elimination is dependent on creatinine clearance (Cl.,), and is
inversely related to age. Thus, higher doses per kg are required for children 3-4
years of age compared to 5 years of age. Doses should be adjusted according to
Cl., among elderly patients. Patients with renal impairment defined as Cl, <60
mL/min must have their doses adjusted due to the potential for
accumulation.'12 In patients with chronic kidney disease, supplemental doses
should be administered after every 4-hour hemodialysis session since a 50
percent decrease in plasma concentration has been observed postdialysis.

Clinical studies report euphoria with pregabalin therapy and potential
withdrawal symptoms upon its discontinuation. Thus, pregabalin is marketed as
a Schedule V controlled substance.!



Lamotrigine

The most common serious adverse reaction reported with monotherapy or add-
on therapy with lamotrigine is rash.!? It usually occurs during the titration period
(within 8 weeks of therapy) and the risk is highest with a rapid titration and at
the higher lamotrigine titration dose. Concomitant therapy with valproic acid
also increases the risk of rash with lamotrigine. Both the rates of AED
discontinuation and the risk for hospitalization due to rash with lamotrigine
therapy are similar when compared to carbamazepine or phenytoin monotherapy.
However, the morbilliform rash that may present during lamotrigine therapy
rarely develops into Stevens-Johnson syndrome (SJS) or toxic epidermal
necrolysis (TEN).

Lamotrigine has clinically significant drug interactions with first-generation
AEDs that are known to induce or inhibit glucuronidation. Carbamazepine,
phenytoin, phenobarbital, and primidone will induce metabolism of lamotrigine
by 40 percent. Thus, when used in combination with these agents, lamotrigine
should be initiated and titrated at a higher dose than typically recommended in
order to achieve a therapeutic effect. On the other hand, valproic acid will inhibit
lamotrigine’s metabolism by 25 percent; thus lamotrigine should be initiated and
titrated at a lower dose than recommended when used with this agent (see Table
4-4). Currently, commercially available lamotrigine starter kits help to simplify
the complicated titration schedule based on the type of drug interactions
anticipated.

;N BV S T amotrigine Dosing Recommendations with Other
4 Antiepileptic Drugs



Concomitant AED  Adults Pediatrics

Without AED 25-375 mo/day 0.3-7.5 mg/kg/day, max
innibitor/inducer  (divide into 2 doses) 300 mg/day
ATitrate by 50 mg every 1-2 weeks — (divide into 2 doses)

With AED inhibitor: - 25 mq every other day to 200 ma/day ~ 0.15-5 ma/kg/day, max

valproic acid (divide into 2 doses) 200 mg/day

ATitrate by 25-50 mg every 1-2 weeks  (divide into 1-2 doses)
With AED inducer.  50-500 mg/day 0.6-15 mg/kg/day, max
arbamazepine  (divide into 2 doses) 400 mg/day

phenobarbital  AMitrate by 100 mg every 1-2 weeks ~ (divide into 2 doses)
phenytoin
primidone

S
AED, antiepileptic drug.
Source: Lamictal [package insert]. Greenville, NC: GlaxoSmithKline, 2010.

Topiramate

Topiramate is associated with a high incidence of central nervous system (CNS)
adverse reactions (e.g., headache, somnolence, fatigue, dizziness) and especially
severe cognitive impairment that is not typically noted or is not as severe with
other AEDs.+1> Cognitive impairment includes psychomotor slowing, difficulty
with memory, difficulty with concentration/attention, and confusion. These
adverse effects are primarily dose related and occur with rapid upward titration
of topiramate.'® Therefore, topiramate should be titrated weekly by 25-50
mg/day to a recommended dose of 200—400 mg/day. Another adverse reaction
unique to topiramate therapy is metabolic acidosis due to the inhibition of HCO5

production from carbon dioxide. The sulfamate compound found within



topiramate’s structure is responsible for inhibiting carbonic anhydrase enzymes
that are widely distributed in erythrocytes, gastrointestinal tract, eyes, bone,
kidneys, lungs, and brain.!” Inhibition of carbonic anhydrase isozymes II and IV
in the proximal and distal renal tubules have been implicated for increasing the
risk for calcium phosphate stone formation due to increase in urinary pH and
decrease in urinary citrate excretion.!® On the other hand, its potent inhibition of
carbonic anhydrase isozymes II, VB, VII, and XII in the brain is believed to
have minor contribution to topiramate’s overall anticonvulsant activity.

Although topiramate is primarily eliminated renally as unchanged drug, 30
percent will undergo hydroxylation, hydrolysis, and glucuronidation. Topiramate
concentrations are significantly reduced when used concomitantly with
phenytoin, carbamazepine, and phenobarbital; therefore, dosing adjustments may
be necessary.?’

Tiagabine

Tiagabine enhances y-aminobutyric acid (GABA) activity by preventing
reuptake of GABA into neurons and glial cells via GABA transporter, GAT-1.%!
As a result, GABA concentrations in the synapse are increased and inhibit
neuroexcitation. Tiagabine is associated with CNS-adverse events (e.g.,
dizziness, asthenia, headache, somnolence, depression, confusion, and
diplopia).?? Tiagabine is associated with cognitive adverse events; however,
these events appear to be dose related and are no more frequent than those seen
with placebo therapy.?->> One major disadvantage of tiagabine is its short half-
life, which necessitates administration three to four times daily, especially in the
presence of CYP3A enzyme-inducing AEDs, such as carbamazepine,
phenobarbital, and phenytoin. Patients receiving concomitant therapy with
enzyme-inducing AEDs should have their dose titrated to clinical effect, up to a
maximum daily dose of 56 mg/day.?® Tiagabine was shown to reduce valproic
acid concentrations by 10 percent; however, this reduction may not be clinically
significant secondary to the broad therapeutic range of valproic acid.?’

Levetiracetam

The exact mechanism of action of levetiracetam is still yet to be determined. It is
apparent that it does not exhibit its antiepileptic properties via the more
traditional targets of other AEDs (i.e., inhibition of voltage-gated sodium
channels, alterations in GABAergic neurotransmission, etc.).?829 It is known to
bind to synaptic vesicle protein 2A (SV2A), which is thought to play a role in its



efficacy.?® Levetiracetam is readily distributed in the cerebrospinal fluid (CSF),
and its CSF concentration is similar to that of the plasma concentration. Of note,
the elimination half-life of levetiracetam is three times longer in the CSF than
the plasma.3® This quality leads to a longer duration of action at the desired site
of action and allows for twice daily administration. Levetiracetam is exclusively
eliminated extrahepatically. Approximately two-thirds of levetiracetam is
eliminated unchanged renally, and one-third is hydrolyzed in the blood to three
inactive metabolites. Dose adjustments are thus required in moderate-to-severe
renal impairment, including elderly patients and patients requiring hemodialysis.
Currently, no dosing recommendations are made for its use in continuous renal
replacement therapy due to a lack of pharmacokinetic data. Although
levetiracetam is devoid of hepatic metabolism, concomitant administration with
enzyme-inducing AEDs (phenobarbital, phenytoin, and carbamazepine) has
shown to increase levetiracetam clearance.! The clinical significance of these
data is yet to be determined, and no dosing adjustment of levetiracetam is
currently recommended.

In addition to enteral dosage forms, levetiracetam is also available as an
intravenous solution that provides another therapeutic option for critically ill
patients, especially those in status epilepticus. Intravenous levetiracetam should
be diluted in 100 mL NaCl, Lactated Ringer, or dextrose 5%, and infused over
15 minutes.?? Various loading doses of levetiracetam have been instituted for the
management of status epilepticus in infants, children, and adults. The loading
doses ranged from 1,000 mg to 2,500 mg followed by maintenance doses of
2,000-3,000 mg/day in two divided doses.333* Termination of status epilepticus
was observed in at least 70 percent of patients receiving levetiracetam within 2
to 24 hours of initiation.333> A loading dose provides faster achievement (within
24 hours) of plasma concentrations comparable to those concentrations seen with
maintenance therapy.3%-3® For example, a levetiracetam loading dose of 1,000 mg
achieves a similar levetiracetam concentration as compared to a levetiracetam
maintenance dose of 500 mg every 12 hours. Adverse events associated with
levetiracetam loading doses were mild and included somnolence, confusion, and
disorientation.>>3” Levetiracetam’s role and optimal loading dose for status
epilepticus is currently unknown because associations between levetiracetam
concentrations and its clinical efficacy have not been established. Meanwhile, as
the success rate with levetiracetam therapy in status epilepticus may depend on
the duration of status epilepticus and the use of other AEDs, levetiracetam
should be introduced early as a second- or third-line AED.3”



Oxcarbazepine

Oxcarbazepine is rapidly reduced by arylketone reductase to its main active
metabolite, 10-hydroxycarbazepine or licarbazepine (MHD), which is
responsible for its antiepileptic activity.3® Oxcarbazepine is structurally related to
carbamazepine, but unlike its predecessor, oxcarbazepine’s metabolism is devoid
of producing the carbamazepine epoxide metabolite. This difference improves
the pharmacokinetic and side effect profile of oxcarbazepine. For instance, MHD
does not undergo autoinduction of its own metabolism. Instead, MHD undergoes
glucuronidation to produce inactive metabolites. This step is enhanced by the
presence of enzyme-inducing AEDs such as carbamazepine, phenobarbital, and
phenytoin; and clinically significant increases in MHD metabolism by 25-40%
have been observed.3® Oxcarbazepine dose may need to be titrated to clinical
effect when it is used concomitantly with enzyme-inducing AEDs. Valproic acid
does not have a clinically significant effect on oxcarbazepine’s metabolism, and
no dosing adjustment is recommended. On the other hand, oxcarbazepine doses
greater than 1,200 mg/day have been shown to increase phenytoin
concentrations by 40 percent.*? Phenytoin concentrations should be monitored
and doses may need to be adjusted to avoid concentrations above the patient’s
target range and toxicity.

Adverse reactions with oxcarbazepine therapy are similar to that of
carbamazepine therapy but with decreased frequency and severity.**> The most
notable adverse reactions include dizziness, sedation, fatigue, nausea, drug rash,
and hyponatremia.*>* Neurological adverse reactions were most commonly
noted with high-dose, fast up-titration, or during conversion to oxcarbazepine
monotherapy.*>#® High cross-reactivity of skin rash is observed in patients who
are switched from phenytoin or carbamazepine to oxcarbazepine therapy,
notably in 25-30 percent of patients with history of previous carbamazepine
therapy,3%-41:47:48

Zonisamide

Zonisamide has a number of potential mechanisms by which it exerts its
beneficial effects in the management of epilepsy. It is thought that the effects are
primarily due to the alteration in sodium and low-threshold T-type calcium
channel activity.*® Zonisamide has other modes of antiepileptic activities
whereby it influences various cycles of neurotransmitter metabolism, but these
contributions are minor. The neurotransmitters affected include glutamate,
GABA, dopamine, serotonin, and acetylcholine. Zonisamide contains a



nonarylamine sulfonamide group and should be used with caution in patients
with history of antibiotic/nonantibiotic sulfonamide hypersensitivity.® The
sulfamoyl group of zonisamide is a weak carbonic anhydrase inhibitor that
provides little antiepileptic activity at therapeutic doses.' Instead, it has been
associated with adverse events such as metabolic acidosis and renal stones.
Zonisamide exhibits first-order distribution kinetics at therapeutic doses.
However, at supratherapeutic doses of >800 mg/day distribution of this agent is
greatly altered due to the saturable binding property of zonisamide. At
supratherapeutic doses, erythrocytes become saturated with zonisamide and the
area under-the-curve (AUC) and maximum concentrations (Cmax) increase
disproportionately compared to therapeutic doses.”! Zonisamide is a substrate of
the CYP3A4 isoenzyme but does not induce or inhibit its activity. It is only
susceptible to drug interactions with enzyme-inducing AEDs (i.e.,
carbamazepine, phenobarbital, and phenytoin), whereby the clearance of
zonisamide will be enhanced with a subsequent decrease in its half-life.>?> This
results in a decreased time to reach steady-state concentrations, allowing for a
faster (i.e., less than 2-week) titration schedule and evaluation of efficacy.

Common adverse events associated with zonisamide are primarily dose-
related CNS effects, which are manifested when it is titrated too rapidly or when
it is initiated at the same time as other AED therapy.”>~® Oligohidrosis,
hyperthermia, and heat stroke have been rarely observed but are more commonly
observed in pediatric patients.>”-*® Currently, the safety and efficacy data in the
pediatric population in the United States are not well established, so
zonisamide’s use is limited to adults.>!

Lacosamide

Lacosamide is a novel agent that selectively enhances slow inactivation of
voltage-dependent sodium channels without affecting fast inactivation sodium
channels.® This novel mechanism elevates resting membrane potential threshold
and decreases hyperresponsiveness to neuroexcitation. Lacosamide also binds to
collapsin-response mediator protein 2 (CRMP-2), which has been shown to
prevent neuronal outgrowth and neuronal cell excitotoxicity and apoptosis.

Adverse events associated with lacosamide therapy are often dose related and

include the CNS and gastrointestinal systems.®® Lacosamide has been associated
with a dose-dependent increase in PR interval due to its ability to inhibit cardiac
sodium channels. It must be used with caution in patients with underlying heart

disease due to this effect.>%-%! Lacosamide is primarily eliminated unchanged



renally, but it is partly metabolized via the CYP 2C19 isoenzyme, which
produces an inactive O-desmethyl metabolite.®! Thus, the plasma concentration
of lacosamide may be decreased when used concomitantly with enzyme-
inducing AEDs (carbamazepine, phenobarbital, and phenytoin). Thus, a dose
adjustment of lacosamide may be necessary based on clinical effect. Lacosamide
should be adjusted to a maximum dose of 300 mg/day in hepatic and renal
impairment defined as Child-Pugh B and Cl-, <30 mL/min, respectively. In
patients with chronic kidney disease on hemodialysis, a supplemental dose of up
to 50 percent after a 4-hour hemodialysis treatment should be considered.
Lacosamide is available in multiple dosage forms, including intravenous
solution, which makes it an ideal agent in critically ill and status epilepticus
patients.? Intravenous lacosamide is well tolerated without serious adverse

effects and may be administered undiluted over 15, 30, or 60 minutes.?3 Adverse
events associated with intravenous formulations are mild and include injection

site discomfort, irritation, and erythema.®>%3 Common adverse events associated
with lacosamide therapy are dose-related CNS symptoms that are mild to

moderate in severity.%3

No safety or efficacy studies evaluate the use of lacosamide in children.®!
Due to its effect on neuronal growth via CRMP-2 binding capacity, it has the
potential to cause detrimental effects on neuronal development as demonstrated
in animal studies. Case reports support its efficacy as an adjunctive therapy for
refractory seizures of various types in pediatric patients, but the long-term safety
of lacosamide in children still remains to be elucidated.®45°

Ezogabine

Ezogabine was recently approved as an add-on treatment for partial onset
seizures in the United States on June 14, 2011. It is considered a controlled
substance but is yet to be classified. Detailed pharmacokinetic information is yet
to be revealed. Most common adverse events associated with ezogabine therapy

are dose-related CNS symptoms.55-67

CASES

CASE 1: LAMOTRIGINE




Loading Dose

A 50-year-old male, with a history of hypertension, diabetes mellitus type 2,
hyperlipidemia, and kidney transplantation five years ago, is recently diagnosed
with partial seizure. His medications include tacrolimus, cyclosporine,
metoprolol, atorvastatin, and insulin glargine with aspart. The plan was to
initiate an AED as monotherapy that does not have significant drug interaction
with his antirejection medications. The team decided to initiate lamotrigine.
What is the best recommendation for initiation of lamotrigine?

A loading dose of lamotrigine is not recommended as high-dose and fast up-
titration has been associated with increased risk for drug rash. Thus, lamotrigine
should be titrated over 8 weeks to a maintenance dose of 300 mg/day (see Table
4-4).

Week 1-2: 25 mg/day

Week 3—4: 25 mg every 12 hours (= 50 mg/day)

Week 5: 50 mg every 12 hours (= 100 mg/day)

Week 6: 50 mg every morning and 100 mg every evening (= 150 mg/day)

Week 7: 100 mg every 12 hours (= 200 mg/day)

Week 8: 100 mg every morning and 150 mg every evening (= 250 mg/day)

Week 9: 150 mg every 12 hours (= 300 mg/day)

Drug Interaction That Decreases Levels

A 45-year-old female with a history of partial seizure presents to the epilepsy
clinic with complaints of difficulty walking straight, sleepiness, and vision
changes. The patient also complains of driving about an hour every month to get
her phenytoin concentration checked. Today, the phenytoin concentration is 27
mcg/mL. Upon further discussion, the plan is to transition her to lamotrigine,
because it has reliable absorption, fewer adverse reactions, and does not require
therapeutic drug monitoring. What is your dosing recommendation for the
titration phase of lamotrigine therapy while the patient remains on phenytoin?

Because phenytoin will increase the metabolism of lamotrigine by
approximately 40 percent by inducing glucuronidation, it is recommended to
start lamotrigine at a higher dose than what is currently recommended as
monotherapy. Thus, lamotrigine should be titrated up by 100 mg weekly over 6
weeks to a maintenance dose of 400 mg/day (see Table 4-4).

Week 1-2: 50 mg/day



Week 3—4: 50 mg every 12 hours (= 100 mg/day)
Week 5: 100 mg every 12 hours (= 200 mg/day)
Week 6: 150 mg every 12 hours (= 300 mg/day)
Week 7: 200 mg every 12 hours (= 400 mg/day)

Once her lamotrigine maintenance dose is achieved, she can begin her phenytoin
taper. After the phenytoin is discontinued, a slow decrease in the lamotrigine
dose to 300 mg/day over the following 1-2 weeks may be considered.

Drug Interaction That Increases Levels

A 30-year-old female was recently diagnosed with partial seizures. Her past
medical history is significant for bipolar disorder, and she is currently being
treated with valproic acid. Lamotrigine is to be initiated for the treatment of her
seizure disorder. What initial and maintenance lamotrigine doses would you
recommended for this patient?

Because valproic acid will inhibit lamotrigine’s metabolism by approximately
25 percent, the current recommendation is to decrease the overall dose of
lamotrigine by 50 percent and to titrate up by 25-50 mg weekly to a
maintenance dose of 200 mg/day (see Table 4-4).

Week 1-2: 25 mg every other day

Week 3—4: 25 mg/day

Week 5: 25 mg every 12 hours (= 50 mg/day)

Week 6: 50 mg every 12 hours (= 100 mg/day)

Week 7: 50 mg every morning and 100 mg every evening (= 150 mg/day)
Week 8: 100 mg every 12 hours (= 200 mg/day)

Dosing in Renal Dysfunction

A 58-year-old female (weight: 65 kg, height 5'5") with history of hypertension,
partial seizure, diabetes mellitus type 2, and chronic kidney disease (baseline
serum creatinine (SCr) 1.5 mg/dL) presents with severe chest pain and is being
evaluated for myocardial infarction. The patient received iodinated contrast in
order to undergo a left-heart catheterization to visualize the cardiac vessels. In
the next 24 hours, her urine output decreased from 100 mL/hr to 20 mL/hr and
her SCr increased to 2.7 mg/dL. Her medications include metoprolol 100 mg
every 12 hours, lamotrigine 150 mg every 12 hours, and insulin glargine 25
units every night at bedtime. How would you adjust the lamotrigine dose for



reduced renal function?

Lamotrigine is primarily converted to inactive metabolites by glucuronidation
and only 10 percent of lamotrigine is eliminated unchanged. Although the half-
life of lamotrigine is increased in patients with reduced creatinine clearance, its
clinical significance is minimal and overall lamotrigine plasma concentrations
are not greatly affected. Thus, dosing adjustments are not required in patients
with reduced renal function (see Table 4-1).

Continue lamotrigine 150 mg every 12 hours.

Dosing in Hemodialysis

A 45-year-old male with history of hypertension, diabetes, chronic kidney
disease, congestive heart failure, dyslipidemia, panic disorder, and partial
seizures recently was placed on the kidney transplantation list and was initiated
on hemodialysis (every Monday, Wednesday, and Friday). One of his
medications is lamotrigine 150 mg every 12 hours for seizure management.
What is your recommendation for lamotrigine dosing adjustment in this patient
undergoing hemodialysis?

Hemodialysis removes approximately 20 percent of the plasma concentration
of lamotrigine. However, it is not clinically significant, and routine
administration of a supplemental dose after hemodialysis is not required at this
time (see Table 4-1).

Continue lamotrigine 150 mg every 12 hours.

Dosing in Hepatic Dysfunction

A 50-year-old male with history of alcoholic cirrhosis with ascites is admitted to
the medical intensive care unit service with altered mental status including
dizziness and blurry vision. Upon further evaluation, the patient reports he is
taking lamotrigine 150 mg every 12 hours for partial seizures. What is your
recommendation for adjusting his lamotrigine dose?

Due to decreased lamotrigine metabolism in patients with hepatic
dysfunction, the dose should be decreased by 25 percent in moderate-to-severe
liver impairment without ascites and by 50 percent in severe liver impairment
with ascites (see Table 4-1).

Lamotrigine dose should be decreased to 75 mg every 12 hours.

CASE 2: LEVETIRACETAM




Loading Dose

A 60-year-old male with a witnessed generalized tonic-clonic seizure was
transferred from a local community hospital for the management of a large
subdural hematoma and seizure. The patient was loaded with phenytoin 1,000
mg IV at the community hospital. Upon arrival, the patient was immediately
taken to the operating room for evacuation of the hematoma. On post-op day 1,
the patient was noted to have twitching of his left cheek rhythmically and EEG
was ordered to evaluate for seizures. The patient received two 4 mg doses of
lorazepam IV within the next 15 minutes without successful termination of
seizure activity on EEG. A total phenytoin level was drawn and reported to be 19
mcg/mL. The plan was to initiate a second antiepileptic agent, and levetiracetam
was chosen due to its benign adverse reaction profile, low potential for drug
interactions, and the availability of multiple formulations including an
intravenous solution. The patient weighs 85 kg. What would be the best dosing
recommendation for levetiracetam in this patient?

Levetiracetam loading doses of 1,000 mg to 3,000 mg have been used in
status epilepticus with minimal complications. However, no well-controlled
trials currently support one levetiracetam loading dose over another for
termination of status epilepticus. As the patient is in status epilepticus,
intravenous levetiracetam should be used to achieve a therapeutic concentration
immediately. Therefore, a loading dose of 1,000-3,000 mg IV over 15 minutes
would be a reasonable recommendation.

Maintenance dose using population pharmacokinetics

As this patient is in status epilepticus, the maximum established maintenance
dose of 1,500 mg every 12 hours should be initiated.

Drug Interaction That Decreases Levels

The patient is already receiving phenytoin, which is a known enzyme-inducing
AED. Does the levetiracetam dose need to be adjusted?

No, levetiracetam is primarily eliminated renally as unchanged drug and does
not undergo any hepatic metabolism. Thus, no drug interaction occurs and no
adjustments need to be made.

Dosing in Renal Dysfunction

HL, an 85-year-old female with a large left subdural hematoma and acute renal
failure (SCr 2 mg/dL), was admitted to the neuroscience intensive care unit for



further observation. No neurosurgical intervention is planned for the patient. Of
note, the patient’s past medical history includes congestive heart failure,
hypertension, coronary artery disease, depression, dementia, and emphysema.
She weighs 60 kg. Due to her multiple medical conditions and age, levetiracetam
was initiated for seizure prophylaxis. What is the best dosing recommendation
for HL.?

Levetiracetam is primarily eliminated renally and should be adjusted in
renally impaired patients, especially in elderly patients, to avoid unwanted CNS
adverse effects. Because this patient’s Cl, is 19 mL/min, a levetiracetam dose of

250 mg tablet by mouth every 12 hours would be recommended.

Dosing in Hemodialysis

The patient, HL, is showing signs and symptoms of progressive renal dysfunction
and is now anuric, with shortness of breath and crackles in both lungs, and is
started on 4 L supplemental oxygen. Her chest X-ray shows pulmonary edema
due to fluid overload. The renal service is consulted for an emergent
hemodialysis session. Does the levetiracetam dose need to be adjusted for
hemodialysis?

The clearance of levetiracetam is reduced by 70 percent in anuric patients, but
50 percent of it is removed during 4-hour hemodialysis. Thus, her dose of
levetiracetam would need to be adjusted. Initiate 500 mg administered every 24
hours with a supplemental dose of 250 mg given after each hemodialysis
session.

Dosing in Hepatic Dysfunction

A 45-year-old male with an extensive alcohol history is admitted with a
traumatic intracerebral hemorrhage. The patient has signs of hepatic
dysfunction including jaundice, a platelet count of 89,000, and an INR of 3.
Levetiracetam is to be initiated for seizure prophylaxis over the next seven days.
What dose should be recommended?

Levetiracetam does not undergo liver metabolism, but approximately 30
percent is hydrolyzed to inactive metabolites. Thus, levetiracetam does not need
to be reduced in hepatic dysfunction unless the patient also has compromised
renal function. A levetiracetam dose of 500 mg every 12 hours is reasonable for
short-term seizure prophylaxis.

CASE 3: TOPIRAMATE




Loading dose

A 30-year-old female with history of migraines was initiated on topiramate 25
mg every night at bedtime for migraine prophylaxis. She was involved in a motor
vehicle crash and sustained a head trauma. Approximately 10 months after the
crash, the patient developed seizures. Topiramate will be continued for the
management of migraines and seizures. What new maintenance dose would you
recommend for this patient?

A topiramate loading dose is not recommended due to dose-related CNS
adverse reactions, including cognitive impairment.

Maintenance Dose Using Population Pharmacokinetics

In order to minimize adverse CNS effects, topiramate should be titrated slowly
over 6 weeks to a maintenance dose of up to 400 mg/day.

Week 1: 25 mg every 12 hours

Week 2: 50 mg every 12 hours

Week 3: 75 mg every 12 hours

Week 4: 100 mg every 12 hours

Week 5: 150 mg every 12 hours

Week 6 and after: 200 mg every 12 hours

Drug Interaction That Decreases Levels

After three months of topiramate therapy, RV presents to the neurology clinic
with complains of five seizures per week. Phenytoin is added as a second AED
for further seizure control. Does the topiramate dose need to be adjusted?

Phenytoin is known to induce the hepatic metabolism of topiramate and
decrease its plasma concentration by approximately 48 percent. Therefore, the
dose of topiramate should be increased empirically over the next few weeks up
to 400 mg every 12 hours and further titrated based on clinical effect.

Drug Interaction That Increases Levels

If RV was started on valproic acid instead of phenytoin as concomitant therapy
with topiramate, would the topiramate dose need to be adjusted?

Valproic acid has been reported to decrease topiramate concentrations by 10—
15 percent but without any clinical significance. Therefore, topiramate dose does
not need to be adjusted and topiramate can be continued at 200 mg every 12



hours.

Dosing in Renal Dysfunction (No Hemodialysis)

JM, a 40-year-old female with chronic kidney disease (baseline SCr 1.5 mg/dL)
and hypertension, is newly diagnosed with partial seizures, and topiramate was
recommended by a neurologist. She weighs 65 kg. What is the dose
recommendation for topiramate in this patient with Cl, of 51 mL/min?

The majority (70%) of topiramate is eliminated renally as unchanged drug,
and its clearance is reduced by 42 percent in patients with moderate renal
impairment (Cl-, 30-69 mL/min) and 54 percent in patients with severe renal

impairment (Cl-, <30 mL/min). Thus, it is recommended to reduce the dose by
50 percent in patients with renal impairment with Cl-, <70 mL/min.

Week 1: 25 mg every daily

Week 2: 25 mg every 12 hours

Week 3: 50 mg every 12 hours

Week 4: 75 mg every 12 hours

Week 5 and after: 100 mg every 12 hours

Dosing in Hemodialysis
How would you adjust the dose if JM’s renal function progressively worsened
requiring three times weekly hemodialysis?

Topiramate is removed by hemodialysis and its plasma concentration is
reduced by 50 percent. Therefore, a supplemental dose of 100 mg is
recommended after each hemodialysis session for this patient.
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Carbamazepine was first indicated and marketed for trigeminal neuralgia and
was later found to be an effective antiepileptic.! Carbamazepine is a broad-
spectrum antiepileptic drug (AED) and is indicated for partial seizures with
complex symptomatology (psychomotor, temporal lobe), generalized tonic-
clonic seizures (grand mal), and mixed seizure patterns.>> Extended-release
carbamazepine is also indicated alone or in combination with other antipsychotic
agents for acute manic or mixed episodes associated with bipolar 1 disorder
either as treatment or prevention.* Carbamazepine may be used as an adjunct for
the symptomatic management of the acute phase of schizophrenia in patients
who are refractory to antipsychotics.* Carbamazepine has also been used for the
management of restless leg syndrome, peripheral neuropathy, diabetic peripheral
neuropathy, and posttraumatic stress disorders.>*

THERAPEUTIC AND TOXIC PLASMA

CONCENTRATIONS

The therapeutic serum level for carbamazepine is 4-12 mg/L. Central nervous
system (CNS) adverse effects such as drowsiness, dizziness, and headaches,
increase when levels are greater than 8 mg/L.> Carbamazepine exhibits
concentration related toxicity, serum levels of 11-15 mg/L are associated with
somnolence, nystagmus, and ataxia; levels of 15-25 mg/L are associated with
combativeness, hallucinations, and chorea; and levels greater than 25 mg/L are
associated with seizures and coma. In order to minimize carbamazepine CNS
adverse effects, clinicians may target a therapeutic serum level of 4-8 mg/L.°



ADVERSE EFFECTS

Carbamazepine causes gastrointestinal adverse effects such as nausea, vomiting,
and anorexia.* Carbamazepine has mild anticholinergic properties and
occasionally can cause xerostomia.* Carbamazepine may cause bradycardia in
the elderly, and patients over 50 years of age should have a baseline
electrocardiogram completed prior to use.®19 Conversely, in young patients,
toxic carbamazepine levels will manifest with tachycardia.'® Carbamazepine
may cause osteoporosis and elevated alkaline phosphatases are common with its
use.” Carbamazepine is hepatotoxic, and liver enzyme tests and liver function
tests should be monitored at baseline and periodically.>*

Carbamazepine is known to cause blood dyscrasias including aplastic anemia,
agranulocytosis, leukopenia, thrombocytopenia, anemias, and pancytopenia.* A
boxed warning for carbamazepine-induced aplastic anemia and agranulocytosis
exists due to a risk five to eight times greater than in the general population.
However, the risk of these reactions in the general population is low,
approximately six patients per 1 million population per year for agranulocytosis
and two patients per 1 million population per year for aplastic anemia.”
Carbamazepine should be discontinued when the white blood cell count is less
than 2,500/mm? or the absolute neutrophil count is less than 1,000/mm.>” Most
patients who develop leukopenia do not progress to aplastic anemia or
agranulocytosis.

Carbamazepine has been known to cause the antiepileptic drug (AED)
hypersensitivity syndrome and is contraindicated due to cross-reactivity with
other aromatic anticonvulsant agents that may also cause the AED
hypersensitivity syndrome such oxcarbazepine, phenytoin, phenobarbital,
zonisamide, lamotrigine, lacosamide, and felbamate.!>'3 Carbamazepine-
induced Steven Johnson syndrome (SJS) and toxic epidermal necrolysis
syndrome (TENS) occur in 1-6 per 100,000 in Caucasians, but the incidence
increases to 10-fold higher in Asians. A lymphocyte toxicity assay can be used to
determine patients at high risk of carbamazepine-induced SJS/TENS or the AED
hypersensitivity syndrome.” Asians and South Asian Indians are at high risk of
developing SJS/TENS because they have the human leukocyte antigen (HLA)
allele. HLA-B*1502 genotype screening should be completed prior to
carbamazepine administration, and only after a negative test should
carbamazepine be administered. Patients from any ethnicity who have been on
carbamazepine for several months without developing skin reactions are at low



risk of developing SJS/TENS.”

Carbamazepine is known to cause hyponatremia and the syndrome of
inappropriate diuretic hormone (SIADH).'* SIADH may present with nausea
and vomiting, depression, confusion, lethargy, and seizures. Because
carbamazepine is indicated for the treatment of bipolar disorders and seizures,
patients with an acute exacerbations of depression, psychosis, or seizures should
have their serum sodium analyzed. SIADH presents with serum hyponatremia
and hypoosmolality and urinary hypernatremia and hyperosmolality.'> Many
patients can be maintained on carbamazepine with mild hyponatremia. These
patients are asymptomatic with serum sodium levels above 130 mEq/L.

CARBAMAZEPINE-10,11-EPOXIDE

Carbamazepine-10,11-epoxide = (CBZE) is the active metabolite of
carbamazepine is both antiepileptic and neurotoxic.'®!” Carbamazepine-10,11-
epoxide is 50 percent plasma protein bound.!® The carbamazepine to CBZE
ratios for patients on monotherapy defined as not receiving any other
cytochrome (CYP)-450 hepatic enzyme inducing AEDs is 0.1-0.25 and
increases with polytherapy defined as receiving a CYP-450 hepatic enzyme
inducing AED to 0.25-0.5." Hence, with carbamazepine monotherapy, a patient
with a carbamazepine serum level of 10 mg/L. would have a CBZE serum level
between 0.1-0.25 mg/L. A patient with a carbamazepine serum level of 10 mg/L
while on polytherapy (e.g., phenytoin) would have a CBZE serum level of 2.5-5
mg/L. Carbamazepine-epoxide neurotoxicity has been noted with carbamazepine
to CBZE ratios exceeding 0.35 and CBZE serum levels greater than 2 mg/L.!6-
17,19 patients exhibiting carbamazepine toxicity but have normal carbamazepine
serum levels should have their CBZE serum level assessed for causality.

BIOAVAILABILITY

The bioavailability of carbamazepine immediate-release tablets, chewable
tablets, oral suspension, and extended-release tablets is 80-90 percent.3’4 In
order to determine carbamazepine dosing regimens, 80 percent (F = 0.8) is used
as the bioavailability of carbamazepine. The bioavailability of the extended-
release Tegretol®-XR when comparing it to the bioavailability of carbamazepine
suspension is 89 percent.®> Hence, 100 mg of the carbamazepine suspension is



equal to 112 mg carbamazepine XR. When switching from carbamazepine
suspension to carbamazepine extended-release, the bioavailability factor is 0.71
(F = 0.71). No bioavailability data compares carbamazepine tablets to the XR
dosage form; hence, the 80 percent is the bioavailability that should be used (F =
0.8). The salt factors for all carbamazepine dosage forms are 1.

VOLUME OF DISTRIBUTION

The volume of distribution of carbamazepine is 1.4 L/kg based on actual body
weight, but can range from 0.8-2.0 L/kg.?° In order to dose carbamazepine
accurately, the volume of distribution of carbamazepine should be adjusted in
hypovolemic or hypervolemic states. The Tmax for the immediate-release tablets
is 4-5 hours, for the suspension 1-2 hours, for the extended-release tablets is 3—
12 hours, and for the extended-release capsules is 4-8 hours.* Carbamazepine is
70-80 percent plasma protein bound primarily to albumin and to a lesser extent
to alpha-1 acid glycoproteins.'® Albumin concentrations may decrease with age
and in diabetes mellitus, leading to higher free carbamazepine serum levels.
Alpha-1 acid glycoproteins are acute phase reactant proteins that increase during
stress scenarios such as inflammation and myocardial infarction—leading to
lower free carbamazepine serum levels. Carbamazepine undergoes diurnal
fluctuations which may be caused by alterations in protein binding.?!

HALF-LIFE (Ty)

The initial half-life of carbamazepine is 25-30 hours, and its clearance is 0.02
L/kg/hr.?> Carbamazepine induces its own metabolism and undergoes the
phenomenon of auto-induction.?>?* Carbamazepine autoinduction is illustrated
by the reduction in carbamazepine half-life from 25-30 hours at single doses to
12 hours at steady state. The carbamazepine half-life with polytherapy is reduced

even further to 6-8 hours.?>?> The carbamazepine clearance in monotherapy is
0.064 L/hr/kg and in polytherapy it is 0.1 L/hr/kg.'8-23

CLEARANCE



Carbamazepine is metabolized predominantly via CYP3A4 and to a lesser extent
via CYP2C8 to the active and neurotoxic metabolite carbamazepine-10,11-
epoxide.'® Carbamazepine-10,11-epoxide is metabolized by epoxide hydrolase
to the inactive metabolite carbamazepine diol.?> The CYP450 inhibitors will
inhibit hepatic metabolism of carbamazepine and increase carbamazepine serum
concentrations. A list of CYP3A4 inhibitors is depicted in Table 5-1. The
CYP3A4 inducers will increase hepatic metabolism of carbamazepine and
decrease carbamazepine serum concentrations. A list of CYP450 and CYP3A4
inducers is depicted in Table 5-2.

Sl List of CYP3A4 Inhibitors

1. Grapefruit juice, red wine
2. Quinine, tonic water (weak)
3. Amiodarone

4. Dronedarone

5. Diltiazem

6. Verapamil

7. Clarithromycin

8. Erythromycin

9. Troleandomycin

10. Fluconazole

11. Ketoconazole

12. Itraconazole

13. Voriconazole

14. Miconazole IV

15. Metronidazole (weak)
16. Fluoxetine

17. Fluvoxamine

18. Nefazodone

19. Sertraline (weak)

20. Indinavir

21. Tipranavir

22. Nelfinavir

23. Fosamprenavir



24. Ritonavir

25. Atazanavir

26. Saquinavir

27. Darunavir

28. Cimetidine

29. Omeprazole (weak)
30. Zafirlukast (weak)
31. Isoniazid (weak)

Lol [ ist of CYPA50 Inducers

I

Universal Inducers (1A2, 29, 2019, 3A4) ~ Specific CYP3A4 Inducers

1. Phenytoin 1. Dexamethasone

1. (arbamazepine ). Nevirapine (Viramune)

3. Phenobarbital

4. Primidone Weak—Mgderate CYP3A4 Inducers
5. Rifampin I Etrawrmg (Inteller.lce‘@)

6. Rifabutin 1. Modafinil (Provigil°)

3. Pioglitazone (Actos’)
4, Topiramate

5. Bosentan (Tracleer®)
6. Dexamethasone

DIURNAL FLUCTUATIONS

7. St John's wort




Diurnal fluctuations generally occur in 40 percent of patients receiving
carbamazepine with dosing three times a day, and the fluctuations increase to 75
percent with polytherapy.?! Diurnal fluctuations may be due to changes in
carbamazepine protein binding, changes in metabolism, and carbamazepine’s
mild anticholinergic effects that decrease absorption from the gastrointestinal
tract. Carbamazepine may undergo Michaelis-Menten pharmacokinetic
absorption. Due to the diurnal fluctuations the carbamazepine serum levels
accompanied by CNS toxicity may increase gradually throughout the day. In
order to minimize the effects of diurnal fluctuations, consider administering the
highest doses of carbamazepine at bedtime or use a longer dosing interval prior
to the evening dose, or use an extended-release dosage form. When monitoring
for toxicity, diurnal fluctuations may limit the clinician’s ability to rely on one
single level that is not taken at the time of toxic manifestations.

DOSING

The approved dosing for carbamazepine prompt or extended-release in adults
and children over 12 years of age is 200 mg twice daily or 100 mg four times a
day as suspension.” The carbamazepine dose should be increased up to 200

mg/day at weekly intervals to a usual dose of 800-1,200 mg/day.* The
immediate-release tablets are dosed three to four times a day. The usual dose for
bipolar disorders is up to 1,600 mg/day. The usual dose for neuropathic pain is
400-800 mg/day.>

LOADING DOSES

Traditionally, carbamazepine was not loaded due to significant gastrointestinal
and CNS adverse effects. However, a comprehensive review of loading dose
studies yields either no adverse effects, only gastrointestinal side effects or only
CNS adverse effects, and in many cases the adverse effects were tolerable.-26-2
Rapid carbamazepine loading can be achieved with the suspension dosage form,
and a “therapeutic” serum level of 4 mg/dl can be achieved within 1-2 hours; the
serum level will continue to rise over the next 4-8 hours. Carbamazepine can be
loaded with 8 mg/kg in monotherapy followed by the maintenance dose in 12
hours and a higher dose of 10 mg/kg with polytherapy followed by the
maintenance dose in 8 hours.? Loading doses of carbamazepine allow for the
fastest oral loading of any AED including phenytoin (6—10 hours) and valproate



(1-2 days).3!

CARBAMAZEPINE DOSAGE FORMS

Carbamazepine is not available as an intravenous or parenteral dosage form; it
can only be administered enterally. Carbamazepine is available as an immediate-
release dosage form in 100 mg chewable tablets and 200 mg scored tablets that
can be divided in half.* The immediate-release dosage form is designed to be
administered two times a day when initiating therapy and three or four times a
day for maintenance doses. Moisture significantly reduces the potency of
carbamazepine tablets; hence carbamazepine must be stored in tightly closed or
sealed vials and bottles.3? Carbamazepine suspension achieves a higher C_ ., and

faster T
reliable and smoother absorption than the carbamazepine tablets. Carbamazepine
suspension may be administered via feeding tubes. Enteral nutrition feeds may
decrease the absorption of carbamazepine by 20 percent. The suspension is
dosed with a greater frequency than the tablets and should be administered four
times a day.*

max than the tablets.* The carbamazepine suspension allows for more

Carbamazepine is available as an extended-release dosage form that is dosed
every 12 hours.” The extended-release dosage forms are bioequivalent to the
immediate-release tablets. The total daily dose of the immediate-release tablets
can be administered twice daily with the extended-release tablets. A patient
using 200 mg four times a day of immediate-release carbamazepine can be
switched to carbamazepine extended-release 400 mg twice a day every 12 hours.
The Tegretol-XR dosage form uses an osmotic-release delivery system—a single
opening drilled on one side of the tablet is for drug release.>? Patients should be
counseled that the tablet will increase in size and the casing will be excreted in
the feces. In order to ensure the integrity of the osmotic delivery system,
pharmacy personnel should examine for chips and cracks on the extended-
release tablets. The extended release carbamazepine tablets cannot be crushed or
chewed.

The extended-release capsules, Carbatrol, are indicated for epilepsy and are
administered every 12 hours.? The Carbatrol capsules use the microtol delivery
system and contain three types of beads: immediate-release, extended-release,

and enteric-release.33-3* Although the beads in the capsules cannot be chewed or
crushed, they can be opened and sprinkled in food. Additionally, the Carbatrol
capsules may be opened and mixed with 30 mL of diluent and quickly



administered through a feeding tube larger than 12 French. The recommended
diluent is either normal saline or apple juice; D5W or sterile water should not be
used with Carbatrol due to the mixture’s propensity to clog the feeding tube.
Both Carbatrol and Tegretol-XR are bioequivalent; however, Carbatrol has less
variability in the rate of absorption than Tegretol-XR. Carbatrol and Tegretol-XR
are indicated for epilepsy, while Equetro is a mood stabilizer indicated for the
treatment of acute manic or mixed episodes associated with bipolar I disorder.
Equetro is a two-piece hard gelatin capsule that should not be crushed or
chewed, but may be opened and the beads sprinkled over food.3* The
carbamazepine dosage forms, product names, strengths, and generic availability
is depicted in Table 5-3.

TAB;'E > Carbamazepine Dosage Forms
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CARBAMAZEPINE BLOOD SAMPLING

The time to carbamazepine steady state depends on the carbamazepine half-life
and the completion of autoinduction, hence the true carbamazepine half-life is
difficult to ascertain. Additionally, carbamazepine absorption may occur
throughout the dosing interval. Carbamazepine levels are most accurate after
autoinduction is complete. As with all AEDs, trough levels are recommended to
ensure that the serum levels are always above the lower end of the therapeutic



range, in the case of carbamazepine the trough serum level should not be less
than 4 mg/L. Carbamazepine levels may be measured weekly while titrating to
the desired maintenance dose. Stable patients may be monitored every 3-6
months. When a loading dose with carbamazepine suspension is administered, a
serum level may be taken after 2 hours to ensure that the carbamazepine level is
therapeutic.

CASES

CASE 1: DIURNAL FLUCTUATIONS

ES is a 55-year-old white female on carbamazepine 200 mg every 6 hours (qid)
for partial seizures. She is experiencing evening CNS adverse effects. A
carbamazepine serum level at 12 noon is 4 mg/L and is within the target range;
hence the medical team does not suspect carbamazepine toxicity. Is this patient
undergoing carbamazepine CNS toxicity?

Answer:

Because carbamazepine undergoes diurnal fluctuations presenting with
carbamazepine serum levels that gradually increase throughout the day, the 12
noon carbamazepine trough level may not reflect the patient’s carbamazepine
trough level in the evening. One can confirm that the carbamazepine is causing
the patient’s CNS toxicity by checking evening serum levels of carbamazepine
or by simply adjusting the carbamazepine dose so that the lowest dose of the day
is during the evening hours and monitoring for improvement of
symptomatology. In this case serial carbamazepine trough levels were checked
and are denoted in the following table:



(arbamazepine

(arhamazepine Dose  Time Trough Adverse Effects
200mg 6a.m. 4mll

200mg 12noon  4mgll

200mg 6 p.m. 6m/l Worsening dizziness,

headaches, confusion, and
drowsiness, between 7-9M

200mg 12midnight 4 mg/L

In ES, a new carbamazepine dosing regimen with the same total daily dose,
but a lower evening dose will minimize the impact of diurnal fluctuations and
the evening CNS adverse effects. Alternatively, switching from four times a day
dosing to three times a day dosing, such that the 6 p.m. dose is skipped and a
larger dose is administered at bedtime will also minimize the impact of diurnal
fluctuations and the evening CNS adverse effects. A new recommended dosing
regimen for this patient is carbamazepine 200 mg bid at 8 a.m. and 2 p.m. and
400 mg HS.

CASE 2: EMPIRIC CARBAMAZEPINE LOADING DOSE

TG is a 50-year-old, 70 kg male, with new onset generalized tonic-clonic
seizures. Calculate an empiric carbamazepine loading dose for this patient.
When should the maintenance dose be started?

Answer:



Loading dose = 8 mg/kg actual body weight
of carbamazepine suspension
70 kg (8 mg/kg) = 560 mg carbamazepine suspension

Administer carbamazepine suspension (100 mg/5 mL) 560 mg = 28 mL p.o.
as one dose.

Because the patient is not hepatically induced, begin the carbamazepine
maintenance dose in 12 hours.

CASE 3: EMPIRIC CARBAMAZEPINE LOADING DOSE AND
MAINTENANCE DOSE

Al is a 61-year-old, 100 kg male to be placed on carbamazepine for new onset
clonic seizures. The neurologist would like AJ to receive a loading dose and then
to be placed on a maintenance dose of 800 mg daily. Calculate an empiric
carbamazepine loading dose for AJ. When should the maintenance dose be
started?

Answer:

Loading dose = 8 mg/kg actual body weight
of carbamazepine suspension
100 kg (8 mg/kg) = 800 mg carbamazepine suspension

Administer carbamazepine suspension (100 mg/5 mL) 800 mg = 40 mL p.o.
as one dose.

Because the patient is not hepatically induced, begin the carbamazepine
maintenance dose in 12 hours.

Due to carbamazepine autoinduction it will take three weeks to achieve the
maintenance dose of 800 mg/day. The carbamazepine dose should be increased
by 200 mg weekly until autoinduction is complete, generally within 21-28 days.
The following regimen should be recommended:

Carbamazepine 200 mg tablets:

Week 1: 200 mg bid



Week 2: 200 mg tid
Week 3: 200 mg qid

CASE 4: EMPIRIC CARBAMAZEPINE LOADING DOSE AND
MAINTENANCE DOSE

DP is a 50-year-old, 100 kg white male, on carbamazepine 200 mg qid and HS
for generalized tonic-clonic seizures. DP was noncompliant over the weekend
and is having withdrawal seizures—his carbamazepine level is zero. Calculate
an empiric carbamazepine loading dose for DP and restart his maintenance
dose. When should the maintenance dose be started?

Answer:

Loading dose = 10 mg/kg actual body weight of
carbamazepine suspension for patients who
are on polytherapy and hepatically induced

100 kg (10 mg/kg) = 1,000 mg suspension

Administer carbamazepine suspension 1,000 mg = 50 mL (100 mg/5 mL) p.o.
as one dose.

Begin the carbamazepine maintenance dose in 8 hours.

The maintenance dose is carbamazepine 200 mg p.o. gid and HS.

Generally the hepatic induction effects of carbamazepine will persist for 7-10
days. Although DP has not been receiving carbamazepine for 2—3 days, he is still
hepatically induced and will require more aggressive carbamazepine loading
doses, the start of an earlier maintenance dose, and will not require any weekly
titrations of carbamazepine. After completing the loading dose, DP should be
placed on his usual carbamazepine dose of 200 mg qid and HS.

CASE 5: EMPIRIC CARBAMAZEPINE LOADING DOSE AND
MAINTENANCE DOSE

RS is a 40-year-old, 60 kg white female on carbamazepine 200 mg qid and
phenytoin 100 mg tid for generalized tonic-clonic epilepsy. RS was noncompliant



with her carbamazepine for the past 10 days and is having breakthrough
seizures. Stat serum AED levels are phenytoin 12 mg/L and carbamazepine 0
mg/L. Calculate an empiric carbamazepine loading dose for RS and restart her
maintenance dose. When should the maintenance dose be started?

Answer:

Loading dose = 10 mg/kg actual body weight of
carbamazepine suspension for patients who
are on polytherapy and hepatically induced

60 kg (10 mg/kg) = 600 mg carbamazepine suspension

Administer carbamazepine suspension (100 mg/5 mL) 600 mg = 30 mL p.o.
as one dose.
Begin the carbamazepine maintenance dose in 8 hours at 200 mg p.o. gid.

Because this patient is on polytherapy and hepatically induced with
phenytoin, accounting for carbamazepine autoinduction is not warranted and
weekly carbamazepine dose titration should not be used in order to avoid
subtherapeutic serum levels.

CASE 6: LOADING DOSE AND MAINTENANCE DOSE

AA is an 80-year-old African American male to be placed on carbamazepine for
partial seizures with complex symptomatology. He is on no other medications.
The medical team would like you to calculate a carbamazepine loading dose to
achieve a target level of 10 mg/L and a maintenance dose to achieve a target
level of 8 mg/L. When should the maintenance dose be started?

Height: 6 foot
Weight: 80 kg

Answer:



(C, )(Vd)
L=
(S)(F)

(10 mg/L)[(1.4 L/kg)(80 kg)]
(1)(0.8)

LD =

Loading dose = 1,400 mg
Administer carbamazepine suspension (100 mg/5 mL)1,400 mg = 70 mL p.o.

as one dose.
Begin the maintenance dose in 12 hours.

Answer:

_ (Clin L/hr)(CPSS o) (tlhr/day])

(S)(F)
D - (0.064 L/hour) (80 kg) (8 mg/L) (24 hours)

(1) (0.8)

MD

Mp - 253
0.8
MD = 1,228 mg

The maintenance dose may be rounded down to 1,200 mg or 400 mg tid.
Because the patient is naive to carbamazepine and is not on any enzyme
inducers, the pharmacist will have to account for carbamazepine autoinduction,
and carbamazepine should be titrated weekly to the full dose. The following
carbamazepine regimen should be used:

Week 1: Carbamazepine 200 mg bid



Week 2: Carbamazepine 200 mg tid
Week 3: Carbamazepine 200 mg qid
Week 4: Carbamazepine 400 mg tid

CASE 7: LOADING DOSE AND MAINTENANCE DOSE

JM is a 60-year-old Hispanic male is to be placed on carbamazepine for partial
seizures. He is on phenobarbital 30 mg bid. The medical team would like you to
calculate a carbamazepine loading dose to achieve a target of 10 mg/L and a
maintenance dose to achieve a target level of 9 mg/L. When should the
maintenance dose be started?

Height: 6 feet
Weight: 90 kg

Answer:

(C,,)(Vd)

(S)(F)
_ (10 mg/L)[(1.4 L/kg)(90 kg)]
(1)(0.8)

Loading dose =

LD

Loading dose = 1,575 mg

The loading dose may be rounded upward to 1,600 mg. Administer
carbamazepine suspension (100 mg/5 mL) 1,600 mg = 80 mL p.o. as one dose.

The maintenance dose should begin in 8 hours.



(Clin L/hr)(Cpss P

(S)(F)
_ (0.1 L/hr)(90 kg)(9 mg/L)(24 hr)
(1)(0.8)

)(t[hr/day])

Maintenance dose =

MD

MD = 2,430 mg

The maintenance dose may be rounded down to 2,400 mg daily. Because the
patient is on concomitant phenobarbital a potent hepatic inducer of
carbamazepine, carbamazepine autoinduction will not occur and is
inconsequential. The following three carbamazepine regimens may be used:

1. Carbamazepine 600 mg qid, or
2. Tegretol-XR 1,200 mg q12h, or
3. Carbatrol 1,200 mg q12h (bid)

CASE 8: LOADING DOSE AND MAINTENANCE DOSE

WM is a 47-year-old white male who is to be placed on carbamazepine for
partial seizures. He is on phenytoin 330 mg HS and Topiramate 200 mg bid but
still has three seizures weekly. The medical team would like you to calculate a
carbamazepine loading dose to achieve a target of 8 mg/L and a maintenance
dose to achieve a target of target 6 mg/L. When should the maintenance dose be
started?

Height: 5'10"
Weight: 60 kg

Answer:



(C, )(Vd)

Loading dose =
(S)(F)
D= (8 mg/L)[(1.4 L/kg)(60 kg)
(1)(0.8)
LD = 840 mg

Administer carbamazepine suspension (100 mg/5 mL) 840 mg = 42 mL p.o.
as one dose.

Because the patient is on phenytoin a potent CYP3A4 inducer and topiramate
a mild-to-moderate CYP3A4 inducer, the maintenance dose should begin in 8
hours.

Answer:

(Cl in L/hr)( Cpss o) (tlhr/day])

(S)(F)
(0.1 L/hr)(60 kg)(6 mg/L)(24 hr)
(1)(0.8)

Maintenance dose =

MD = 1,080 mg

Because the patient is on concomitant phenytoin and topiramate both induce
CYP3A4, no further autoinduction with carbamazepine will occur. Initially, the
carbamazepine dose can be rounded down to 1 g daily. The following four
carbamazepine regimens may be used:

1. Carbamazepine 200 mg qid & HS
2. Carbamazepine 300 mg qid



3. Tegretol-XR 500 mg q12h (bid) or 600 mg q12h (bid)
4. Carbatrol 500 mg q12h (bid) or 600 mg q12h (bid)

CASE 9: INCREMENTAL LOADING DOSE

HN is a 39-year-old white female who has been on carbamazepine XR 300 mg
BID. She is having breakthrough seizures. A stat carbamazepine level is 2 mg/L.
Calculate a carbamazepine loading dose to achieve a target serum level of 9
mg/L. When should the maintenance dose be started?

Height: 5'7"

Weight: 55 kg

Answer:
o= WY
(S)(F)
g = (Carbamazepine target) - (Carbamazepine Level)
g = O Mg/L) - (2 mg/L)
g = 7 /L

(7 mg/L)[(1.4 Likg)(55 kg)]
(1)(0.8)

LD =

Loading dose = 674 mg

The loading dose may be rounded off to 680 mg. Administer carbamazepine
suspension (100 mg/5 mL) 60 mg = 34 mL p.o. as one dose.

Begin maintenance dose in 8 hours.



CASE 10: LOADING DOSE AND MAINTENANCE DOSE

LT is a 45-year-old white male who is to be placed on carbamazepine for
refractory complex partial seizures. He is on gabapentin and levetiracetam. He
completed a regimen of isoniazid, rifampin, ethambutol, and pyrazinamide 2
weeks ago. Calculate a carbamazepine loading dose to achieve a target serum
level of 10 mg/L, and a maintenance dose to achieve a steady state
carbamazepine level of 7 mg/L. When should the maintenance dose be started?

Height: 6 feet
Weight: 85 kg

Answer:

(C, )(Vd)

(S)(F)
(10 mg/L)[(1.4 L/kg)(85 kg)]

(1)(0.8)
LD = 1,488 mg

The loading dose may be rounded to 1,500 mg. Administer carbamazepine
suspension (100 mg/5 mL) 1,500 mg = 75 mL p.o. as one dose.

Loading dose =

LD =

Answer:



(Clin L/hr)(CPSS s

(5)(F)
' (0.064 L/hr)(85 kg)(7 mg/L)(24 hr)
— (1)(0.8)

)(t[hr/day])

Maintenance dose =

MD

MD = 1,142 mg

The carbamazepine maintenance dose may be rounded up to 1,200 daily.

The patient is on rifampin, a potent CYP3A4 enzyme inducer that increases
hepatic clearance of carbamazepine; the enzyme induction effects may persist
for up to 7-10 days. Because rifampin was discontinued 14 days ago, he is no
longer enzyme-induced, and carbamazepine autoinduction should be accounted
for with weekly dose titration.

The following carbamazepine dosing regimen should be used:
Week 1: Carbamazepine 200 mg bid
Week 2: Carbamazepine 200 mg tid
Week 3: Carbamazepine 200 mg qid
Week 4: Carbamazepine 400 mg tid

CASE 11: INCREMENTAL LOADING DOSE WITH
HYPERVOLEMIA

CR is a 55-year-old male, a critically ill septic patient who is having
breakthrough generalized tonic-clonic seizures. He has a history of epilepsy
maintained on Tegretol-XR 600 mg bid. He received 6 L of intravenous fluid, is
third spacing, and his current weight is 75 kg. He has been placed on a
nasogastric tube. A stat carbamazepine level is 1 mg/L. Calculate a
carbamazepine loading dose to achieve a target serum level of 8 mg/L.

Height: 5'10"
Weight: 73 kg



Answer:

(C )V,
(S)(F)

= Carbamazepine target — Carbamazepine level

Loading dose =

pp Target
i 8 mg/L - 1 mg/L
pp Target . 7 mg/L

Because the patient is third spacing, has received 6 L of fluid, and his weight
has increased to 75 kg, the carbamazepine Vd to calculate his loading dose
should be increased. The population Vd is 1.4 L/kg; however, in critically ill
patients the Vd is higher and may be as high as 2 L/kg. In this case, the clinician
may estimate the Vd to be 1.8 L/kg to calculate the loading dose.

(7 mg/L)[(1.8 L/kg)(75 kg)]
(1)(0.8)

Loading dose =

LD = 1,181 mg

The loading dose may be rounded off to 1,200 mg. Administer carbamazepine
suspension (100 mg/5 mL)1,200 mg = 60 mL p.o. as one dose.

Begin the maintenance dose in 8 hours.

Because this patient has been placed on a nasogastric tube, he may be
switched to immediate-release carbamazepine suspension or extended-release
Carbatrol. Tegretol-XR cannot be crushed and administered via a feeding tube.
Carbatrol may be opened and mixed with either normal saline or apple juice and
administered through the adult feeding tube. CR may be placed on Carbatrol 600
mg bid.
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Digitalis is the oldest cardiovascular compound still in use today.! More than
200 years ago, Sir William Withering observed that foxglove flower derivative
(digitalis purpura) could be used for “cardiac dropsy.”? Since that time, the
positive hemodynamic, neurohormonal, and electrophysiologic effects of
digoxin have been well explored.

The pharmacodynamic effects of digoxin include increased cardiac output,
decreased pulmonary capillary wedge pressure, and increased ejection fraction.
The neurohormonal effects of digoxin include improved baroreceptor sensitivity,
decreased norepinephrine concentration, decreased renin-angiotensin activations,
sympathoinhibitory effect, and increase release of atrial natriuretic peptide and
brain natriuretic peptide. The electrophysiological effects are primarily mediated
through the interaction of digoxin with the sodium-potassium-ATPase pump.!-?

Digoxin increases contractility by inhibiting the sodium-potassium exchange
in the sodium-potassium-ATPase pump leading to an increase of sodium in the
myocytes. This increase results in decreased outflow of calcium from the
myocyte and greater contractile force of the myocardium.!-?

Digoxin also has electrophysiological effects. It has the ability to slow
conduction through the AV node and it can slow the sinus rate via the S-A node.



It is these effects that allow it to be used for atrial fibrillation.3

PHARMACOKINETIC PARAMETERS

The bioavailability of digoxin can range from 70 percent to nearly 100 percent,
depending on the type of oral formulation. The elixir and tablet formulations are
approximately 80 percent and 70 percent bioavailable, respectively.*
Encapsulated digoxin solution is close to 100 percent bioavailable, but no longer
manufactured. The bioavailability of intravenous digoxin is always complete.
The estimated elimination half-life of digoxin can take as long as 48 hours.”

Digoxin is roughly 30 percent protein bound in the plasma and has a large
volume of distribution (VD) of nearly 7 L/kg in healthy adults.>® It follows a
two-compartment kinetic model with an initial distribution phase into the central
compartment consisting primarily of plasma and highly perfused tissues, such as
the liver. A second, slower distribution phase soon occurs and moves the drug
out of the central compartment and into the peripheral, deep tissue
compartment.®> The target site, the myocardium, is affected by drug
concentration in the peripheral compartment and, therefore, clinical effect may
not be seen until sufficient drug has accumulated at that site, which may take
several hours after a loading dose. Serum drug concentrations early after a
loading dose may not represent the true drug concentration at the site of action
and may lead to inappropriate dosage adjustments.

The VD in obese patients best correlates with ideal body weight, rather than
actual body weight.” Due to digoxin’s hydrophilic nature, it does not
significantly distribute into adipose tissue. However, actual body weight should
be used in underweight patients, whose ideal body weight is greater than their
actual body weight. Pediatric patients have a higher percentage of total body
water and, therefore, would have an increased volume of distribution relative to
their adult counterparts.

METABOLISM AND ELIMINATION

Digoxin is primarily eliminated via renal excretion as unchanged drug but does
undergo hepatic metabolism to a small extent.>® Roughly 15-20 percent of the
drug is metabolized, with digoxigenin bisdigitoxoside and digoxigenin
monodigitoxoside being the primary metabolites. The metabolic pathway for



digoxin includes sequential hydrolysis followed by conjugation and oxidation
into polar metabolites.>® The cytochrome P450 isoenzyme system is responsible
for some of digoxin’s metabolism, but only to a minor extent. As such, drug
interactions with agents that inhibit or induce CYP450 are minimal. Digoxin’s
metabolites have limited cardioactive properties when compared to the parent
compound and these metabolites primarily undergo renal elimination.’

Roughly 80 percent of a digoxin dose is eliminated as unchanged drug by the
kidneys. Renal elimination of digoxin occurs through a mixture of glomerular
filtration and active tubular secretion.>819 Tubular secretion is mediated
primarily by the P-glycoprotein transporter and is subject to drug interaction
risks. For patients, dosing and safety concerns are highly dependent upon renal
function. Patients with severe renal dysfunction may encounter drug
accumulation and toxicity. Monitoring of renal function is necessary for patients
receiving digoxin therapy, and creatinine clearance estimates remain the most
important clinical tool to ensure appropriate dosing. Specific dosing adjustments
are recommended for patients with decreased creatinine clearance.!! Due to its
high volume of distribution, digoxin is removed negligibly by hemodialysis, and
clinical data have indicated higher mortality rates for digoxin-treated patients
who require hemodialysis.'>!3 Extreme caution, and possibly alternative
therapy, is required for these patients.

THERAPEUTIC CONCENTRATIONS

CHRONIC HEART FAILURE (CHF)

Historically, higher concentrations and wider targets were accepted for patients
on digoxin, but contemporary literature suggests a more conservative approach
in patients with heart failure. The new desired therapeutic range is lower and
narrower at 0.5-0.9 ng/mL or less than 1 ng/mL.!* Recent studies suggest that in
addition to the positive inotropic effects of digoxin, neurohormonal modulation
through inhibition of Na-K ATPase is evident at low digoxin concentrations.
Further decreases in norepinephrine concentrations are not observed as the
concentration of digoxin increases. In other words, digoxin serum concentrations
between 0.7 ng/mL and 1.2 ng/mL attain therapeutic benefit while decreasing
risk of toxicity in patients with CHF.!>16



ATRIAL FIBRILLATION (AF)

In patients with atrial fibrillation, the traditionally accepted range of digoxin
serum concentration is 0.5-2 ng/mL, but achieving rate control may require
targeting higher serum concentrations. In some patients, concentrations >2
ng/mL may be required to adequately control ventricular rate. However, higher
levels are more often associated with toxicity (See DIGOXIN TOXICITY
Section).

In general, the routine measurement of digoxin serum concentrations is not

always necessary. Digoxin toxicity and explaining poor response to therapy are
the main indications for measurement of serum digoxin concentrations. Clinical

response to therapy should always be considered first.!>1”

SAMPLING

Following a loading dose, serum digoxin concentration should be obtained at
approximately 6-8 hours following the loading dose. Levels obtained earlier
may be falsely elevated due to the slow distribution phase. Once steady state has
been achieved, which usually occurs in about 7 to 14 days after a maintenance
regimen is initiated or changed, routine samples for digoxin monitoring should

be drawn just before the next dose is due.»!!

DOSING

LOADING DOSE

Loading doses are generally unnecessary and not required when digoxin is used
to treat CHF. In this patient population, digoxin is used for its positive inotropic
effects and neurohormonal modulation. It should be initiated at a maintenance
dose dependent on factors such as age, lean body weight, and renal function.'® In
atrial fibrillation, digoxin loading dose may be administered at the onset of
therapy to achieve a rapid attainment of target concentration. The advantage of
giving a loading dose must be weighed against the disadvantage of exposing a
patient to an abrupt toxic concentration of digoxin. To achieve adequate response
and avoid toxicity, prescribers must account for patient-specific dosing



characteristics such as lean body weight, age, renal function, and concomitant
medications. These factors will vary from patient to patient.!318

If a loading dose is used, it should be given in divided dosing to decrease the
occurrence of toxic concentrations. Intravenous doses can be given in 2- to 4-
hour intervals while oral formulations can be given in 6- to 8-hour intervals. For
example, a 1 mg digoxin oral loading dose can be given as a 0.5 mg dose
followed by a 0.25 mg dose every 6 hours for 2 doses with careful monitoring of
the patient for efficacy and toxicity.

A loading dose can be calculated using the following equation:
LD = (VD)(C in ng/mL)/(F)

where VD is the volume of distribution, C is the desired concentration, and F is
the bioavailability of the formulation.

Example I

MS is a 47-year-old female to be initiated on intravenous digoxin for atrial
fibrillation. Her weight is 60 kg and height is 65 inches. Her CrCl is estimated to
be at 95 mL/min. Calculate her digoxin loading dose for a desired plasma
concentration of 1 ng/mL.

Loading dose = (VD)(C)/(F)

First calculate VD (using the Jusko equation).

VD = 226 + [298(CrCl)/(29.1 + CrCl)]
=226 + [298(95 mL/min)/(29.1 + 95 mL/min)]
=454 L

Loading dose = (VD)(C)/(F)
= (454 L)(1 ng/mL)/(1)
=454 mcg ~ 0.5 mg

MAINTENANCE DOSE




Most patients with CHF will achieve the target serum digoxin concentration of
0.5 to 1.0 ng/mL with doses of 0.125 to 0.25 mg daily. The dosing nomogram
designed by Bauman and colleagues and the dosing formula by Koup and Jusko
have been found to be the best methods of estimating digoxin dose in this
modern era of new therapeutic range of digoxin in heart failure patients.!® The
new dosing nomogram for digoxin in patients with heart failure (see Figure 6-1)
also takes into account ideal body weight in kilograms, creatinine clearance in
mL/min, and height in inches to estimate the dose of digoxin.'®
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FIGURE 6-1. Dosing nomogram for digoxin in patients with heart failure.18 Note: To select an appropriate
digoxin maintenance dose, plot a patient’s creatinine clearance (x-axis) (to convert creatinine clearance to
milliliter per second, multiply by 0.01667) and ideal body weight (y-axis). The point at which these lines
intersect is the recommended digoxin dose. If ideal body weight has not or cannot be calculated, an
appropriate digoxin maintenance dose can be determined by plotting a patient’s creatinine clearance (x-axis)
and height (z-axis), depending on patient sex. In the 0.25 mg daily area of the nomogram, one may also
consider a digoxin maintenance dose of 0.125 mg, alternating with 0.25 mg every other day (average daily
dose of 0.1875 mg/day) as represented by the gradual shading of this area.

The maintenance dose equation takes into account age, gender, and renal
function, which are known variables that can alter digoxin concentrations. The
maintenance dose can be calculated using the maintenance dose equation:
Maintenance dose = (CL)(Css)(T)/(F), where CL is the clearance of digoxin, Css
is the steady state concentration, T is the dosing interval in days and F is the
bioavailability of the formulation.

Example I1
Calculate a maintenance dose (oral tablets) for MS in Example 1.

Maintenance dose = (CL)(Css)(T)/(F)

First calculate CL.

CL = 1.303 CrCl (mL/min) + CL , Cl = 40 mL/min.
(Where Cl is non-renal clearance and Cl - = 20 mL/min for
patients with heart failure and 40 mL/min for patients with-
out heart failure)

= 1.303 x 95 mL/min + 40
=163.8 mL/min

Converting to L/day = [(163.8 mL/min)(1,440 min/day)]/1,000 mL/L
=235.9 L/day



Maintenance dose = (CL)(Css)(T)/(F)
= [(235.9 L/day)(1 ng/mL)(1 day)]/(0.7)
= 337 mcg ~ 375 mcg, or 0.375 mg

MS can be initiated on 0.25mg (1 tablet) or 0.375 mg (1'% tablets) daily.

MAINTENANCE DOSE BASED ON SERUM DIGOXIN
CONCENTRATION

A more patient-specific maintenance dose can be determined using the patient’s
dosing history and the observed digoxin concentrations to derive a patient-
specific drug clearance.

The equation for maintenance dose, MD = (CL)(Css)(T)/(F), can be
rearranged to derive CL.

CL = (MD)(F)/(Css)(T)

Example I11

Assuming MS (from Example IT) was initiated on 0.375 mg tablets daily and in
14 days a steady-state serum digoxin concentration was obtained right before the
next scheduled dose. The Css was measured to be 2.8 ng/mL. Calculate her true
CL and a new dosing regimen to attain a new desired Css of 1.5 ng/mL.

First calculate CL.
CL = (375 mcg)(0.7)/(2.8 ng/mL)(1 day)

= 93.8 L/day (Note: Her true CL is significantly
different from the estimated 229.3 L/day.)

New MD = (93.8 L/day)(1.5 ng/mL)(1day)/(0.7)

= 201 mcg/day (rounded up to 250 mcg
or 0.25 mg tabs daily)



PHARMACOKINETIC MODIFICATIONS FOR DISEASE
STATES

Renal Disease

Due to extensive elimination by the kidney, any reduction in renal function will
result in decreased elimination and potential accumulation of this narrow
therapeutic index drug. Renal clearance of digoxin has been shown to be similar

to creatinine clearance in patients with normal and impaired renal function.?®

Patients with renal disease have a lower VD.2! Although this pharmacokinetic
change occurs, evidence indicates that myocardial and serum drug
concentrations are still an acceptable estimate of digoxin efficacy and toxicity.??
Decreases in VD and elimination by the kidney substantiate the need for lower
digoxin loading and maintenance doses, and consideration to dosage interval
extension. Because of the large volume of distribution of digoxin, removal by
hemodialysis and peritoneal dialysis is minimal and not of benefit as a treatment
for toxicity. 1123

Geriatrics

As aging occurs, renal excretion decreases as the number of effective nephrons is
reduced and renal blood flow diminishes. Glomerular filtration rate declines 25—
50 percent between the ages of 20 and 90.>* In the patient without identified
kidney disease, renal elimination of digoxin will still decrease with age.
Consequently, the elderly patient should be managed as though they have
recognized renal disease.?”

Digoxin is largely distributed into skeletal muscle. Older patients experience
a 10-20 percent decrease in volume of distribution of digoxin, attributed to loss
of lean muscle mass. Additionally, age-related reduction in renal function will
contribute to lower VD.?* As a result, lower loading and maintenance doses and
careful interval assessment are recommended.

Heart Failure

As compared to healthy adults, the clearance of digoxin is reduced 50 percent in

those patients with heart failure as defined by these equations?®:



CL = clearance in mL/min
CrCl = creatinine clearance in mL/min

Wt = weight in kg

CL (non HF) = (0.8 mL/kg/min x Wt) + CrCl
CL (HF) = (0.33 mL/kg/min x Wt) + 0.9(CrCl)

These equations are alternatives for clearance determination first illustrated in
example II of Maintenance Dose section.

Bauman and colleagues developed a linear regression model to predict
digoxin doses and intervals to target a serum level of 0.7 and subsequently
constructed a dosing nomogram using height, ideal body weight, and creatinine

clearance.!® (See Figure 6-1.)

Hyperthyroidism
In hyperthyroid disease, myocardial sensitivity and response to digoxin are
reduced.? Additionally, pharmacokinetics can change as VD is increased, which

generally supports use of higher loading doses.?’” Enhanced elimination of
digoxin occurs due to increases in creatinine clearance seen with these

patients.?®

Hypothyroidism

Conversely, VD of digoxin is reduced in hypothyroidism, suggesting that lower
loading doses may be prudent. Clearance is also lower, which is attributed to
reduced creatinine clearance evident in that disease state.?®

Liver Disease

Adjustment of digoxin dosing is not required in liver disease patients.
Pharmacokinetic parameters are not significantly changed.?®

DRUG INTERACTIONS



Digoxin has multiple clinically significant drug interactions that alter clearance
and result in supratherapeutic or subtherapeutic serum concentrations (Table 6-
1). The mechanism of clearance changes is a result of interaction with the P-
glycoprotein transporter system.>0-3! P-glycoprotein is normally located at the
blood-brain barrier, liver, pancreas, placenta, testis, kidney, colon, and jejunum.
It is suggested that the purpose of P-glycoprotein is protection against toxic
compounds by excretion into urine, bile, and intestinal lumen.3® When this
transport system is inhibited or induced, substrates such as digoxin will not be
excreted at the same rate, and serum concentrations will increase or decrease
respectively.

TAB}‘E s Digoxin Drug Interactions: Summary of Studies
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Note: All data shown in results column represents a statistically significant change unless otherwise noted.

Specific P-glycoprotein inhibitors that are expected to increase digoxin
exposure by more than 25 percent include amiodarone, captopril, carvedilol,
clarithromycin, conivaptan, cyclosporine, diltiazem, dronedarone, felodipine,
itraconazole, lopinavir and ritonavir, quinidine, ranolazine, ticagrelor, and
verapamil. Conversely, those agents that induce p-glycoprotein enzyme and
decrease digoxin area under the curve by greater than 20 percent are phenytoin,
rifampin, St. John’s wort, and tipranavir/ritonavir.32-

A pronounced interaction is seen when quinidine is added to a patient
stabilized on digoxin, resulting in decreased volume of distribution and
decreased clearance of digoxin. As a result, digoxin serum concentration
increases rapidly and in a sustained fashion. Clinically, a reasonable plan is to
decrease digoxin dose by 50 percent.>> More commonly, cardiovascular drugs
that will be used along with digoxin, and with potential to alter serum
concentration, include amiodarone, dronedarone, diltiazem, and verapamil for
rhythm and rate control.

DIGOXIN TOXICITY

Over the past few decades the incidence and severity of digoxin toxicity has
drastically decreased. A prospective study from 1971 noted toxic manifestations
in as many as 24 percent of digoxin treated patients, with fatal outcomes in 41
percent of toxicity cases.*® More recent data suggest that 4-5 percent of digoxin
treated patients develop toxicity, with fatality occurring in 9 percent of toxicity
cases.*® Authors have speculated that this reduction in the incidence and severity
of digoxin toxicity is related to decreasing utilization, lower dosing, and
improved therapeutic drug monitoring.”® Despite these improvements toxicity
and mortality secondary to toxicity still occurs. Therefore, it is important that
clinical pharmacists understand the etiology, clinical manifestations, and
management of digoxin toxicity.

A serum digoxin concentration (SDC) between 0.5 and 2.0 ng/mL is
traditionally considered a therapeutic value, though some evidence suggests that
lower levels may be equally as effective and reduce the risk of toxicity.>®
Concentrations greater than 2.0 ng/mL are potentially toxic, with one review
noting toxic manifestations in 60 percent of patients with a postdistribution SDC
greater than 2.0 ng/mL.*° This finding illustrates that digoxin toxicity is at least



in part concentration dependent and situations that precipitate an increase in
concentration could also precipitate toxicity.

Digoxin is widely distributed and has an average VD of approximately 7
L/kg.> Reductions in digoxin’s VD have been noted with renal disease and
reductions in lean body mass.>?> A number of factors, including renal disease
and drug interactions, can decrease digoxin clearance (CL).>?>°% Digoxin is
mostly eliminated unchanged in the urine.>?> Renal insufficiency reduces the
elimination of digoxin and can significantly prolong digoxin’s half-life.>> A
number of medications, including amiodarone, quinidine, and verapamil, reduce
digoxin elimination via inhibition of the p-glycoprotein efflux pump.
Reductions in CL will increase the apparent half-life with resulting drug
accumulation with repeated dosing. Reductions in VD and CL will reciprocally
increase SDCs and may lead to toxicity. Geriatric patients often are prescribed
digoxin and are at greater risk for chronic poisoning.?> Reductions in lean body
mass and declining renal function commonly occur with the natural aging
course.””> These patients are also more commonly on multiple medications,
putting them at an increased risk for toxicity secondary to drug interactions.

Clinical manifestations of digoxin toxicity are listed in Table 6-2. These signs
and symptoms can be classified as gastrointestinal, neurologic, or cardiac
manifestations, with cardiac manifestations being the primary cause of morbidity
and mortality. Symptom evolution is dependent on the chronicity of exposure.>!
Nausea and vomiting are prominent with acute exposures and are typically the
first symptom.! Neurologic symptoms such as weakness, confusion, and
lethargy can be observed.””> With chronic exposures, such as a patient with
reduced digoxin CL due to a physiologic change, symptoms can be nonspecific
and more difficult to diagnose.°’ Malaise and weakness are predominant
features, along with visual disturbances, such as blurred vision.>!-> Patients may
have complaints of anorexia, while nausea and vomiting are thought to occur
less commonly than acute ingestions.

TAB;‘E 6- Clinical Manifestations of Acute and Chronic Digoxin Toxicity
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IThese electrolyte abnormalities can be seen with chronic exposures. They are not due to digoxin effect but
due to concurrent medications such as diuretics or disease states such as renal failure. These abnormalities
can exacerbate digoxin toxicity.

bCardiotoxicity can occur with both acute and chronic toxicity. Cardiac manifestations can be seen at
presentation with chronic exposures. Conversely, with acute exposures these effects can be absent at
presentation and they can progress as the clinical course evolves.

Digoxin’s cardiotoxicity is multifaceted and can be seen with both acute and
chronic toxicity. At toxic levels digoxin increases intracellular calcium
concentrations escalating excitability and automaticity in the atria and ventricles,
which can lead to extra-systoles and tachydysrhythmias.>’>! Additionally,
digoxin reduces nodal conduction velocity and can induce bradydysrhythmias
and nodal blocks with toxicity.”! Thus, with the exception of a supraventricular
tachycardia with rapid ventricular response, digoxin toxicity can precipitate
almost any arrhythmia, with premature ventricular contractions being the most
common.”®°!  Bidirectional ventricular tachycardia is considered a
pathognomonic finding, as it is uncommon for almost all other toxins.”! Finally,
digoxin achieves its therapeutic effect by inhibiting myocardial sodium-
potassium ATPase, increasing extracellular potassium concentrations.
Hyperkalemia can occur, typically with acute overdoses, and is considered a
prognostic factor. Prior to the advent of digoxin-specific Fab, death occurred in
50 percent and 100 percent of acutely poisoned digoxin patients with serum
potassium levels of 5.0-5.5 mEg/L and >5.5 mEq/L, respectively.>* Additionally,
patients chronically on digoxin are frequently on medications such as loop
diuretics, which can exacerbate digoxin toxicity and cause other electrolyte
abnormalities, such as hypokalemia and hypomagnesemia.”® Hypokalemia, like
digoxin inhibits myocardial sodium-potassium ATPase and can independently
precipitate arrhythmias. Therefore, hypokalemia could precipitate toxicity at
lower and sometimes therapeutic digoxin concentrations.>>

Digoxin follows a two-compartment model with compartments displaying
rapid and slow distribution.> SDCs are sampled from the rapidly distributing
compartment. Conversely, the myocardium is found within the slowly
distributing portion. The rapid and slowly distributing compartments do not
reach distribution equilibrium until approximately 4 hours and 6 hours after the
last administered intravenous or oral dose, respectively.>>>® Predistribution
values can be falsely elevated, making interpretation difficult. One review of
toxic levels (SDC >2 ng/mL) noted that 16 percent of toxic specimens were
drawn during the predistribution period.*> When assessing a toxic SDC it is
important to assess this value in the context of a patient’s symptoms and the



timing of the level in relation to the last administered digoxin dose.

Digoxin-specific Fab (DSFab) is the definitive therapy for digoxin toxicity
and is indicated with life-threatening or potentially life-threatening toxicity (see
Table 6-3).°7°8 Digibind® and DigiFab® are the commercially available
preparations of DSFab, and the pharmacokinetic properties of these products are
detailed in Table 6-4.>78 Each vial of DSFab binds 0.5 mg of digoxin.
Considering its VD, which is 0.4 L/kg, DSFab will bind with free digoxin within
the circulatory system, creating a concentration gradient moving free drug from
the tissue into the systemic circulation and effectively reducing digoxin
concentrations within the myocardium. The elimination half-life of the DSFab-
digoxin complex (15-23 hours) is significantly shorter than free digoxin (36
hours), indicating enhanced elimination. It must be noted that SDCs are no
longer useful after DSFab administration unless free digoxin concentrations can
be measured. The standard digoxin assay measures both free and bound digoxin
and will measure the DSFab-digoxin complex in addition to both bound and
unbound digoxin, which will lead to a falsely elevated value that will not likely
correspond with clinical status.>”->8

TAB; B o Indications for Digoxin-Specific Fab (DSFab)SZSB

Progressive bradydysrhythmias or second/third-degree heart block not
responsive to atropine

Severe ventricular dysrhythmias or tachydysrhythmias

Serum potassium >5 mEq/L in acute digoxin intoxication
Postdistribution SDC >10 ng/mL or a SDC >15 ng/mL at any time-point
Acute digoxin ingestion >10 mg (adult) or >4 mg (child)

Rapidly progressing clinical signs/symptoms in combination with an increasing
serum potassium level

TABEE & Pharmacokinetic Parameters of DSFab Formulations®”->8



Digibind® DigiFah®
Onset of action (hr) <05 <05
VD (L/kg) 04 03

Elimination half-life (hr) 23 15
Route of elimination Urine Urine

The dose of DSFab is dependent on the total body load (TBL) of digoxin.
Empiric dosing of DSFab can be performed if the ingested quantity is unclear or
if a SDC is not available. In acute exposures, 10-20 DSFab vials are
recommended empirically for adult and pediatric patients.>’>® An adequate
clinical effect with 10 vials will be achieved in most patients. An additional 10
vials can be administered if a sufficient response is not achieved. In acute
exposures the following equation can be used to calculate the DSFab dose if

ingested amount is known®’:
Amount ingested (m
Equation 1: Number of vials = § (mg) X 0.80
mg
0.5 [—-]
vial

Additionally the following equation can be used in acute or chronic exposures to

calculate the DSFab dose if a postdistribution SDC is known>’:

SDC
mL

ﬂ] X Patient weight (kg)

Equation 2: Number of vials =
100

Regardless of the method, the number of vials should be rounded up to the next
whole vial and should be administered as an IV infusion over 30 minutes as a
diluted solution. In critically ill patients both Digibind and DigiFab can be



administered as an IV bolus.>’->® The manufacturer warns about use in patients
with an allergy to papaya extracts.>” Patients with a history of atrial fibrillation
or heart failure should be monitored for disease emergence as DSFab not only
reverses toxic effects but therapeutic effects as well. Hypokalemia can develop
due to reactivation of myocardial sodium-potassium ATPase. Serum potassium
concentrations should be closely monitored for the first few hours after
administration and cautious supplementation should be performed when
necessary.”’->® Finally, DSFab is renally eliminated and its clearance probably
decreases with renal insufficiency.>’” One series noted no recrudescence of
toxicity in patients with renal failure.®® However, in one case, an anephric patient
developed an atrioventricular block 10 days after DSFab administration and
symptom resolution.”® Therefore, it may be prudent to monitor for reemergence
of digoxin toxicity in anephric patients after DSFab administration.

Digoxin has a large VD and is extensively tissue bound.” Because the
majority of digoxin is not within the circulation, extracorporeal elimination is
not effective.

DIGOXIN-LIKE IMMUNOREACTIVE

SUBSTANCES

Some patients have detectable serum digoxin concentrations despite never taking
the medication. This phenomenon is related to the presence of chemicals that
interfere with digoxin immunoassays due to similarities in chemical structure. It
should be noted that some of these chemicals are functionally similar to digoxin
and are typically classified as endogenous or exogenous in nature.®°

Endogenous digoxin-like immunoreactive substances (EDLISs) are thought to
be natriuretic hormones, with some having the ability to inhibit sodium-
potassium ATPase.®0-61 These compounds are typically undetectable in healthy
individuals and are found in a variety of patient populations and disease states.
Examples include uremic syndrome, liver disease and liver failure, renal
insufficiency, pregnancy, preeclampsia, congestive heart failure, and neonates or
premature infants.®! It has been postulated that an endogenous synthesis pathway
produces these compounds, which are absent in healthy adults and are not
commonly found in edible plants. Clinical observations indicate that the
contributions of EDLISs are generally less than 2.0 ng/mL but can be higher.®!



However, the magnitude of these contributions is dependent on the
immunoassay. Positive interference has been noted with the digoxin fluorescence
polarization immunoassay, making the SDC appear falsely elevated. Conversely,
negative interference has been noted with the microparticle enzyme
immunoassay, making the SDC appear falsely low.5

A variety of exogenous digoxin-like immunoreactive substances (ExDLISs)
have been noted. Like EDLISs, they are structurally similar to digoxin.
However, these compounds are foreign and synthesis is not endogenous in
nature. Examples include spironolactone, canrenone (spironolactone’s active
metabolite), potassium canrenoate, and an array of Chinese medications,
including chan su, oleander-containing herbs, Siberian ginseng, Asian ginseng,
Ashwagandha, and danshen.®53 Like EDLISs, reports of both positive and
negative interference have been noted with ExDLISs.®! The nature of these
differences varies with the type of immunoassay.®!

EDLISs and ExDLISs can complicate digoxin therapeutic drug monitoring.
Positive interference can make a SDC appear falsely elevated. This value could
be potentially misinterpreted as a supratherapeutic or toxic level. More
dangerously, negative interference can make a SDC appear falsely low and
toxicity could occur secondary to dosage increases in response to an artificially
low value. Thus, it is important to assess any given SDC in the context of a
patient’s individual clinical status. Medication histories, including herbal
supplements, should be obtained. Dosage adjustments should likely be driven by
the combined assessment of the SDC and signs or symptoms of inadequate
therapeutic response or toxicity. Additionally, interference is assay-dependent
and the degree of interference is continually changing as assays evolve.
Clinicians need to assess which assays are used at their institution and the effect
that EDLISs and ExDLISs have on a given assay. Contacting the laboratory
performing the SDC could provide insight. Interestingly, EDLISs and ExDLISs
are highly protein bound and assessment of free digoxin concentrations could
reduce EDLIS and ExDLIS interference. Clinical evidence suggests that
assessment of free digoxin concentrations eliminates the interference seen with
some immunoassays.®4%> Assessment of free digoxin concentrations could be
considered if a patient has an abnormal SDC and if EDLIS and ExDLIS interfere
with the immunoassay used in the assessment. However, this approach is not
universally effective; interference still occurred with some assays when only free

digoxin concentrations were estimated.5°



CASES

CASE 1: DIGOXIN LOADING DOSE CASE

A 47-year-old female is to be initiated on digoxin for atrial fibrillation.
Calculate an appropriate digoxin loading dose and maintenance dose if the
patient is to be started on an intravenous loading and oral maintenance dose
using digoxin tablets. Assume her CrCl is 80 mL/min and her target Css is 1
ng/mL.

Answer:
Loading dose = (VD)(C)/(F)

First calculate Volume of distribution.

VD =226 + [298(CrC1)/(29.1 + CrCl)]
=226 + [298(80 mL/min)/(29.1 + 80 mL/min)]
=4445~ 445 L

Loading dose = (VD)(C)/(F)
= (444.5 L)(1 ng/mL)/(1)
= 444.5 mcg ~ 0.5 mg

Maintenance dose = (CL)(Css)(T)/(F)

First calculate CL.



CL = 1.303 CrCl (mL/min) + CL , (CL =40 mL/min)
= 1.303 x 80 mL/min + 40 mL/min
= 144.2 mL/min

Converting to L/day = [(144.2 mL/min)(1,440 min/day)]/
1,000 mL/L = 207.7 L/day

Maintenance Dose = (CL)(Css)(T)/(F)
= [(207.7 L/day)(1 ng/mL)(1 day)]/(0.7)
=296.7 mcg ~ 250 mcg, or 0.25 mg

CASE 2: DIGOXIN MAINTENANCE DOSE CASE (EMPIRIC)

A 73-year-old male with moderate CHF is to be initiated on digoxin. Calculate
an appropriate oral regimen to target a goal of 0.8 ng/mL using digoxin tablets
via his orogastric (OG) tube. Assume his CrCl is 35 mL/min.

Answer:
Maintenance dose = (CL)(Css)(T)/(F)

First calculate CL.



CL = 1.303 CrCl (mL/min) + CL ,(CL_ =20 mL/min)
= 1.303 x 35 mL/min + 20 mL/min
= 65.6 mL/min

Converting to L/day = [(65.6 mL/min)(1,440 min/day)]/
1,000 mL/L = 94.5 L/day

Maintenance dose = (CL)(Css)(T)/(F)
= [(94.5 L/day)(0.8 ng/mL)(1 day)]/(0.7)
=108 mcg ~ 125 mcg tablets

His final regimen is 125 mcg tablet daily. A loading dose is not needed
because the indication is CHF and not atrial fibrillation.

CASE 3: DIGOXIN MAINTENANCE DOSE CASE (BASED ON
LEVEL)

A 45-year-old male admitted for right hip surgery develops atrial fibrillation
postoperatively. His past medical history includes moderate-severe HF, chronic
kidney disease, and hypertension. He was loaded with 750 mcg intravenously
(IV) and started on a maintenance dose of 0.125 mg PO daily. In 16 days the
digoxin level is obtained at steady state. Calculate a new oral regimen to target
a level of 1.0 ng/mL for adequate ventricular control.

Assume his CrCl is 60 mL/min and digoxin level is 0.4 ng/mL on a digoxin
maintenance dose of 0.125 mg 1V daily.

Answer:

First calculate his true CL.



Css = (MD)(F)/(CL)(T), rearranging
CL = (MD)(F)/(Css)(T)
= (125 mcg)(0.7)/0.4 ng/mL(1)
=218.8 L/day
Next, estimate his new oral tablet regimen.
Maintenance dose = (CL)(Css)(T)/(F)
= [(218.8 L/day)(1.0 ng/mL)(1 day)]/(0.7)

= 312.6 mcg ~ 250-375 mcg, or 0.25 mg to
0.375 mg

His dose can be increased to 0.25 mg or 0.375 mg orally daily.

CASE 4: DIGOXIN DOSING IN PATIENTS WITH EXCESSIVE
BODY MASS

PL is a 56-year-old male who is admitted under the cardiology service with
newly diagnosed atrial fibrillation. The team decides to administer an oral
loading dose of digoxin for rate control. You, as the pharmacist on the team, are
asked to recommend an appropriate loading dose that will yield a level of 0.8
ng/mL.

Height: 5'7"
Weight: 250 lbs
SCr=1
IBW =50 kg + (2.3)(7) = 66.1 kg
ABW = 2501b/2.2 = 113.6 kg
When the ABW is greater than 30 percent above IBW, patient is obese.

Answer:



(VD)(C)

Loading dose =
(F)

Volume of distribution = 7% X 66.1 kg=463 L
g

(463.5 L)(0.8 mcg/L)
(0.7)

Because this patient’s ABW is more than 30 percent above IBW, he is classified
as obese. The volume of distribution of digoxin is not affected by increased
adipose tissue and, therefore, it is appropriate to utilize IBW when calculating
doses in obese patients. In this example, we use PL’s IBW to calculate the
volume of distribution (utilizing the average population value). We then in-
putted the rest of the information into the loading dose equation, with F
(bioavailability) = 0.7. Because commercially available tablets come in multiples
of 125 mcg, a dose of 529 mcg can be rounded down to 500 mcg.

Loading dose = = 529 = 500 mcg

CASE 5: DIGOXIN DOSING IN PATIENTS WITH LOW BODY
MASS

What would be the loading dose if PL was underweight?
Height: 5'7"
Weight: 100 lbs
SCr=1
IBW = 66.1 kg
ABW =455 kg

Answer:



Volume of distribution = 7% x 45.5kg= 318.5L
4

(318.5 L)(0.8 mcg/L)
(1)(0.7)

As you can see in this example, PL’s ABW is below his IBW, therefore, he is
underweight. Underweight patients have a reduced amount of total body water
and, therefore, would have a reduced volume of distribution. Here we used the
patient’s ABW to calculate the volume of distribution and, ultimately, the
loading dose.

Loading dose = =364 = 375 mcg

CASE 6: DIGOXIN DOSING IN PATIENTS WITH KIDNEY
DISEASE

RM is a 75-year-old female with a history positive for CKD, CAD, and type 2
DM presenting to the ED with dizziness and fatigue for several days.
Electrocardiogram reveals atrial fibrillation. Her cardiologist is ordering IV
digoxin loading dose and oral maintenance dose with a target serum level of 1.2
ng/mL.

Height = 66 inches
Weight = 62 kg
SCr = 1.7 mg/dL
IBW =45 + 6(2.3) = 58.8 kg
(140 - 75)(58.8)

CrCl = [0.85] =26 mL/min
72(1.7)

Quesmons

1. What is an appropriate 1V loading dose?

Answer:



VD = 226 + [298(CrC1)/(29.1 + CrCl)]
VD =226 + [298(26) / 29.1 + 26] = 366 L

LD = (VD)(C)/(F) = (366)(1.2)/(1) = 439 mcg ~ 500 mcg

2. What would you recommend as an oral maintenance dose?

Answer:

CL = 1303 CrCl (mL/min) + CL_
CL = (1.303)(26) + 40 = 73.8 mL/min
MD = (CL)(C,)(T)/(F)
= (73.8)(1.2)(1)/(0.7) = 87.6/0.7 = 126 mcg ~125 mcg

3. What is the calculated half-life of digoxin in this patient?

Answer:
Change CL from mL/min to L/day.

CL L/day = (CL mL/min)(1,440 min/day)/1,000 mL/L
CL L/day = (73.8)(1,440)/1,000 = 105 L/day
T1/2 = (0.693)(VD)/CL = (0.693)(366)/105 = 2.4 days

CASE 7: DIGOXIN INTERACTION WITH AMIODARONE

DW is a 78-year-old female with estimated creatinine clearance of 45 mL/min
and has been on the following medications for more than three months.

-Metoprolol 25 mg by mouth twice daily
-Digoxin 0.125 mg by mouth daily



-Levothyroxine 25 mcg by mouth daily

Her most recent digoxin level was 1.1 ng/mL, 2 weeks ago. Since that time,
she has had no appreciable change in renal function and her medication
compliance is good. She has had some symptomatic atrial fibrillation episodes,
and her cardiologist begins her on amiodarone 200 mg by mouth 3 times daily
with a taper to 200 mg daily.

QOESEONS 0 00000000000

1. When would DW’s digoxin be at new steady state, and what is the expected
serum concentration?

Answer:

To determine true steady state of digoxin, we would need to determine when
amiodarone steady state would be achieved. Based on half-life of amiodarone of
15 to 65 days, at a fixed dose of amiodarone, the new steady state would be 1.5
months to 1 year. However, in this patient we are starting with a higher dose
(200 mg 3x daily) for the purpose of obtaining a therapeutic concentration more
quickly. Based on Pollack and colleague’s®” pharmacokinetic modeling study, if
a high-dose amiodarone “loading” regimen is utilized, a “therapeutic”
amiodarone concentration is obtained within a few days and maintained
thereafter. However, the regimen described in the Pollack study (1,600 mg/day
for 2 days, 1,200 mg/day for 5 days, 1,000 mg/day for 7 days, 800 mg/day for 7
days, 600 mg/day for 7 days, then 400 mg/day) is substantially different from the
regimen mentioned in this case. In Nademanee and colleagues,® a fixed dose of
amiodarone was used for the first 16 days and resulted in increasing amiodarone
concentrations and increasing digoxin concentrations over that time. The authors
of that study felt that due to the long and variable half-life of amiodarone and the
kinetic analysis of amiodarone concentrations, the steady state of amiodarone
had not been reached by 16 days. Also in Nademanee, an amiodarone-digoxin
dose-related interaction was demonstrated when amiodarone increased from 200
mg per day to 600 mg per day; digoxin concentration increased from 0.4 to 0.7
ng/mL (see Table 6-1).

As far as impact of amiodarone on the patient’s serum digoxin concentration,
the expected increase could be minimal with a low dose (e.g., 200 mg daily) to
substantial with larger doses (e.g., >400 mg per day) with potential expected



doubling of concentration. To summarize expected effect upon digoxin steady
state, we would expect new steady state within variable time period based upon
dosing regimen of 1 week to 1 year and potential doubling of new steady-state
serum digoxin concentration. For practical purposes, monitoring of digoxin
serum concentrations should be established for several months after an addition
of amiodarone to a patient taking digoxin. The frequency of levels should take
into consideration the current digoxin level, which may potentially double.

In the case of DW, her most recent serum concentration is 1.1 ng/mL. We can
expect to see doubling of this concentration within a few weeks, and therefore, a
dose decrease of digoxin to every other day or routine serum digoxin
concentration measurements weekly to avoid toxicity would be prudent.

2. Should we take a level before expected new steady state?

Answer:

If the current regimen is maintained, based on details in answer to question 1, it
would be prudent to obtain digoxin serum concentrations routinely for the next
few months.

3. Should we reduce digoxin dose empirically prior to any serum concentration
measurement?

Answer:

Because DW'’s current digoxin concentration is 1.1 ng/mL, it would be prudent
to decrease digoxin dosing by 50 percent when we expect the digoxin
concentration to potentially double. On the other hand, if DW’s baseline serum
concentration was lower, perhaps 0.4 ng/mL, then concentration doubling would
not put her at risk of toxicity and may increase therapeutic benefit, meaning no
empiric dose adjustment would be necessary.

4. How would DW's case differ if amiodarone was started at 200 mg per day
rather than 200 mg 3 times daily?

Answer:

The expected effect on serum digoxin concentration would be less than
doubling. However the exact effect is not known based on current
pharmacokinetic trials. Additionally, a full effect will take several months to



determine. In this case, routine digoxin monitoring may be applied.

CASE 8: DIGOXIN INTERACTION WITH DRONEDARONE

GoESEoN 2000000 0

How would DW’s case differ if dronedarone was used instead of amiodarone?

Answer:

Based on pharmacokinetic studies in healthy adults, we would expect to see a
significant increase in serum digoxin concentration within days and new steady
state within a week (see Table 6-1). It is suggested that digoxin discontinuation
be considered as coadministration has been associated with increased risk of
arrhythmia or sudden death in dronedarone-treated patients compared to placebo.
If treatment is continued, decrease the dose of digoxin by 50% and monitor

serum concentrations closely.®®

Digoxin toxicity occurred in an 82-year-old female after she received a
loading dose of 0.25 mg for three doses. The patient experienced bradycardia
with an elevated digoxin level (>5 ng/mL).%°

CASE 9: DIGOXIN INTERACTION WITH VERAPAMIL

After 2 days on amiodarone 200 mg three times daily and digoxin 0.125 mg
daily, DW reports intolerable abdominal pain.

A stat digoxin level prior to this morning’s dose was 1.4 ng/mL. Digoxin
toxicity was ruled out. The cardiologist decides to discontinue amiodarone and
metoprolol and begins verapamil at 80 mg twice daily.

Quesmoy

When would DW be at new steady state, and what is the expected serum
concentration?

Answer:



Based on verapamil’s usual half-life of 3—12 hours, expected verapamil steady
state would be within a few days, and full impact on digoxin serum
concentration should be seen within a week. Based on pharmacokinetic studies
(Table 6-1), a significant decrease in digoxin clearance and volume of
distribution occurs, as well as an increase in digoxin half-life. These changes
result in potential doubling of digoxin serum concentration.

CASE 10: DIGOXIN INTERACTION WITH DILTIAZEM

Instead of choosing verapamil, the clinician changes DW to diltiazem 60 mg
three times daily.

Quesmoy

When would DW be at new steady state, and what is her expected serum
concentration?

Answer:

Although diltiazem is included in the FDA summary of those drugs that interact
with digoxin through inhibition of p-glycoprotein transport system, the results of
pharmacokinetic studies have shown variable impact of coadministration of
diltiazem and digoxin (Table 6-1). A rough summary of the studies reviewed
seems to indicate that studies performed in healthy adults and patients with atrial
fibrillation tend to show little change in digoxin pharmacokinetics with the
addition of diltiazem. On the other hand, those pharmacokinetic studies
completed in patients with heart failure have shown increased digoxin area under
the curve and half-life, resulting in increased serum digoxin concentration of
approximately 40-50 percent within a week of coadministration.

Based on this information, with the addition of diltiazem to a patient already
receiving digoxin, monitoring digoxin serum concentration in approximately a
week would be prudent. Determination of levels would be particularly applicable
to those patients with heart failure as well as those with higher baseline digoxin
concentrations who may be at risk for toxicity.

CASE 11: DIGOXIN DOSING WITH P-GLYCOPROTEIN
INDUCERS (E.G., ST. JOHN’S WORT)




JN is a 65-year-old male with estimated creatinine clearance of 20 mL/min and
has been on digoxin 0.125 mg every other day for 1 year along with other
medications for his heart failure. Since beginning therapy, he has had several
serum concentrations that have been between 0.6 ng/mL and 1 ng/mL. Three
weeks ago his routine serum digoxin concentration was 1 ng/mL. JN notifies you
that his friend suggested St John’s Wort and will be starting it as soon as he
picks up a bottle from the pharmacy.

GoESEoN 2000000 00

What is the expected impact of St John’s Wort on digoxin serum concentration,
and should you obtain a level?

Answer:

The coadministration of St. John’s Wort and digoxin has been well studied in
Europe (Table 6-1). In general, a decrease in digoxin bioavailability results in a
25-40 percent decrease in serum digoxin concentrations after 10 days.

However, the preparation of St. John’s Wort greatly influences the impact on
digoxin pharmacokinetics. A pharmacokinetic study of various St. John’s Wort
preparations was performed in 96 healthy volunteers.”” These volunteers were
given a 7-day loading phase of digoxin and then 14 days of comedication with
placebo or one of 10 St. John’s Wort preparations. Preparations that contained
lower amounts of hyperforin had no apparent effect on digoxin trough
concentration and nonsignificant changes in digoxin maximal concentration and
AUC of -14 percent and 9 percent, respectively. On the other hand, St. John’s
Wort preparations with increased hyperforin and hypericin content showed
significant decreases in digoxin trough, maximal concentration, and AUC of 19
percent, 38 percent, and 27 percent, respectively, after 14 days of comedication.
When exposed to a half-dose of this St. John’s Wort preparation, the impact on
digoxin pharmacokinetic parameters was roughly half of the full dose.

To summarize, if JN’s last serum concentration was 1 ng/mL, a 25—40 percent
reduction in serum concentration would be acceptable for management of heart
failure. However, because JN’s serum concentration is lower, it would be
prudent to obtain a serum digoxin concentration in about 1 week to ensure
therapeutic concentration.



CASE 12: DIGOXIN TOXICITY (ACUTE)

A 31-year-old male (weight 82 kg) with no PMH history presents after ingesting
four of his grandmother’s digoxin 0.125 mg tablets in an attempt to get high. He
stated that the ingestion occurred approximately an hour ago, and he denied any
coingestants or use of any chronic medications. Currently he has no complaints.
He denies any headaches, nausea, vomiting, abdominal pain, or visual
disturbances. He is currently awake, alert, and oriented and is answering
questions appropriately.

VS: T 36.7°C; BP 132/88 mm Hg; HR 84 bpm; RR 16 rpm; O2sat 99% RA
Physical examination is nonremarkable.

BMP: Na* 140 mEq/L; K" 4.0 mEq/L; CI~ 104 mEq/L; HCO5~ 24 mmol/L;
BUN 14 mg/dL; SCr 1.0 mg/dL; glucose 120 mg/dL
Digoxin level (drawn two hours after ingestion): 3.94 ng/mL

ECG: Normal sinus rhythm; ventricular rate 84 bpm; QRS 90 msec; QTc 425
msec

Quesmons

1. Does this patient have signs or symptoms consistent with digoxin toxicity? If
so what signs or symptoms of digoxin toxicity does this patient exhibit, and
what is the likely cause?

Answer:

This patient has no signs or symptoms consistent with digoxin toxicity. He has
no gastrointestinal or neurological complaints at this time. His ECG does not
show any dysrhythmias or conduction abnormalities, and he is hemodynamically
stable. His serum potassium is within normal limits.

Additionally based on the size of this patient’s dose, toxicity would not be

expected. DSFab is indicated with acute exposures >10 mg and >4 mg in adults
and children, respectively. This patient was exposed to 0.5 mg, which is <10 mg.

2. Is the patient’s digoxin level a pre- or postdistribution level? Why would
knowing this information impact the interpretation of this digoxin level?



Answer:

Digoxin’s therapeutic range is 0.8-2.0 ng/mL. It is important to note that this
range refers to a postdistribution, steady-state concentration. Digoxin obeys a
two-compartment model, with a rapidly distributing compartment and a slowly
distributing compartment. The vasculature and the myocardium are respective
parts of the rapidly distributing and slowly distributing compartments. Once a
distribution equilibrium is reached between the compartments, the
concentrations in the rapidly distributing compartment are proportional to the
concentrations in the slowly distributing compartment. This equilibrium occurs
approximately 4 hours and 6 hours after the administration of IV and oral doses,
respectively. Concentrations assessed prior to distribution equilibrium will
appear falsely elevated because digoxin has not yet fully distributed throughout
the body.

This patient’s digoxin level was 3.94 ng/mL, which, if drawn appropriately,
could be potentially toxic. However, this level was drawn approximately 2 hours
postingestion and is a predistribution level. Our reference range is based on
postdistribution levels and cannot be used for comparison. Additionally, this
patient has no signs or symptoms of toxicity at this time. A digoxin level should
be repeated at least 6 hours postingestion and should be interpreted in the
context of the clinical picture at that time.

3. Should this patient receive digoxin-specific Fab (DSFab)? If so, what dose
should the patient receive?

Answer:
DSFab is indicated with the following:

* Progressive bradydysrhythmias or second-/third-degree heart block not
responsive to atropine.

 Severe ventricular dysrhythmias or tachydysrhythmias.
» Serum potassium >5 mEq/L in an acute digoxin intoxication.

 Postdistribution serum digoxin concentration (SDC) >10 ng/mL, or a SDC
>15 ng/mL at any time.

» Acute digoxin ingestion >10 mg (adult) or >4 mg (child).

+ Rapidly progressing signs or symptoms of digoxin toxicity in combination
with an increasing potassium level.



This patient does not meet any of these criteria and DSFab is not indicated at this
time.

CASE 13: DIGOXIN TOXICITY (CHRONIC)

An 89-year-old female (weight 52 kg) presents with complaints of confusion,
nausea, and vomiting over the past week. Four weeks prior to presentation, the
patient had been admitted for palpations and atrial fibrillation poorly controlled
on metoprolol. The patient was started on digoxin 0.25 mg once daily and
discharged home. Her last digoxin dose was the evening prior to presentation
(>12 hours). An initial ECG demonstrated atrial fibrillation with frequent
premature ventricular contractions (PVCs).

Past medical history includes atrial fibrillation, congestive heart failure,
hypothyroidism, hypertension, and diabetes mellitus.

She is currently taking metoprolol 100 mg twice daily, verapamil XR 240 mg
once daily; digoxin 0.25 mg once daily, fosinopril 20 mg once daily; furosemide
40 mg twice daily, spironolactone 100 mg once daily, levothyroxine 100 mcg
once daily, insulin glargine 35 units subcutaneously every bedtime, and insulin
aspart 8 units subcutaneously before every meal.

VS: T 37.5°C; BP 78/54; HR 60 bpm; RR 26 rpm; O2sat 100% 6L NC

BMP: Na* 135 mEq/L; K" 5.2 mEg/L; Cl" 104 mEq/L; HCO5 22 mmol/L;
BUN 60 mg/dL; SCr 2.1 mg/dL; Glucose 145 mg/dL

Serum digoxin concentration: 4.5 ng/mL

ECG: atrial fibrillation with frequent premature ventricular contractions

Quesmons

1. Does this patient have signs or symptoms consistent with digoxin toxicity? If
so what signs or symptoms of digoxin toxicity does this patient exhibit, and
what is the likely cause?

Answer:

A number of the patient’s signs and symptoms are consistent with digoxin
toxicity. She has gastrointestinal (nausea), neurologic (confusion, altered mental
status), and cardiac (hypotension, atrial fibrillation with frequent PVCs)



manifestations. The patient’s hyperkalemia is likely multifactorial and could be
the result of renal insufficiency or concurrent medications. Hyperkalemia due to
digoxin effect is more commonly associated with acute exposures.

The patient has a number of factors that could have attributed to the signs and
symptoms of digoxin toxicity. First, this patient appears to have some degree of
renal insufficiency. Digoxin is eliminated 60—80 percent unchanged in the urine,
and renal insufficiency could lead to accumulation and increased serum digoxin
concentrations. Secondly, the patient was started on an inappropriate digoxin
dose for an 89-year-old female. Elderly patients frequently have reduced lean
body mass, decreased renal function, and are on an assortment of medications
that could interact with digoxin. All these factors can increase SDCs and could
have played a role in the development of digoxin toxicity.

2. Is the patient’s digoxin level a pre- or postdistribution level? Why would
knowing this information impact the interpretation of this digoxin level?

Answer:

The patient’s serum digoxin concentration was drawn greater than 6 hours after
her last dose. Therefore, this level is a postdistribution level and can be
compared to the conventional reference range. The patient’s serum digoxin
concentration and her clinical effects are consistent with digoxin toxicity.

3. Should this patient receive digoxin-specific Fab? If so, what dose should the
patient receive?

Answer:

This patient has demonstrated arrhythmias, hemodynamic changes, and mental
status changes. The hyperkalemia is multifactorial.

Arrhythmias and hemodynamic instability are consistent with significant,
potentially life-threatening toxicity and digoxin-specific Fab is clearly indicated.
The patient’s dose would be calculated as follows:



SDC(ng / mL) X weight(kg)
100
4.5 ng/ml x 52 kg
100

Number of vials =

Numbers of vials =

Number of vials = 2.34 ~ 3 vials

CASE 14: ENDOGENOUS AND EXOGENOUS DIGOXIN-LIKE
IMMUNOREACTIVE SUBSTANCES

A 78-year-old male (weight = 98 kg) presents to his cardiologist’s office for a
routine follow-up appointment. The patient has been maintained on digoxin 0.25
mg every other day for 2 years with serum digoxin concentrations (SDCs)
between 0.8 and 1.2 ng/mL. He is on the medication for congestive heart failure;
he has noted symptomatic improvement since digoxin started. He has no
complaints today. He denies any nausea, vomiting, visual changes, mental status
changes, or palpations. He denies any increasing shortness of breath or swelling
in his lower extremities. He has had no changes in his prescribed medications
since his last SDC assessment. However, the patient stated he has started taking
danshen, a Chinese herbal medication he heard about on the news, about 2
weeks ago. The patient stated he took his last digoxin dose last evening, which
was 12 hours prior to the appointment, and that he has been taking the
medication as prescribed.

A SDC is obtained and analyzed at the office’s laboratory during the
appointment. The office’s laboratory uses the fluorescence polarization
immunoassay for digoxin.

Past medical history includes congestive heart failure, hypertension, coronary
artery disease, and diabetes mellitus. Current medications include digoxin 0.25
mg every other day, lisinopril 40 mg every day, furosemide 40 mg twice daily,
aspirin 81 mg every day, metoprolol 100 mg twice daily, metformin 1,000 mg
twice daily, and glipizide XL 2.5 mg once daily.

VS: T 37.5°C; BP 124/82; HR 84 bpm; RR 16 rpm; breathing comfortably
on room air

Physical examination is unremarkable.



BMP: Na* 141 mEq/L; K" 4.2 mEg/L; Cl" 104 mEq/L; HCO5" 23 mmol/L;

BUN 10 mg/dL; SCr 0.9 mg/dL; glucose 147 mg/dL (Values are stable
when compared to his last appointment.)

Digoxin level: 2.9 ng/mL
ECG: Normal sinus arrhythmia; QRS 90 msec; QTc 425 msec

QOESEONS 00 000000

1. Does this patient have any signs or symptoms consistent with digoxin toxicity?
If so, what are they, and should this patient receive digoxin-specific Fab?

Answer:

This patient has no signs or symptoms consistent with digoxin toxicity. He does
not have any gastrointestinal or neurologic complaints. His ECG is not
abnormal. He is hemodynamically stable. Digoxin-specific Fab is not indicated
in this patient.

2. What are some potential causes for the patient’s elevated digoxin level?

Answer:

Elevations in SDCs can be explained by a variety of factors including renal
insufficiency, drug interactions, improper sampling, and improper digoxin
administration. The patient’s SCr is stable compared to previous values. The
patient’s prescribed medications are unchanged from previous visits. The
digoxin level was sampled greater than 6 hours after the patient’s last dose and is
a postdistribution level. Additionally, the patient stated that he has been taking
his digoxin as prescribed. The only thing that has changed with the patient’s
medications is that he started taking the Chinese herb danshen.

Danshen is an exogenous digoxin-like immunoreactive substance (ExDLIS)
that is structurally similar to digoxin, which also possesses some activity at
sodium-potassium ATPase. It can cause interference with some digoxin
immunoassays and leads to both falsely low and falsely elevated values
depending on which immunoassay is used. Therefore, the elevated SDC is most
likely related to danshen.

3. What interventions could potentially be attempted to more thoroughly assess



this serum digoxin concentration?

Answer:

You could contact the laboratory to see if danshen interferes with the digoxin
immunoassay used in the assessment. Danshen has been shown to have positive
interference with the fluorescence polarization immunoassay for digoxin,
leading to falsely elevated values. Clinical evidence suggests that assessing free
digoxin concentrations with this assay eliminates danshen interference.

It should be noted that interference is assay-dependent and varies with
different ExDLISs. Additional follow-up would be required for different herbal
supplements and different immunoassays. For some herbal preparations and
some immunoassays, assessment of free digoxin concentrations does eliminate
DLIS interference.
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UNFRACTIONATED HEPARIN

OVERVIEW

Unfractionated heparin (UFH) is considered an indirect parenteral anticoagulant,
as it has little or no intrinsic anticoagulant activity and works by potentiating the
effect of antithrombin (AT), by UFH binding to it, and thereby inhibiting various
activated clotting factors.!

UFH is a glycosaminoglycan found in the secretory granules of mast cells.?
UFH is a heterogeneous mixture of various lengths and properties. Each heparin
molecule is made up of alternating D-glucuronic acid and N-acetyl-D-
glucosamine residues with varying molecular size from 5,000 to 30,000 daltons
(mean 15,000 daltons).3> The anticoagulant effect of UFH is mediated through a
specific pentasaccharide sequence on the heparin molecule that binds to AT,
which causes a conformational change to antithrombin.® This UFH-AT complex
inhibits the activity of factors 1Xa, Xa, XlIIa, and thrombin (Ila). Only one-third
of the heparin molecule possesses this unique pentasaccharide sequence with
affinity to antithrombin. This complex is 100 to 1,000 times more potent as an
anticoagulant compared to antithrombin alone.® Through its action on thrombin,
this UFH-AT complex also inhibits factors V and VIII. Not only does UFH
prevent the growth of formed thrombus, it may also have effects on the patient’s
own thrombolytic system.” The factors that are most sensitive to this complex
are Ila and Xa. Only molecules that contain >18 pentasaccharides can bind to



both antithrombin and thrombin simultaneous. Conversely, molecules with as
few as 5 pentasaccharides can inhibit factor Xa.® In addition, heparin binds to
platelets, thereby inhibiting platelet function by either inducing or inhibiting
platelet aggregation, which may contribute to the bleeding effects of heparin by a
mechanism independent of its anticoagulation effect.

Commercially available UFH preparations are derived from porcine intestinal
mucosa.’

PHARMACOKINETICS

Due to its large molecular size and anionic structure, UFH is not absorbed
reliably from the gastrointestinal tract when taken orally.? Intramuscular (IM)
injection is discouraged, given its erratic absorption. In addition, IM
administration may result in hematomas. Therefore, the preferred route of UFH
administration is either by a continuous intravenous (IV) infusion or by
subcutaneous injection. It is recommended to give UFH as an IV bolus if an
immediate anticoagulant effect is required rather than via a subcutaneous route,
because its anticoagulant effect is seen in one to two hours.'?

The bioavailability of UFH is dose dependant, which ranges from 30 percent
at lower doses to as high as 70 percent at the higher doses. Therefore, if the
subcutaneous route is chosen to deliver a dose, this dose should be higher than
the usual intravenous dose.™-'? The bioavailability and anticoagulant activity of
UFH is limited by the binding of UFH to a number of circulating plasma
proteins such as platelet factor-4, macrophages, fibrinogen, lipoprotein, and
endothelial cells, which may account for the inter- and intrapatient variability.'3
The circulating plasma proteins levels can rapidly change in acutely ill patients
or patients with active thrombosis. The volume of distribution of UFH is similar
to blood volume (60 mL/kg) and binds extensively to low-density molecules.
UFH does not cross the placenta and does not distribute in breast milk.'°

The half-life of UFH is also dose-dependent and can range from 30 to 90
minutes or more in patients receiving high doses. Heparin clearance consists of a
rapid saturable phase and slower first-order process. In the saturable phase,
heparin binds to endothelial cells and macrophages, and once bound it is
internalized and eliminated from the circulation. The slower nonsaturable phase
is the renal elimination of heparin.!#!> Therefore, a disproportionate
anticoagulant response may occur at therapeutic doses with the duration and
intensity of anticoagulation rising nonlinearly with increasing dose. At



therapeutic doses, a large proportion of heparin is cleared through the rapid
saturable, dose-dependent mechanism. In addition, the apparent half-life of
heparin increases from approximately 30 minutes after an IV bolus of 25
units/kg, to 60 minutes with an IV bolus of 100 units/kg, to 150 minutes with a
bolus of 400 units/kg.?

UFH is used to treat various cardiovascular disorders including the prevention
and treatment of arterial and venous thromboembolism, treatment of unstable
angina, acute myocardial infarction, cardiac and vascular surgery, coronary
angioplasty, stent placement and is also used as an adjunctive medication during
thrombolysis.'® UFH still remains the anticoagulant of choice for any
interventional or surgical procedures, despite the availability of newer agents on
the market. It also remains the anticoagulant of choice for patients during
pregnancy, given its favorable pharmacokinetics.

DOSING

The dose and route of UFH is dependent on the indication, the therapeutic goals
and the patient’s response. For the prevention of venous thromboemolism, the
recommended UFH dose is 5,000 units subcutaneous every 8 to 12 hours'” and a
weight-based intravenous continuous infusion is preferred when immediate and
full anticoagulation is required.® The efficacy of heparin in the initial treatment
of VTE is critically dependent on dose.

In a randomized trial by Raschke and colleagues,'® patients received heparin
at fixed doses (5,000-unit bolus followed by 1,000 units/h by infusion) or
adjusted doses using a weight-based nomogram (starting dose, 80 units/kg bolus
followed by 18 units/kg/h by infusion). This trial showed that while patients
receiving UFH via a weight-based nomogram received higher doses within the
first 24 hours than those given fixed doses of heparin, the rate of recurrent
thromboembolism was significantly lower with the weight-based UFH regimen.
The 2012 guidelines from the American College of Chest Physicians®
recommend that the initial parenteral heparin dosing for VTE be administered as
weight-based (80 units/kg I'V bolus and 18 units/kg/h IV infusion). If continuous
intravenous heparin administration is not possible, then it is recommended to
administer UFH subcutaneously SC via two options: (1) an initial IV bolus of
5,000 units followed by 250 units/kg SC twice daily'®; or (2) an initial SC dose
of 333 units/kg followed by 250 units’kg SC twice daily thereafter.?’ For the
treatment of acute coronary syndromes, the recommended doses are much lower
than that used for VTE. The American College of Cardiology?! recommends a



heparin bolus of 60 to 70 units/kg (maximum 5,000 units) followed by an
infusion of 12 to 15 units/kg/h (maximum 1,000 units/h) for unstable angina and
non-ST-segment elevation myocardial infarction. If UFH is used in combination
with a fibrinolytic agent for the treatment of ST-segment elevation myocardial
infarction, the recommended dose is 60 units/’kg (maximum 4,000 units) as a
bolus and the infusion is 12 units/kg/h (maximum of 1,000 units/kg/h).?2

MONITORING

The risk of heparin-associated bleeding increases as the UFH dose increases®>%4

and if used in conjunction with other antithrombotic agents such as fibrinolytic
agents®® or glycoprotein IIb/IIla inhibitors.?® This risk also increases when
patients have had recent surgery or other invasive procedures or have other
comorbidities that can worsen hepatic function. The dose of UFH is adjusted
based on the activated partial thromboplastin (aPTT), while the evidence is weak
to maintain a “therapeutic range” (which is hospital-specific and only based on a
subgroup analysis). A strong correlation is found, however, between
subtherapeutic aPTT value and recurrent VTE, but a relationship between a
supratherapeutic aPTT value and bleeding is not as clear.?” The activated clotting
time can be used to monitor the higher heparin doses given to patients
undergoing percutaneous coronary interventions or cardiopulmonary bypass
surgery. The recommended aPTT ratio that has been associated with a reduced
risk of recurrent VTE is between 1.5 and 2.5 times control.?8

As stated before, this range has not been confirmed by any randomized trials,
but has been accepted as the standard. The therapeutic aPTT ranges vary from
hospital to hospital as it is dependent on the various reagents and instruments
used to measure the aPTT. Therefore, no weight-based heparin nomogram is the
same from hospital to hospital, nor can they be applied to all reagents; each
hospital must determine there own anti-Xa assay dependent on the reagent being
used. One study established a therapeutic range for an aPTT ratio of 1.5 to 2.5
that corresponded to a heparin level of 0.2 to 0.4 units by protamine titration and
a heparin level of 0.3 to 0.7 units measured by an anti-Xa assay.’® Again, given
the variability between aPTT and anti-Xa assays between each laboratory, more
research is needed to identify which is the best monitoring tool for UFH.
Therefore, in 2012, the American College of Chest Physicians® recommended
that each lab calibrate specifically for each reagent/coagulometer in determining
aPTT values and correlating these values with therapeutic UFH levels. Prior to
initiating therapeutic UFH, it is recommended to obtain a baseline PT, aPTT,



CBC with platelet count, and subsequent aPTT levels every six hours after
initiation and for any dosing changes, until therapeutic aPTT values have been
achieved.

ADVERSE EFFECTS

A well-known adverse effect of UFH is thrombocytopenia in addition to
hemorrhagic complications. The relationship between supratherapeutic aPTT
and bleeding has not been clearly delineated.?” The occurrence of bleeding
complications in patients receiving UFH ranges from 1.5 to 20 percent with an
increased risk in patients with preexisting risk, which includes renal or liver
disease, malignancy, and age greater than 65 years, to name a few.
Thrombocytopenia is defined as platelet count of <150,000/mm?3. Of the two
types of heparin-induced thrombocytopenia (HIT), the first type of HIT presents
within the first 2 days after exposure to heparin, and the platelet count
normalizes with continued heparin therapy. It is well known that this type of HIT
is a nonimmune disorder, and occurs with the direct effect of heparin on platelet
activation. The second type of HIT is an immune-mediated disorder that
typically occurs 4-10 days after exposure to heparin, and it has life-threatening
prothrombotic complications if not quickly identified.?

Immune-mediated HIT should be suspected when a patient has a fall in
platelet count while receiving heparin—particularly if the fall is more than 50
percent of the baseline count, even if the platelet count >150,000/mm>3—and is
evidenced by skin lesions at heparin injection sites. To help clinicians with
determining the probability that a patient has this type of HIT, the 4Ts score has
been developed and the most studied.3%-32 This pretest clinical scoring system,
helps clinicians in the diagnosis of HIT, but should never be used alone. Other
nonhemorrhagic side effects are uncommon and include skin reactions that can
progress to necrosis, alopecia, and hypersensitivity reactions manifested by
chills, fever, pruritus, or anaphylactoid reactions. Other adverse effects that are
seen with UFH therapy include elevations of serum transaminases, but are
usually transient, and osteoporosis. Osteoporosis is caused by binding of heparin
to osteoblasts, which has been reported in patients receiving long-term (>6
months) large daily doses of UFH.

REVERSAL OF ANTICOAGULANT EFFECT OF UFH

Given all the new anticoagulants coming to market, UFH has one advantage



over these new agents in that protamine can rapidly reverse its anticoagulant
effect. Protamine sulfate is a basic protein derived from fish sperm that binds to
heparin to form a stable salt. The recommended dose is 1 mg of protamine
sulfate to neutralize approximately 100 units of heparin.® For example, if a
patient bleeds immediately after receiving an IV bolus of 4,000 units of heparin
then this patient should receive about 40 mg of protamine sulfate. Protamine
sulfate is quickly cleared from circulation with a half-life of about 7 minutes.

As stated previously, the half-life of IV heparin is about 60-90 minutes when
heparin is given as an IV infusion. The calculated dose of protamine that needs
to be administered should take into account the amount of heparin only given in
the previous few hours. If a patient is receiving UFH as a continuous I'V infusion
at 2,000 units/h, then you require approximately 50 mg of protamine sulfate to
neutralize the heparin that was given in the past 2—2.5 hours. It is important that
the correct dose of protamine be used to reverse UFH, because protamine can
exert its own anticoagulant effect if used in doses larger than required.
Additional protamine adverse effects include hypotension or bradycardia, which
can be minimized by administering protamine no faster than 5 mg/min.’

LOW-MOLECULAR-WEIGHT HEPARIN

OVERVIEW

The development of low-molecular-weight heparin (LMWH) from either
chemical or depolymerization of UFH has increased clinical options for the
management of thromboembolic disorders. LMWHs primarily exert their
anticoagulant effect by inactivating active factor X with less affinity for
thrombin.® Each LMWH has a different amount of antifactor Xa activity;
therefore, each preparation should be considered an individual drug that cannot
be used interchangeably.

It is well-established that LMWHs are approximately one-third the molecular
weight and exhibit decreased binding to macrophages, endothelial Ccells,
platelets, and platelet factor 4.8 These differences offer several advantages of
LMWHs when compared to UFH. These advantages include a more predictable
pharmacokinetic response, improved subcutaneous bioavailability, longer half-
life, and lower incidence of HIT. As a result, LMWHs have largely replaced
UFH for the prevention and treatment of venous thromboembolism (VTE) and in



the management of unstable angina and non-ST elevation myocardial infarction
(NSTE-MI).

PHARMACOKINETICS

After SC administration, the bioavailability of LMWH approaches 100
percent.?> Low-molecular-weight heparins predominately concentrate in the
plasma and highly vascular tissues with little distribution in fat tissue.3* The
half-life of LMWHs is approximately 3—6 hours after SC administration,
significantly longer as compared to UFH. Antifactor Xa activity persists longer
than antifactor Ila activity, reflecting the more rapid clearance of longer heparin
chains.?®> The peak anticoagulant effect is observed with LMWHs 3-5 hours
after administration.? Even though UFH is mainly cleared by a cellular
mechanism, LMWHs are strongly dependent on the renal route for elimination.
Renal impairment will lead to a reduction in clearance with a subsequent
increase in elimination half-life and augmented anticoagulant activity leading to
an increased risk of bleeding.

MONITORING

Routine monitoring of traditional measures of coagulation is not necessary for
the vast majority of patients receiving LMWHSs as a result of the predictable
anticoagulant response. Baseline coagulation factors along with a complete
blood count and serum creatinine should be obtained at the initiation of a
LMWH and periodically throughout therapy.? Monitoring of plasma anti-Xa
activity is the recommended test if monitoring is desired; however, it is not
essential in patients with stable and uncomplicated conditions.?®3” Peak anti-Xa
level, drawn four hours after SC administration, is dependent on the drug and
dosing interval. Target anti-Xa levels for twice daily treatment of VTE with
enoxaparin are 0.6-1.0 units/mL.3”3® Target anti-Xa levels for once daily
administration of enoxaparin, dalteparin, or tinzaparin are >1.0 units/mL, 1.05
units/mL, and 0.85 units/mL, respectively.3”-3%

GENERAL DOSING

Fixed or weight-based dosing for LMWH is based on product and indication (see
Table 7-1). For each product, doses should be based on actual body weight. It is
important to note that enoxaparin dosing is expressed in milligrams, whereas



dalteparin and tinzaparin are expressed in units of antifactor Xa activity.*0-4?

TABLE 7-
1
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Dosing Considerations in the Obese Patient

Obese patients, defined as individuals with a body mass index (BMI) of greater
than 30 kg/m?, have a lower proportion of lean body mass as compared to their
total body weight.*> Controversy surrounds the appropriate dosing in this patient
population because of a paucity of data on the optimal dosing strategy of
LMWHs.

Two retrospective subgroup analyses of obese patients receiving a fixed
prophylactic dose of enoxaparin or dalteparin did not demonstrate a significant
difference in VTE occurrence compared with placebo in nonobese patients.***°
However, unadjusted prophylactic doses of LMWHs may be insufficient to
prevent VTE in this patient population because of an inverse correlation between
total body weight and antifactor Xa activity.*® A prospective study of bariatric
surgical patients demonstrated a lower incidence of DVT in patients receiving a
higher dose of enoxaparin without an increase in bleeding rate.*” A small
nonrandomized trial demonstrated effectiveness without increased bleeding
when enoxaparin was dosed per weight for the prevention of thromboembolism
in medically ill, morbidly obese patients.*® Based on these and other clinical
studies, increasing VTE prophylactic doses of enoxaparin or dalteparin may be

appropriate in obese patients, especially the morbidly obese bariatric surgical
patient,46:47.49,50

Small studies including obese patients treated for VTE using enoxaparin or
dalteparin have demonstrated that dosing regimens based on actual body weight
were effective without an increase in bleeding events.”’>? In a prospective
registry of patients with acute VTE, thrombotic and bleeding outcomes did not
differ between obese and nonobese patients, despite the low doses of LMWH in
the patients weighing more than 100 kg.>> In a retrospective analysis of the TIMI
IIb and ESSENCE trials, about half of the patients who received enoxaparin or
UFH for NSTE-MI were obese with a mean BMI of 31.4 kg/m?.>* In this
analysis the composite endpoint of death, MI, and urgent revascularization were
lower in patients receiving enoxaparin in both obese and nonobese patients.
Rates of major bleeding were similar between obese and nonobese patients. A
prospective study enrolling patients with NSTE-MI compared dalteparin to
placebo on the rate of death and new MI during the first 6 days.>> Dalteparin
doses were capped at 10,000 IU twice daily. Patients weighing less than 76 kg
demonstrated a 1.3 percent incidence of death or MI, compared to 2.2 percent in



patients weighing more than 76 kg at study day 6. Based on these results, obese
patients with VTE or ACS should have their LMWH dosed based on total body
weight. Until further elucidated, obese patients with VTE receiving enoxaparin
should be treated with twice daily dosing.*®

Dosing Considerations in Patients with Kidney Injury

Low-molecular-weight heparin is primarily eliminated through the kidneys. As
such, the use of LMWHSs in patients with renal impairment leads to
accumulation and a higher risk of bleeding.® The risk of LMWH accumulation
and bleeding is dependent on the severity of renal injury along with the dose and
the LMWH administered.

At prophylactic doses, LMWHs have not demonstrated a significant increase
in bleeding risk in patients with mild-to-moderate renal impairment. The
available evidence suggests that dose adjustments of dalteparin and tinzaparin
are not necessary in patients with renal impairment. In a prospective study,
prophylactic subcutaneous dalteparin was administered to consecutive critically
ill patients with an estimated CrCl of less than 30 mL/min.”” No evidence
indicated accumulation or an increased risk of bleeding. A small study enrolling
elderly patients with an estimated CrCl between 20 and 50 mL/min showed no
evidence of accumulation of tinzaparin over an eight-day period when
administered at prophylactic doses.®® However, accumulation of enoxaparin
occurs with repeated prophylactic doses in patients with renal impairment.>®°>9
As a result, the manufacture recommends a dose reduction of enoxaparin to 30
mg SC daily in patients with a CrCl of 30 mL/min or less.*® No specific
recommendations are given for other LMWHs. Bleeding rates from LMWH
when used as prophylactic treatment of VTE appear to be low with little
accumulation; however, the risk of bleeding in patients with moderately
impaired renal function over an extended time period remains elusive.

At therapeutic doses, a reduction is noted in LMWH elimination in patients
with renal insufficiency, which is associated with an increased risk of
bleeding.%%%! A meta-analysis including 4,971 patients demonstrated an
increased risk of major bleeding in patients receiving enoxaparin with a CrClI of
30 mL/min or less when compared to patients with a CrCl greater than 30
mL/min.%? The rate of bleeding for daltaparin or tinzaparin could not be
determined because of insufficient data. Empiric dose reductions of enoxaparin
decreased bleeding rates; however, did not reach statistical significance. Several
large registries have also demonstrated an increase in major bleeding when



LMWHs were used in patients with a CrCl of 30 mL/min or less in the treatment
of VIE or ACS.>5366 Enoxaparin is the only LMWH that has dosing
recommendations for use in patients with severe renal impairment.*® A 50
percent dose reduction is recommended compared to the standard dose for
patients with VTE yielding peak antifactor Xa levels within target range.®”-68

Although limited, available data suggests that therapeutic dose tinzaparin has
little accumulation when administered to patients with age-related renal
impairment over a 10- to 30-day period.®®”° This difference in clearance may be
related to the higher molecular weight as compared to other LMWHs.2

In patients with severe kidney injury requiring therapeutic anticoagulation,
alternative agents such as UFH may be a safer choice. If a LMWH is initiated in
a patient with renal impairment, along with dose reductions, antifactor Xa
measurements may be prudent with extended use.

Dosing Considerations in the Elderly

Older populations are frequently underrepresented or not included in clinical
trials making the assessment of LMWH safety and efficacy limited in this patient
population. Many elderly patients have pharmacokinetic alterations based on
age-related renal impairment and a reduction in lean body mass. In addition, the
elderly are at twofold increase risk for a major bleeding event when
anticoagulated for the treatment of VTE.”! Among the three LMWHs, only
enoxaparin has a recommended dose reduction in patients aged 75 or greater for
the treatment of ACS.*°

The use of tinzaparin is not recommended in elderly patients with renal
insufficiency based on the interim findings of a clinical trial that compared
tinzaparin to UFH in the initial treatment of DVT and/or PE in elderly patients
aged 70 years or older with estimated creatinine clearance below 30 mL/min or
patients aged 75 years or older with estimated creatinine clearance below 60
mL/min.*? Overall mortality rates were 6.3 percent in patients treated with UFH
and 11.5 percent in patients treated with tinzaparin.”?

Dosing Considerations in the Critically Ill Patient

In the absence of any contraindications, all critically ill patients should receive
pharmacologic thromboprophylaxis. In patients with active bleeding or an
acquired coagulopathy, intermittent pneumatic compression devices may serve
as an alternative. In critically ill patients, the bioavailability of subcutaneously
administered drugs has been shown to be reduced in ICU patients because of the



concomitant use of vasoactive drugs or the presence of edema; therefore,
potentially providing a reduced effect.”>7*

REVERSAL

Neutralization of LMWH by protamine sulfate is incomplete neutralization of
antifactor Xa. In scenarios when the reversal of LMWH is clinically indicated,
protamine sulfate should be administered in a dose of 1 mg for every 100
antifactor Xa units of LMWH (1 mg of enoxaparin is approximately equal to 100
antifactor Xa units) if the dose of LMWH was given within the previous 8
hours.2 The maximum single dose of protamine sulfate is 50 mg. Smaller doses
of protamine sulfate may be considered if more than 8 hours have elapsed from
the last dose of LMWH.

ADVERSE EFFECTS

The most common adverse effect associated with LMWHs is bleeding. Major
bleeding from LMWH has been reported to be less than 3 percent and varies
among the different preparations.® Minor bleeding, particularly at the site of
injection, may occur frequently. Epidural or spinal hematomas may occur in
patients who are receiving LMWH and neuraxial anesthesia or undergoing spinal
puncture, potentially resulting in long-term or permanent paralysis.*%-42

CASE STUDIES

CASE 1

JT is an 85-year-old man (80 kg, 5'11") admitted to Hospital X with right calf
swelling and pain of one day in duration. He denies any trauma but reports he
was a passenger on a lengthy trip where he was sitting for long hours. He denies
any shortness of breath, cough, or chest pain. JT has a history of MI and
hypercholesterolemia. Initial relevant labs include SCr = 1.5, INR = 1, PT =
10.8 s, aPTT = 23.6 s, and platelet count is 200,000/mm3. JT is diagnosed with a
DVT of his right calf.




Quesmoy

Which anticoagulant is recommended for JT and at what dose and route?

Answer:

Given JT’s elevated SCr of 1.5, UFH is recommended via the intravenous route.
The 2012 guidelines for the American College of Chest Physicians® recommends
the initial IV heparin dosing for VTE to be administered as weight-based (80
units/kg bolus and 18 units/kg/h infusion). Therefore, JT should receive an initial
bolus of 6,400 units (80 units’kg % 80 kg) of UFH, followed by an initial
infusion of 1,400 units/hr (18 units/kg/h x 80 kg), round to the nearest 100 units.
In addition, you recommend that an aPTT level be drawn 6 hours after heparin
infusion has begun.

Quesmoy

Seven hours later the results for JT’s aPTT level comes back at 50 s and the
attending on call wants JT’s goal aPTT level to be 90 s, which was the
therapeutic aPTT goal at the previous institution where he worked at. What do
you want to tell the attending? What is your recommendation? (See Table 7-2.)

TAB;E & Hospital X’s Weight-Based Nomogram
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Answer:

The therapeutic aPTT ranges vary from hospital to hospital and are dependent on
the various reagents and instruments used to measure the aPTT. At Hospital X,
the therapeutic aPTT corresponds to 56—80 s. Therefore, based on Hospital X’s
weight-based nomogram and JT’s current aPTT level of 50 s, it recommends to
bolus with 3,200 units (40 units/kg % 80 kg) and to increase the infusion rate by
200 units/hr (i.e., 1,600 units/hour, keeping in mind to round to the nearest 100
units). Additionally, the serum aPTT level should be ordered and monitored in 6
hours.

GoESEoN 2000000 0

This time, JT’s aPTT serum level is drawn 2 hours later and comes back at 100 s
with no signs of any bleeding. The resident wants to hold the UFH infusion and
decrease the rate. What do you recommend?

Answer:

It is recommend to continue the same rate and drawing an appropriate serum
aPTT level in 4 hours and adjusting infusion based on that level.



Quesmoy

JT has been therapeutic on his heparin infusion (1,600 units/hr) for the last 24
hours and a morning aPTT is drawn and comes back >100 s, hemoglobin and
hematocrit drops from 8.9 g/dL to 6.9 g/dL and 36.5% to 20.8 % respectively,
and blood is present in JT’s urine and stool. The resident wants to reverse the
heparin. What do you recommend?

Answer:

Bleeding is the most common adverse effect associated with UFH
administration. Protamine is used to neutralize UFH by forming an inactive
protamine-heparin complex. The recommended dose is 1 mg of protamine
sulfate to neutralize approximately 100 units of heparin. Because JT was
receiving a continuous infusion of 1,600 units/hr, you want to give enough
protamine sulfate to neutralize the heparin that was being administered in the
past 2.5 hours. It is important that the correct dose of protamine be used to
reverse UFH, because protamine can exert its own anticoagulant effect if used in
doses larger than required. Therefore, administer 40 mg (1,600 units/hr x 2.5 hr
= 4,000 units; 4,000 units/100 units = mg of protamine to administer) of
protamine intravenous, no faster than 5 mg/min, to help minimize hypotension
or bradycardia.’

CASE 2

KL is a 55-year-old man (80 kg, 5'10") admitted to Hospital Z with a swollen left
calf, which has gradually increased and is dffecting the entire left leg to the
groin. Now admitted, he is complaining of new onset right-sided pleuritic chest
pain with SOB and no hemoptysis. His chest X-ray and VQ scan are highly
suggestive of a PE. A pulmonary angiography is performed and a PE is
diagnosed. Initial relevant labs include SCr = 2.5, INR = 1, PT = 12.8 s, aPTT
= 27 s, and platelet count is 250,000/mm3. It was difficult to obtain baseline
labs, and 1V access is difficult to maintain in this patient. Which anticoagulant is
recommended for KL and at what dose and route?

Answer:

Based on KL’s SCr of 2.5, UFH is the best anticoagulant. Because intravenous



access is difficult to obtain, it is recommended to administer UFH
subcutaneously via one of two options: (1) an initial IV bolus of 5,000 units
followed by 250 units’kg SC twice daily'®; or (2) an initial SC dose of 333
units/kg followed by 250 units/kg SC twice daily thereafter.°

If you choose option 1, then administer initial bolus of 5,000 units, followed
by 20,000 units (250 units/kg x 80 kg) twice daily; or using option 2, then
administer initial bolus of 26,500 units (333 units/kg x 80 kg, round to nearest
500 units), followed by 20,000 units (250 units’kg % 80 kg) twice daily, with
serum aPTT levels drawn every 6 hours.

GoESEoN 20000000 0 0

After being on therapeutic subcutaneous UFH for the last 4 days, KL’s CBC

reveals a platelet count of 100,000/mm? (baseline of 250,000/mm?3). What do you
think is the cause of KL’s platelet count drop, and what do you recommend?

Answer:

Immune-mediated HIT is a disorder that typically occurs 4-10 days after
exposure to heparin, and it has life-threatening prothrombotic complications if
not quickly identified.?? HIT should be suspected when a patient has a fall in
platelet count while receiving heparin—particularly if the fall is more than 50
percent of the baseline count. To help clinicians with determining the probability
that a patient has HIT, the 4Ts score has been developed and the most studied.3’-

32 If the 4Ts score results in intermediate or high probability for HIT, all UFH
should be immediately discontinued, a Heparin PF4 AB/HIT assay sent, and
anticoagulation with a direct thrombin inhibitor (e.g., Argatroban) considered.

CASE 3: DOSING AND ADMINISTRATION OF LMWH FOR
DVT PROPHYLAXIS

MH is a 66-year-old woman admitted to the intensive care unit after her hip
replacement surgery. She is 5'4" and weighs 59 kg. Her latest laboratory values
indicate that she is not anemic and has normal kidney function. It is decided to
initiate DVT prophylaxis with enoxaparin. What dose should be initiated in MH?
How should enoxaparin be administered to MH?



Answer:

Two dose regimens of enoxaparin are approved for DVT prophylaxis in patients
having hip-replacement surgery. One regimen would be to initiate enoxaparin 30
mg subcutaneously every 12 hours beginning 12-24 hours after surgery,
providing that hemostasis has been established.*? Alternatively, 40 mg
subcutaneously every 24 hours beginning 12 hours prior to surgery may be
considered.*? Because this patient in not underweight/overweight and does not
have renal impairment, no dose adjustments need to be made at this time. Of
note, dalteparin and tinzaparin also have approved dosing regimens for DVT
prophylaxis in patients undergoing hip replacement surgery.

Each dose of enoxaparin would be administered as a subcutaneous injection
while in the supine position in the abdominal area or the upper, outer part of the
thigh. It is recommended to alternate injection sites.

CASE 4: DOSING AND ADJUSTMENT OF LMWH FOR
ACUTE DVT

AH is a 35-year-old woman who presents to the emergency room with new onset
left calf swelling. She is 5'3" and weighs 158 kg. Venous dopplers are performed,
and a blood clot is confirmed in the left leg. It is decided to initiate therapeutic
anticoagulation with enoxaparin. Her latest laboratory values indicate that she
is not anemic and has normal kidney function. What dose should be initiated in
AH?

Answer:

The enoxaparin dose for the treatment of DVT with or without PE is 1 mg/kg
administered subcutaneously twice daily or 1.5 mg/kg once daily. Despite the
patient having a BMI >30 kg/m?, total body weight should be used to calculate
the patients dose. Therefore, the patient should receive enoxaparin 160 mg
subcutaneously every 12 hours if using the twice daily dosing regimen.

GoESEoN 20000000 0

In general for patients <190 kg, anti-Xa monitoring is not necessary; however,
dfter 1 week of therapy of enoxaparin, it was decided to obtain an anti-Xa level.
The level comes back at 0.3 IU/mL. Would you make any adjustments to AH’s



dose at this time?

Answer:

First it is important to determine when the anti-Xa level was drawn in relation to
the last administered dose. Peak anti-Xa levels should be drawn 4 hours
following subcutaneous injection.® Target peak anti-Xa of 0.6-1.0 IU/mL (4
hours after subcutaneous injection) have been suggested for twice-daily
administration of enoxaparin.® No well-established guidelines indicate how to
adjust the dose of enoxaparin to achieve the desired concentration; however, a
suggestion of a 25 percent increase in dose may be considered with repeat anti-
Xa monitoring.”?

CASE 5: DOSING OF LMWH FOR PE IN RENAL
DYSFUNCTION WITHOUT DIALYSIS

JJ is a 66-year-old man presenting to the emergency department with pleuritic
chest pain and shortness of breath. A pulmonary angiography is performed and
a PE is diagnosed. It is decided to initiate JJ on enoxaparin. He is 5'9" and
weighs 115 kg. His latest laboratory values indicate that he is not anemic, but
has a serum creatinine of 2.5 mg/dL. JJ has chronic kidney disease with a
baseline serum creatinine of 2.1-2.5 mg/dL. What dose should be initiated in
MH? How would enoxaparin be monitored in this patient?

Answer:

Because this patient has an elevated serum creatinine with known chronic kidney
disease, it is imperative to calculate the patient’s creatinine clearance. His
creatinine clearance is estimated to be <30 mL/min, but greater than 20 mL/min,
then JJ’s calculated enoxaparin dose would be adjusted to 120 mg
subcutaneously daily (or 1 mg/kg subcutaneously daily).*® Limited data are
available for treatment doses of dalteparin or tinzaparin in patients with a
creatinine clearance less than 30 mL/min.*4?

Patients with renal impairment given a LMWH require careful assessment for
potential bleeding risks and observation for signs and symptoms of bleeding. If a
LMWH is initiated in a patient with renal impairment, along with dose
reductions, antifactor Xa measurements may be prudent with extended use.
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Antimicrobial resistance has become a worldwide health care crisis with many
pathogens showing limited or no susceptibility to currently available
antimicrobial treatments. Gram-negative infections are of even more concern
because of the lack of currently effective treatments, as well as the lack of new
antibiotics in development to treat these potentially lethal pathogens. It is
currently estimated that no new antibiotics with activity against multiresistant
gram-negative bacteria will be released within the next five years, emphasizing
the need for last-line options, such as colistin, in cases where pathogens are
resistant to all other antibiotics. In the last two decades, the paucity of novel
antibiotics with which to treat drug-resistant infections, especially those caused
by gram-negative pathogens, has led to their reconsideration as a therapeutic
option.!

Polymyxins are a group of polypeptide antibiotics that consists of five
chemically different compounds (polymyxins A—E) discovered in 1947. Only
polymyxin B and polymyxin E (colistin) have been used in clinical practice.
They differ by a single amino acid change (D-phenylalanine in polymixin B
replaces D-leucine in colistin). Polymyxins have been used extensively
worldwide in topical otic and ophthalmic solutions for decades.? The mechanism
behind colistin’s bactericidal ability is considered to be identical to that of
polymyxin.!

Colistin was discovered in 1949 and was nonribosomally synthesized by
Bacillus polymyxa subspecies colistinus Koyama.>* Colistin was initially used
therapeutically in Japan and in Europe during the 1950s and in the United States
in the form of colistimethate sodium in 1959.°> However, the intravenous
formulations of colistin and polymyxin B were gradually abandoned in most



parts of the world in the early 1980s because of the reported high incidence of
nephrotoxicity.5®

This chapter review focuses on colistin, rather than polymyxin B, because of
its wider use in current clinical practice.

MECHANISM OF ACTION

The initial target of the antimicrobial activity of polymyxins is the
lipopolysaccharide (LPS) component of the outer membrane. The polymyxins
have a strong positive charge and a hydrophobic acyl chain that give them a high
binding affinity for LPS molecules. They interact electrostatically with these
molecules and competitively displace divalent cations (Mg?** and Ca’"™") from
them, causing disruption of the membrane. The result of this process is an
increase in the permeability of the cell envelope, leakage of cell contents, and,
subsequently, cell death. The exact mechanism by which the polymyxins induce
bacterial killing is still unknown, and multiple bacterial cell targets may be
involved. Polymyxins also bind to the lipid A portion of LPS and, in animal
studies, block many of the biological effects of endotoxin.”

FORMULATIONS, DOSAGE, AND ROUTE OF

ADMINISTRATION

Colistin is composed of at least 30 different polymyxin compounds, mainly
colistin A and B. Two forms of colistin are available: colistin sulfate and the
commercially available parenteral formulation colistimethate sodium (CMS, also
called sodium colistin methanesulphonate, colistin methanesulphonate, colistin
sulfomethate, or colistimethate). It is extremely important to note that the two
forms are not interchangeable. CMS is an inactive prodrug and in aqueous
solution, CMS undergoes spontaneous hydrolysis to the active form colistin.!”

As a prodrug, CMS is readily hydrolyzed to form partially sulfomethylated
derivatives, as well as colistin sulfate, the active form of the drug. This
hydrolysis of CMS to colistin is an important step in providing the drug’s
antimicrobial activity. Up until colistin is formed, CMS by itself has been shown
to display little to no antibacterial activity, and is therefore considered an



inactive prodrug of colistin.'! CMS is eliminated mainly by the renal route, with
a fraction of the dose being converted to active colistin in vivo. Colistin
undergoes extensive renal tubular reabsorption and therefore is mainly cleared
by nonrenal mechanisms. CMS is administered intravenously or intramuscularly,
because it is less toxic than colistin sulfate. The intramuscular injection, which is
rarely used in clinical practice, may cause severe local pain, and absorption is
variable.? Solutions of colistimethate sodium for IM injection, IV injection, or
continuous IV infusion should be freshly prepared and used within 24 hours.?

Colistin sulfate is administered either orally (for bowel decontamination,
without absorption) or topically (for the treatment of bacterial skin infections).
Both colistimethate sodium and colistin can be given via inhalation, but colistin
may result in a higher frequency of bronchoconstriction than colistimethate
sodium. Colistimethate sodium can also be administered by the intrathecal or
intraventricular routes.’

LACK OF A UNIVERSAL DOSAGE UNIT FOR

COLISTIN

Coly-Mycin M Parenteral, which is manufactured and used in the United States,
contains 150 mg of colistin base activity (CBA) per vial, equivalent to 400 mg of
colistimethate sodium per vial and to 5 x 10° international units (IU) of
colistimethate sodium. Colomycin injection, which is manufactured and used in
Europe, is provided in vials containing 5 x 10° or 2 x 10° TU of colistimethate
sodium. An IU is defined as the minimal concentration that inhibits the growth
of Escherichia coli 95 1.S.M in 1 mL broth at pH 7.2 and 10° IU is considered to
be equivalent to 80 mg of colistimethate sodium.”

The complexity of the nomenclature used to define colistin dosing has
resulted in much confusion, increasing the potential for drug errors. The need for
utilization of a uniform dosing unit to avoid such confusion is obvious.'%13 In
June 2011, a National Alert for Serious Medication Errors was issued by the
American Society of Health-System Pharmacists (ASHP) and the Institute for
Safe Medication Practices (ISMP), warning that potentially fatal errors may
occur with dosing for colistimethate for injection.'® Particular attention must be
paid to the dosing units used in various drug information sources and scientific
literature to avoid utilization of incorrect doses.



ASHP/ISMP Recommendations for Safe CMS Usel3

In the United States, colistimethate for injection must ONLY be prescribed
as colistin in terms of base activity with dose range of 2.5-5 mg/kg/day in
patients with normal renal function. As per package insert, use ideal body
weight for obese patients. This total daily dose should be given in 2 to 4
divided doses.

Dosage reduction in the setting of renal insufficiency is recommended (see
product labeling for suggested modification of dosage schedules).

If the drug is ordered as “colistimethate” or “colistimethate sodium,” the
prescriber should be contacted to verify the dose in terms of colistin base.

Consider restricting ordering to infectious disease specialists or
intensivists.

To prevent errors, preapproved printed guidelines or computer order sets
should be made available with dosing only as colistin base. Include
adjustments for renal dysfunction.

Dose limits should be established with immediate investigation required
for doses outside hospital guidelines. Guidelines should define any
circumstances where dosing outside the 2.5-5 mg/kg/day range may be
appropriate. Testing of CPOE and pharmacy computer systems should be
accomplished to assure proper function of alerts.

Monitoring of renal function while receiving colistin is important to detect
signs of renal toxicity associated with colistin, and the appropriateness of
dosage should be reevaluated periodically while on treatment.

The ASHP/ISMP recommendation for dosing unit convention will be
followed in this chapter (see Table 8-1). Unless otherwise specified all dose
recommendations are made in milligrams of colistin base activity (CBA).

TAB}‘E s Comparison of Colistimethate Sodium Products



(olomycin® Coly-Mycin M®
Availability Europe USA, Australia

Dosing unts U (international units) milligram colistin base (CBA)

Dosing conversion S million 1U = 400 mg 150 mg (BA =400 mg
(olistimethate (olistimethate

30 mg colistin base = 80 mg CMS = 1 MIU (European international units)

1 mg colistin base = 2.67 mg CMS = 33,333 IU; 1 mg CMS = 12,500 IU

Source: Adapted from van Duin D, Kaye KS, Neuner EA. Carbapenem-resistant Enterobacteriaceae: A
review of treatment and outcomes. Diagn Microbiol Infect Dis. 2013;75(2):115-120.

NEPHROTOXICITY

One of the commonly observed adverse effects following intravenous
administration of colistimethate sodium is nephrotoxicity, with incidences
reported to be as high as 55 percent in the following studies. In studies
comparing treatment with colistimethate sodium with or without other
antibiotics versus other antibiotic regimens, nephrotoxicity was significantly
higher with colistimethate sodium (or polymyxin B) in six studies, similar to that
with comparators in five (two of which claimed no events), and lower in two that
may actually be less nephrotoxic than aminoglycosides. Rates of nephrotoxicity
in recent studies designed to assess this outcome have ranged from 6 percent to
14 percent in some?%-?4 and from 32 percent to 55 percent in others.?>39

The wide range of nephrotoxicity rates can be at least partly explained by
different definitions of renal failure. Some studies used any of the RIFLE criteria
(risk, injury, failure, loss, and end-stage kidney disease).>! Some used the
threshold of failure or above, and others defined renal failure as creatinine >2
mg/dL. Risk factors for nephrotoxicity found in different studies included older
age,”%29 preexisting renal insufficiency,3? hypoalbuminaemia,?” and concomitant
use of nonsteroidal anti-inflammatory drugs®’ or vancomycin.?® Higher dosing is
associated with renal failure, with some studies identifying the total cumulative
dose as predictive of renal failure,?42> and others the daily dose.?%?%-3Y The



time to nephrotoxicity was not reported in most studies. Four studies reported
that most cases occurred within the first week of treatment.?%28-3Y Studies
monitoring patients for 1-3 months after treatment demonstrated reversibility of
renal failure in at least 88 percent of patients.?*>?7 Overall, rates of
nephrotoxicity are probably lower today than those observed in old studies.
Explanations for the lower toxicity include fewer chemical impurities in
colistimethate sodium, better intensive care unit (ICU) monitoring, and
avoidance of coadministration of other nephrotoxic drugs.3*3* Recent
observations have suggested that, at least in CF patients, colistimethate sodium
may actually be less nephrotoxic than aminoglycosides.3°

NEUROTOXICITY

Neurotoxicity is less common than nephrotoxicity. Clinical manifestations
include dizziness, muscle weakness, paresthesias, partial deafness, visual
disturbances, vertigo, confusion, hallucinations, seizures, ataxia, and
neuromuscular blockade. Paresthesias constitute the most common clinical
manifestation, being reported in approximately 27 percent of cases with the use
of intravenous colistimethate sodium. Neurotoxic effects are usually mild and
resolve after prompt discontinuation of the antibiotic.>* Apnea and respiratory
failure, which are feared complications of neuromuscular blockade, have not
been reported with intravenous colistimethate sodium in the recent literature.3*

RESPIRATORY EFFECTS

15-19

Bronchoconstriction and hypersensitivity pneumonitis® have been reported
in adult and pediatric cystic fibrosis patients who received oral nebulized CMS.
Bronchoconstriction occurs almost immediately after initiation of nebulization

and may persist for more than 30 minutes.'® Administration of bronchodilators
prior to colistin nebulization may reduce the potential for development of
bronchoconstriction.!>!® Pre- and posttreatment pulmonary function tests may
have clinical utility to identify individuals at risk for bronchoconstriction.'® In
those individuals who are unable to perform pulmonary function tests (especially
young children), bronchodilator premedication is recommended.™ It should also



be noted that in Critically ill patients without CF, these adverse events have not
p
yet been demonstrated.37'45

Both CMS and colistin can be given via inhalation, but colistin may result in
a higher frequency of pulmonary adverse effects than colistimethate sodium. A
component of colistin (polymyxin E1) has been shown to cause pulmonary
inflammatory reactions in animals and may contribute to such local toxicity in
humans. Given the fact that colistmethate sodium is hydrolyzed to colistin in
aqueous solutions and potentially serious pulmonary toxicity, including fatal
respiratory failure, has been associated with the administration of premixed
product, inhalation solutions should be prepared immediately prior to
administration.'® The Food and Drug Administration and the Cystic Fibrosis
Foundation underscored the importance of this practice by issuing an alert
recommending that patients not use colistimethate for inhalation premixed by
pharmacies and that patients should prepare their colistimethate nebulizer
inhalation solutions immediately prior to use.l®

SPECTRUM OF ACTIVITY AND RESISTANCE

Colistin is bactericidal against most strains of gram-negative bacilli, including
Enterobacter aerogenes, Escherichia coli, Haemophilus influenza, Bordetella
pertussis, Legionella pneumophilia, Salmonella species, Shigella species,
Pasteurella species, Klebsiella pneumonia, Pseudomonas aeruginosa, and
Stenotrophomonas maltophilia. However, some bacteria are resistant to colistin,
including the gram-negative organisms of Proteus species, Burkholderia
cepacia, Providencia species, Serratia marcescens, Moraxella catarrhalis, and
Morganella morganii. Gram-positive bacteria, fungi, and gram-negative cocci
(Neisseria gonorrhoeae and Neisseria meningitides) are inherently resistant to
colistin,#6-48

P. aeruginosa and A. baumannii susceptibility are defined as MICs of <4 and
<2 mg/L colistin sulfate, respectively, according to the European Committee on
Antimicrobial Susceptibility Testing,*® and as an MIC of <2 mg/L for both
bacteria according to the Clinical and Laboratory Standards Institute (CLSI).>°

Isolates with intrinsic resistance to polymixins have alterations in lipid A that
account for reduced binding.*” But acquired resistance to colistin has been
historically deemed to be infrequent, although this may simply be a function of
the drug’s relatively limited use. Emergence of resistance has been increasingly



reported and it is likely mediated by alteration in the negatively charged bacterial
cell membrane, although additional mechanisms may also be involved.
Inadequate dosing may also be a factor in the development of resistance due to
preferential growth within heteroresistant subpopulations. As such, optimization

of dosing is necessary to achieve desired therapeutic outcomes.>!->2

DRUG INTERACTIONS®>3

Colistimethate may increase the levels/effects of neuromuscular-blocking agents.
Case reports have described potentiation of neuromuscular blockade of
pancuronium when concomitantly given polymyxin B. Antagonizing the block
was not successful with pyridostigmine or calcium chloride.”* Neuromuscular
blockade from Polymyxin B alone has been reported in both medical and
surgical patients not receiving anesthetic or other neuromuscular blocking drugs.
It also potentiates d-tubocurarine- and succinylcholine-induced blockades.>® The
levels/effects of colistimethate may be increased by aminoglycosides,
amphotericin B, and vancomycin. Concomitant use with BCG (M. tuberculosis
vaccine) should be avoided.

PHARMACOKINETICS

The pharmacokinetics of colistimethate sodium and colistin are complex and
incompletely characterized. The antimicrobial activity of colistimethate requires
conversion to colistin, and thus its rate of conversion impacts peak
concentrations.! The overall disposition of colistin is rate limited by the
elimination of the parent compound, because the colistin has a substantially
longer terminal half-life than CMS.°! Complete understanding of the
pharmacokinetics of colistimethate sodium and colistin continues to evolve, as
studies using HPLC and not immunoassays allow better characterization of the
disposition of each drug. It is important to note that the pharmacokinetic and
prescribing information supplied with currently available parenteral products
was obtained using microbiological assays.>"

Palchouras and colleagues®® conducted a pharmacokinetic study of 18
critically ill patients administered CMS 3 million units (240 mg CMS) every 8



hours, with a reduction to 160 mg g8h for those whose creatinine clearance was
less than 50 mL/min. Plasma samples for drug concentration analysis were
obtained with the first and fourth dose. A nonlinear mixed-effects model analysis
was performed in which all concentration-time data were modeled
simultaneously. The predicted maximum concentrations of drug in plasma were
0.60 mg/liter and 2.3 mg/liter for the first dose and at steady state, respectively.
Colistin displayed a half-life that was significantly long in relation to the dosing
interval (14.6 hours). This study suggests that administration of a loading dose
may be more beneficial in critically ill patients as plasma colistin concentrations
are insufficient before steady state.

A subsequent study®’ evaluated the disposition of the prodrug, CMS, and
formed colistin in 105 critically ill patients, including 12 on intermittent
hemodialysis and 4 on continuous renal replacement therapy. Of the 105
patients, 69 had creatinine clearances of less than 40 mL/min/1.73 m2. This
study demonstrated important information concerning the disposition of CMS
and colistin. First, it revealed the significant role of renal function as a
determinant of the plasma concentrations of the active antibacterial, formed
colistin. Second, it is apparent that in patients with moderate-to-good renal
function, utilization of a daily dose of CBA at the high end of manufacturer
recommended doses (300 mg CBA per day)> was not able to generate plasma
colistin concentrations that would be expected to be reliably efficacious.

It is also important to note that the disposition of the active component
colistin is remarkably flat for >14 hours, which may limit the optimization of the
dose without unacceptable toxicity. Therefore, based on our current
understanding of colistin PK and pharmacodynamic relationships, colistin may
best be used as part of a highly active combination, especially for patients with
moderate-to-good renal function and/or for organisms with MICs of >1.0
mg/L.>’

DISTRIBUTION

Following IM or IV administration of colistimethate sodium, it is widely
distributed into body tissues, but only negligible concentrations of antimicrobial
activity are attained in synovial, pleural, or pericardial fluids. Animal studies
indicate that colistin reversibly binds to and persists in body tissues such as the
liver, kidneys, lung, heart, and muscle.%!

In cystic fibrosis, patients 14-53 years of age receiving IV colistimethate
sodium in a dosage of 5-7 mg/kg of colistin daily given in 3 equally divided



doses, the volume of distribution at steady state was 0.09 L/kg.”

Colistin is approximately 50 percent bound to serum proteins, especially
alpha 1 acid glycoprotein. This binding may be higher in critically ill patients
due to a greater production of this protein during acute illness.

Only minimal concentrations of antimicrobial activity are attained in CSF
following IM or IV administration of colistimethate sodium in patients with

normal or inflamed meninges.5!
Colistin crosses the placenta and is distributed into milk.%!

ELIMINATION

Approximately 60 percent of CMS is cleared renally with a component of
tubular secretion,®® whereas for colistin less than 1 percent of the dose is
excreted in urine, likely due to extensive renal tubular reabsorption.®* The low in
vivo conversion of CMS to colistin occurs because CMS is cleared more quickly
than colistin can be formed.® As a result, the overall disposition of CMS and
formed colistin is complex.

In adults with normal renal function, the plasma half-life of antimicrobial
activity following IM or IV administration of colistimethate sodium is 1.5-8
hours, while in children the decline in serum concentrations of antimicrobial
activity occurs more rapidly.

Patients with renal dysfunction demonstrate higher serum concentrations and
prolonged half-lives. In patients with creatinine clearances less than 20 mL/min,
the half-life of colistin ranges from 10-20 hours. Following administration of
colistimethate sodium in a few anuric patients, half-life of antimicrobial activity
reportedly ranged up to 2—-3 days.

The mean plasma half-life in cystic fibrosis patients 14-53 years of age who
received IV colistimethate sodium in a dosage of 5-7 mg/kg of colistin daily
given in 3 equally divided doses was 3.4 hours after the first dose and 3.5 hours
at steady state.”

With a dosage of 66.66 mg of colistin (2 million international units) the
plasma half-life following oral inhalation via nebulization of colistimethate
sodium in cystic fibrosis patients 12-48 years of age was 4.1-4.5 hours.5?

Urine antimicrobial activity is generally higher than seen in the serum.
Following IM or IV administration of a single 150 mg dose of colistin as
colistimethate sodium in patients with normal renal function, antimicrobial
concentrations in urine are 200—270 mcg/mL at 2 hours after the dose and 15-25



mcg/mL at 8 hours after the dose.%!

PHARMACODYNAMICS

Colistin is rapidly bactericidal in a concentration-dependent manner against
susceptible strains of P. aeruginosa, A. baumannii, and K. pneumoniae,
including multi-drug resistant (MDR) strains.*®>67 Colistin concentrations near
or above the bacteria’s MIC result in extremely rapid killing.>®5%67 The
pharmacodynamic parameter most closely associated with efficacy is the
fAUC/MIC (area under the plasma-concentration time curve/minimum

inhibitory concentration)®”-%% and degree of bactericidal activity is greater with
low versus high inoculums.®® Frequency of dosing is also an important factor,

because bacterial growth recovery occurs early.”® Indeed, a dosing regimen with
8-hour frequency demonstrated a lower likelihood of the emergence of
resistance.®® Aggressive colistin regimens have been suggested in vitro to
overcome the potential for resistance. Regrowth®® has been reported in static
time-kill studies utilizing colistin concentrations up to 64x MIC. The role of
colistin may ultimately be a part of a highly active combination regimen.°!
Studies have demonstrated synergy with the combination of colistin and
cefepime, carbapenems, or rifampicin and have also noted suppression of
resistance.”’

DOSING

PACKAGE INSERT

The doses of CMS used for systemic infections in adults range widely, from 240
to 720 mg daily (i.e., 3-9 x 10° IU/day), in two to four divided doses, yet the
optimal dose of colistin is currently unknown.” This issue is due in part to the
differences in dosing units as well as a lack of systematic investigation. Table 8-
2 describes dosing as recommended in the current package insert.>®> As more of
the true disposition of colistimethate sodium and colistin continues to unfold,
optimal colistin dosing may be better ascertained from the primary literature
rather than the manufacturer recommendations.
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Intermittent Hemodialysis
For patients who have complete hemodialysis sessions three times per week, administer CMS after
hemodialysis on dialysis days: 1.5 mg/kg every 24-48 hours.

* Continuous Renal Replacement Therapy (CRRT)

General recommendations based on dialysate flow rate of 1-2 L/hour and minimal residual renal
function: CVVH/CVVHD/CVVHDF: 2.5 mg/kg every 24-48 hours (frequency dependent on site or
severity of infection or susceptibility of pathogen).

¢ Direct Intermittent Administration

Slowly inject one-half of the total daily dose over a period of 3-5 minutes every 12 hours.

¢ Continuous Infusion

Slowly inject one-half of the total daily dose over 3-5 minutes. Add the remaining half of the total daily
dose of colistimethate for injection, USP, to one of the following: Administer the second half of the total
daily dose by slow intravenous infusion, starting 1-2 hours after the initial dose, over the next 22-23
hours. In the presence of impaired renal function, reduce the infusion rate depending on the degree of
renal impairment.

%n obese individuals, dosage should be based on ideal body weight.



CRITICALLY ILL

The dose required to provide therapeutic concentrations of colistin may be
significantly different than package insert labeling. Table 8-3 outlines dosing
recommendations based on the pharmacokinetics in critically ill patients.>” It has
been reported that CMS and its active metabolite colistin in critically ill patients
are removed by CVVHDEF. Unfortunately, colistin is notorious for its ability to
be adsorbed to many different materials including hemodialysis filters. Based on
PK studies, colistin has been shown to be eliminated by CRRT and doses may
need to be adjusted upward.>®

§ V.V B 2 Estimating colistin loading and maintenance doses.”” All doses
3 expressed as colistin base activity (CBA).



DoseType ~ Cateqory Dasing Srateqy (BA)

Loading Al patint Lading duse= it C_ X0 20 body wt (kg
+ o myleand e pendent on I nfciont, and vty
+ seithridea or actulbody welght whicheeris LOWER oadin dossgreaterthan 300 mg oy
sl b sed with exreme cution as sk oftoxcy s unlknonn(se rfeence 57 foradltoal
detal|
Adinser st meintenancedose within 24 hours

Mainenance ~~ Norenaleplacement Totaldlydose = ot largetx( XL+
- (M I/t and de pendem on MIC infection st andseverty
Recommended dosage ntenvls: (¢ cetenmined by Jlf equatio)
Below 10 ml/min/ 173’ very T2
{070 mlmin/1.73 m'evry B-124
Ahove T0mmin/1.73 m”every 8121
o I patint ithCCLvalues above T0mi/min/1.73 e orwhen argetng gl st ,
peitd dallydoses may e subsantally geaterthan the urent upper it nthe roduc tla be
(300m). Ut|||zat|0n0f s eqaton’ ecommencded oy e targtng e e et o avi
eceeding 300 mq e efrence 5 or aditional deals)

it ey 1) oy dose = 30mg non-Ddy o chive a1 -mglter ol e
Supplementaldoseon D day add: fssuming dialss s toward the endof osemterval}
5000 tothe dallydose i adinistered uring the st hour of the KD seson OR
309 tothe dllydos i acmiisteed afethe D ssson
Thice-Gallydosing i uggested
o

(ntuous eelcement Tl dose= 9o toachiac-mgfe ol gt
Doses may e gven every §- 120,
+ Qosingestmate bsed on pharmacokinticanalssof rtically il patents



CENTRAL NERVOUS SYSTEM

Multidrug-resistant CNS infections with A. baumannii is increasingly more
common due to few if any therapeutic choices.”%’! CNS penetration of colistin
is poor’%72 and literature supporting its direct CNS administration involves
single case reports and case series.”%”! Although no comparative efficacy data
are available, in a comprehensive review of the published literature (which
included both colistin and polymixin B),”! overall clinical cure rates with or
without systemic therapy ranged between 80-91 percent. In addition, therapy
was generally well tolerated, with a dose-dependent, reversible meningeal
irritation occurring in 20 percent of patients.

A recently published pharmacokinetic study evaluated nine patients (aged 18
to 73 years) treated with intraventricular CMS (daily doses of 2.61-10.44 mg).”?
Colistin concentrations were measured using a selective high-performance liquid
chromatography (HPLC) assay. When CMS was administered at doses of >5.22
mg/day, measured CSF concentrations of colistin were continuously above the
MIC of 2 mcg/mL, and measured values of trough concentration ranged from 2.0
to 9.7 mcg/mL. Microbiological cure was observed in eight of nine patients. The
authors concluded that daily doses of CMS >5.22 mg were appropriate but given
the variability in external CSF efflux the daily dose of 10 mg suggested by the
Infectious Diseases Society of America’® may be more prudent.

CYSTIC FIBROSIS

The Cystic Fibrosis Foundation (CFF) guidelines for treatment of acute
pulmonary exacerbations (APE) recommend utilization of two intravenous (IV)
antipseudomonal antibiotics, with different mechanisms of action to improve
antibacterial activity and reduce resistance.”* Despite the emergence of
multidrug-resistant pseudomonas complicating the treatment of APE the
guideline does not address optimal dosing of antibiotics or the utilization of
CMS.74

Three CMS efficacy studies have been published in CF patients,”>”” which
demonstrated good clinical outcomes with minimal toxicity utilizing a dose of 8
mg/kg/day (CBA dose = 3 mg/kg/day) divided every 8 hours (maximum daily
CMS dose of 480 mg) for 12—14 days. Combination therapy was utilized for the
majority of patients. In the one trial that did compare colistin alone to
combination therapy,”®> both treatment groups experienced significant



improvements in FEV1 and clinical score (P <0.05) but only those patients who
received combination therapy had significant improvements in FVC, WBC, and
weight (P <0.01). An additional study,”® using the aforementioned dose,
evaluated the development of renal impairment in combination with
aminoglycosides or a beta-lactam. Results showed a strong correlation between
aminoglycoside use and poor renal function, which was potentiated by
concurrent utilization of colistin. When colistin was coadministered with other
antibiotics, however, it did not show significant nephrotoxicity. Taken together,
recent literature supports the use of a lower dose of CMS: 8 mg/kg/day divided
every 8 hours (maximum daily CMS dose of 480 mg = 3 mg/kg/day, or 180 mg
colistin base activity).

It should be noted this dose is lower than that recommended by the 1994 CFF
Microbiology and Infectious Disease in CF Consensus Conference: 2.5-5
mg/kg/day (CMS 6.67-13.3 mg/kg/day) divided every 8 hours,”® and the UK CF
Trust Antibiotic Working Group: 1-2 million units (MU) (CMS 80-160 mg)
every 8 hours of IV colomycin.?°

Clinical Pearls

 Until such time that its role is fully delineated (i.e., combination therapy),
use should be reserved for patients with MDR pathogens such as P.
aeruginosa and A. baumannii. As such, particular attention should be paid
to appropriate dosing to prevent the emergence of resistant organism
during treatment.

» Currently no convention exists with regard to a standard dosage unit for
colistin/CMS. Drug references and literature provide dosing based on
either colistin base activity (package insert recommendations) or CMS or
international units. Close attention MUST be paid to which unit is used to
prevent serious medication errors.

* Proper dosing for renal function and close monitoring should minimize the
development of adverse effects. If nephrotoxicity does develop, it is
generally reversible. Strategies to minimize risk of nephrotoxcity include
avoidance of concomitant nephrotoxins and close monitoring of renal
function. In CF patients, colistin may have a lower risk of nephrotoxicity
than aminoglycosides.

* Neurotoxicity is less common but may be more difficult to detect in ICU
patients. Close monitoring is recommended here as well.

* Older literature used methods of drug detection that did not distinguish



between CMS and colistin. Only studies that determine plasma
concentrations with non immune assays (i.e., HPLC) can appropriately
characterize the time course of CMS and colistin.

 Colistin exhibits limited postantibiotic effect and rapid regrowth.
Concentrations above MIC should be maintained for the entirety of the
dosing interval to prevent resistance. As such for patients with normal
renal function, an 8-hour interval is recommended.

* Initiation of therapy without a loading dose will result in a significant
delay to attaining therapeutic colistin concentrations, as the half-life in
critically ill patients is 14 hours. Although outside the standard dosing
recommendations, a loading dose should be used to ensure the patient is
promptly receiving a therapeutic dose and maintaining serum
concentrations above the organism’s MIC.

» Optimal dosing for CRRT has not been established, but its
removal/binding to dialysis circuits may warrant higher doses.

» The true characterization of the PK/PD of CMS and colistin has yet to be
elucidated and information about its optimal utilization will continue to
evolve. The reader is encouraged to review the primary literature for the
most recent studies that will complement the information contained herein.

CASES

CASE 1: COLISTIN LOADING DOSE

JC is a 68-year-old male admitted to the intensive care unit with SOB and is
intubated for acute hypoxic respiratory failure. His PMH includes HTN, COPD,
and Type II DM. He is an active drinker with family reporting about six beers
per day. He quit smoking 10 years ago. He has multiple admissions to the
hospital for pneumonia. He is empirically started on broad spectrum antibiotics
to cover for gram-negative and gram-positive organisms. The ICU team obtains
blood, sputum, and urine cultures.

Height: 165 cm
Weight: 60 kg
Creatinine 0.98 mg/dl
On day 2, his sputum grows many Acinetobacter baumanii susceptible to colistin



and amikacin. Based on recent PK data to target a concentration of 2.5 mg/L,
calculate JC’s loading dose of CMS.

Answer:
Using the equations from Table 8-3:

Loading dose of CBA (mg) = colistin C_ target x 2 x body
weight (kg)

=2.5mg/L x 2 x 60 kg
=300 mg IV of colistin base activity

Calculate JC’s maintenance dose:

Daily dose of CBA (mg) = colistin Cswtarget x (1.5 x CrCl + 30)
=2.5mg/L x (1.5 x 61 mL/min + 30)
= 304 mg, or 300 mg per day

Recommended dose would be 100 mg I'V g8h.

GoESEoN 200000000

JC requires a contrasted CT of his chest, abdomen, and pelvis and 48 hours later
develops acute kidney injury. The decision is made to place him CRRT due to his
hemodynamics.

Recommend a new CMS dose while he is on CVVHDF.

Answer:

Based on the equation in Table 3, which included 4 patients receiving CRRT:
Daily dose of CBA to achieve each 1 mg/liter colistin Cg ,,, target = 192 mg.

May divide dose every 8—12 hours. Suggest a dose of 100 mg I'V q12h.



Quesmoy

JC becomes more hemodynamically stable and now is being changed over to
intermittent hemodialysis. What is his new CMS dose?

Answer:

Using Table 8-3:

Daily dose of CBA on a non-HD day to achieve each 1 mg/liter colistin
Css,avg target = 30 mg. Because CrCl is zero, Dose = colistin Cg ,,4 target x (1.5
x CrCl + 30).

On HD days, a supplemental dose is needed. Add 50 percent to the daily
maintenance dose if the supplemental dose is administered during the last hour
of HD. Add 30 percent to the daily maintenance dose if the supplemental dose is
administered after the HD session. Twice daily dosing is suggested.

Therefore, daily maintenance dose is 30 mg per day and 45 mg on HD day if
being administered during the last hour of HD, or 30 mg of CBA per day and 39
mg on HD days if being administered after the HD session.

Quesmoy

Drug Interaction with NMBAs.

JC’s respiratory status deteriorates and is placed on high-frequency
ventilation and requires a neuromuscular blocking agent to assist with his
oxygenation. What is your recommendation to the team regarding the drug
interaction between colistin and the neuromuscular blocking agent?

Answer:

Because the effects of the NMBA are increased with colistin, he may require a
lower dose of the NMBA than what is recommended. Monitoring parameters for
NMBAs include the train of four with a goal of 2—-3 twitches. It is important to
monitor the effect of the NMBA frequently and adjust the dose downward as
needed.

CASE 2: UTI




RH is a 75-year-old female who resides in a nursing home dfter suffering a
stroke two years ago. She has a chronic urinary catheter and is repeatedly
treated for urinary tract infections. She is admitted to the ED with a fever and
dysuria. Her urine culture grows a MDR A. baumanii. The decision is made to
initiate colistin therapy. Using traditional dosing, what would be your
recommendation? RH’s serum creatinine is 1.4 mg/dL, and she weighs 65 kg.

Answer:

Traditional dosing is used due to the fact RH is not critically ill or showing signs
of sepsis. A serum creatinine of 1.4 puts her degree of renal dysfunction as mild
impairment.

A dose of 2.5-3.8 mg/kg in 2 divided doses equals 162.5 mg—247 mg/day. A
suggested dose would be 100 mg IV q12h of colistin base activity (or anywhere
in this range). Remember to monitor for signs of nephrotoxicity or neurotoxicity.

CASE 3: CNS

BD, a 52-year-old male, presents with SAH and obstructive hydrocephalus. An
EVD was inserted and was replaced once (day 7). The patient is intubated,
sedated in the ICU with persistent fevers. Multiple cultures were obtained. CSF
and the EVD tip from day 7 grew MDR Acinetobacter baumanii. In addition,
blood cultures were positive for the same organism. Patient is now exhibiting
signs and symptoms of sepsis and requiring vasopressors to maintain blood
pressure.

Height: 172 cm
Weight: 125 kg
Creatinine: 1.2 mg/dL
What is an appropriate IV and intraventricular dose for this patient?

Answer:

IV Dose
Calculate IBW (use calculations for obese patient).

Males: IBW = 50 kg + 2.3 kg for each inch over 5 feet
IBW =50 + 2.3(7.7) = 67.7 kg



Using the equations from Table 8-3:
Loading dose of CBA (mg) = colistin C_, _target x 2
x body weight (kg)
=2.5mg/L x 2 x 67.7 kg

= Calculated dose = 338 or 340 mg
IV of colistin base activity

Recommend a maximum of 300 mg IV daily based on the author’s
recommendations.”’

Calculate BD’s maintenance dose.

Daily dose of CBA (mg) = colistin CHS’E“,gtarget x (1.5 x CrCl + 30)
= 2.5 mg/L x (1.5 x 99 mL/min + 30)

=483 or 480 mg IV per day divided q8h
Recommended dose would be 160 mg IV g8h.

This dose is significantly greater than the current maximum labeled dose, and
some clinicians may not accept exceeding 150 mg IV q12h or 5 mg/kg/d to a
maximum of 300 mg.

Intraventricular Dose
10 mg CMS intraventricularly daily (= 3.75 mg CBA)

Close monitoring for renal and neurotoxicity is recommended. Neurotoxicity
from intraventricular administration is dose-related, may respond to a dose
reduction, and is typically reversible upon discontinuation.

CASE 4: CYSTIC FIBROSIS

AR is a 27-year-old female with progressively worsening pulmonary symptoms
and presumed acute exacerbation. She has had several previous exacerbations
and received multiple courses of 1V antibiotics. She does not receive inhaled



colistin as she did not tolerate the nebulizer administrations.
Height: 155 cm
Weight: 42 kg
Creatinine 0.3 mg/dL

Her sputum grows many Pseudomonas aeruginosa susceptible to colistin and
amikacin. Therapy will be initiated with both agents. What is the best colistin
dosing regimen for this patient?

Answer:

8 mg/kg/day CMS (3 mg/kg/day CBA) in 3 divided doses

OR

=112 mg IV q8h CMS
42 mg IV q8h CBA
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TUDY HODGMAN, PharmD, FCCM, BCPS

Lidocaine is a local anesthetic that also has Vaughan Williams classification type
IB antiarrhythmic properties. It is indicated for ventricular fibrillation in patients
who cannot undergo synchronized cardioversion and are hemodynamically
stable who do not require electrical cardioversion. It can also be used for both
monomorphic and polymorphic ventricular tachycardias. Lidocaine is considered
an alternative to amiodarone as a second-line agent in patients with ventricular
tachycardia or pulseless electrical activity who are resistant to electric
cardioversion and intravenous epinephrine or vasopressin.! The use of
intravenous lidocaine has decreased with the elimination of lidocaine as the
standard of practice for prophylaxis of asymptomatic premature ventricular
contractions or non-sustained ventricular tachycardia after acute myocardial
infarction.

PHARMACOKINETIC PARAMETERS

Lidocaine serum concentrations decrease biexponentially, and intravenous
lidocaine follows a two-compartment pharmacokinetic model (see Figure 9-1).2
After an intravenous loading dose, lidocaine distributes into cardiac tissue
rapidly, with an alpha t% of approximately 8 minutes (range 7-30 minutes),
achieving maximum serum concentrations within an hour. The cardiac tissue is
considered to be part of the central compartment for lidocaine with onset of
effects quickly after a loading dose. The beta elimination phase is due to transfer
of drug from the larger volume of distribution (Vdss) back into the central
compartment (Vdc) with t%4 of 87-108 minutes. Therefore, even if a
maintenance infusion is started simultaneously to the loading dose, rapid



redistribution can lead to subtherapeutic concentrations that may place the
patient at risk for life-threatening arrhythmia.? This rapid distribution phase
justifies the repetition of a “loading dose,” generally 50 percent of the initial
load, given at 5- to 20-minute intervals to maintain a therapeutic
concentration,4>6

Ko or IV push g 12 =

\dc Vdss
K21

K10

FIGURE 9-1. Two-compartment model.?

THERAPEUTIC CONCENTRATION

Most sources suggest therapeutic concentrations fall in the range of 1.5-5
mcg/mL.1®> &7 Unfortunately, lidocaine has a narrow therapeutic index and
adverse effects are both dose- and concentration-related. As you approach the
upper end of this range, adverse events such as paresthesias, dizziness,
drowsiness, and euphoria may appear. If lidocaine concentrations rise above the
therapeutic range into toxic concentrations, a host of adverse consequences may
be seen, including general adverse events like confusion, dysarthria, muscular
twitching or seizures, agitation, psychosis, and even coma.®” Cardiovascular
adverse events include hypotension, atrioventricular blockade with concurrent
hyperkalemia, and circulatory collapse.>®%10:11 However, lidocaine-induced
adverse drug events are often missed and attributed to the underlying disease
pathology. Routine serum concentration monitoring is not recommended unless
the clinician suspects an adverse drug event, the patient experiences recurrent
ventricular arrhythmias, or the patient has disease states or conditions known to
change the pharmacokinetics of lidocaine.'%13

METABOLISM AND ELIMINATION




Lidocaine is almost exclusively (>95%) eliminated by cytochrome P450 hepatic
metabolism. The CYP1A2 and 3A enzyme groups, which are abundant in both
the intestinal wall and liver, metabolize efficiently, leading to a large first-pass
effect with low oral bioavailability (30%).* The primary active metabolite is
monoethylglycinexylidide (MEGX), which is both renally excreted and further
hepatically broken down to glycinexylidide (GX) and other inactive metabolites.
Both GX and a portion of MEGX are renally eliminated and have been
associated with some of the adverse effects seen with lidocaine.'® Because these
metabolites are renally eliminated, patients with significant renal dysfunction
can exhibit signs of toxicity despite a concentration within the therapeutic
range.*% When lidocaine is administered as a prolonged infusion, the metabolites
MEGX and GX can compete for hepatic metabolism and lead to
accumulation.!3416-20 Because lidocaine has a low sieving coefficient, it is not
removed by hemodialysis or by hemofiltration?!; however, no specific dosing
guidelines are provided for patients with renal dysfunction either with or without
dialysis.

With normal circulatory function, lidocaine has 100 percent bioavailability
after intravenous injection. Intramuscular administration is generally avoided
because it may interfere with assessment of creatine kinase enzyme
concentrations used in the evaluation of acute myocardial infarction and also the
need for rapid onset. Lidocaine is a drug with an extraction ratio of about 70
percent, placing it in the category of high extraction ratio where clearance is
approximated by liver blood flow, approximately 10 ml/kg/min.® Therefore,
diseases that affect liver blood flow are likely to significantly affect lidocaine
clearance. In either CHF or cirrhosis, clearance decreases by about 40 percent to
6 ml/kg/min, whereas in major trauma or critical illness clearance is
approximately 6.8 ml/kg/min.%17-22.23

Unlike the general usefulness of using a serum creatinine to estimate the
degree of renal insufficiency, no serum hepatic marker correlates to significant
changes in hepatic dysfunction. Therefore, since hepatic disease leads to variable
protein binding and elimination, some have used an objective measurement of
hepatic function, the Child-Pugh classification (see Table 9-1).%4

Sl Child-Pugh Classification



Test or symptom Tpoint — 2points 3 points
Total bilirubin (mg/dL) <2 20-30 >3
Serum albumin (g/dL) >33 28-35 <28

Prothrombin time (sec. prolonqed over control) <4 4-6 >6
Ascites Absent  Slight ~ Moderate
Hepatic encephalopathy None Moderate ~ Severe

A Child-Pugh score of >8 would suggest poor hepatic function that would
necessitate decreased dose.' Although lidocaine has a high extraction ratio, in
decompensated cirrhotic patients, the clearance is not related to blood flow, but
likely decreases relative to the amount of circulating hepatic enzymes that are
produced. Additionally many of the patients with hepatic dysfunction will also
be treated with a nonselective beta blocker that is known to decrease hepatic
enzyme activity as well.!# Patients with known hepatic dysfunction would best
have serum lidocaine concentrations utilized to prevent toxicity in this high-risk
population.

Changes in plasma protein binding are also likely to affect high-extraction-
ratio drugs like lidocaine.® Normally, plasma protein binding is about 70 percent,
with a small portion (30%) to albumin and the rest bound to alpha 1-acid
glycoprotein (AAG).?® AAG is an acute phase reactant secreted in high
quantities during stress situations (e.g., acute MI, CHF, or trauma that leads to
even lower free concentrations of lidocaine as the bound fraction increases). The
pharmacokinetics of AAG are also known to be effected by other disease
processes such as rheumatoid arthritis, cancer, morbid obesity, nephritic
syndrome, or drugs (estrogen).??>26 After a myocardial infarction, AAG
concentrations may increase for the first 72 hours leading to a decrease in the
unbound percentage of lidocaine from 30 percent to 20 percent. This process
may be exhibited by decreased lidocaine clearance, placing these patients at risk
for adverse effects. It has been suggested that monitoring of unbound drug may
be necessary for the most accurate assessment of drug effect.?’

The terminal half-life of lidocaine with normal hepatic function is 1-2 hours



and increases to more than 5 hours in patients with hepatic dysfunction.* In

order to estimate steady state, three to five half-lives should pass (8—-24 hours)
before assessing steady-state serum concentrations. To avoid the delay in
achieving a therapeutic serum concentration and allowing the potential for
breakthrough arrhythmias, it is suggested a loading dose be given prior to
instituting the maintenance dose. The maintenance dose should then be started
immediately to avoid subtherapeutic serum concentrations until steady state is
reached. One to two repeat bolus doses can be given after 5- to 20-minute
intervals to accommodate the initial distribution phase, because the maintenance
dose causes only a slow rise in serum concentrations."'> The half-life of
lidocaine can increase to approximately 5 hours with liver disease (cirrhosis,
hepatitis) due to the lack of hepatic enzyme activity. With prolonged infusions,
greater than 24 hours, the terminal t% increases.>81928 QObesity—defined as
total body weight (TBW) >130 percent of lean body weight (LBW)—is not
known to specifically affect terminal tY5.

The volume of central compartment (Vdc) is not easily measurable, therefore,
most clinicians use a population average of 0.5 L/kg for this parameter with a
total body volume of distribution (Vdss) of 1.5-2 L/kg.* The volume of
distribution increases minimally with hepatic dysfunction to approximately 0.6
L/kg with Vdss of 2.3 L/kg due to decreased protein stores (albumin and AAG).?
Vdc decreases with acute heart failure to approximately 0.3 L/kg due to
increases in AAG, with a Vdss of 0.88 L/kg.*® Trauma patients or the critically
ill have a Vdc of 0.25 and Vdss of 0.75 L/kg.???3 Renal failure does not change
the volume of distribution. Obesity (TBW >130% LBW) is not associated with a
larger Vdc; therefore, doses should be based upon LBW. However, because Vdss
does increase with weight, controversy exists as to which weight is best to utilize
for computing the total bolus (i.e., the number of bolus doses given).? Of note,
the volume of distribution changes should not lead to changes in individual
loading doses administered, but rather changes the total “loading dose”
administered as several intermittent boluses (e.g., decreasing or increasing the
number of repeat boluses at a dose of 0.5-0.75 mg/kg).

MONITORING

Because lidocaine is an antiarrhythmic agent, the electrocardiogram should be
monitored for its effect on the presenting dysrhythmia. The standard goal of
therapy is suppression of dysrhythmia with concurrent avoidance of adverse
effects. Commonly lidocaine is only employed for a short duration while other



therapeutic interventions are done, as there is not a therapeutic class oral agent to
transition to. Rarely lidocaine is continued for recalcitrant ventricular
dysrhythmias while assessing other long-term antiarrhythmic options.
Monitoring of serum lidocaine concentrations is often not necessary as it used
short term. However, in the case when a prolonged course is necessary for
recalcitrant dysrhythmia or evaluation of drug-related adverse events, serum
concentrations should be assessed to avoid lidocaine toxicity or increase
morbidity.3%3! Some clinicians suggest stopping lidocaine infusions after 6-24
hours to assess the need for continued therapy.

DRUG INTERACTIONS

Lidocaine is a substrate for the cytochrome P450 (CYP) enzymes, specifically
1A2, 2B6, and 3A4, but can also inhibit the CPY1A2 enzymes. Drug
interactions can occur due to changes in metabolic enzyme activity or due to
changes in hepatic blood flow. Beta-adrenergic blockers reduce clearance due to
decreased cardiac output and hepatic blood flow. Cimetidine is thought to inhibit
enzyme activity leading to decreased clearance. Medications such as
phenobarbital isoniazid, chloramphenicol, or phenytoin can induce hepatic
enzymes leading to increased clearance of lidocaine.®

PHARMACOKINETIC MODIFICATIONS FOR

DISEASE STATES

Hepatic dysfunction as seen with cirrhosis or hepatitis may lead to wide
variation in lidocaine clearance.?? The protein binding of lidocaine is reduced, so
the Vd is larger than normal. Concurrently metabolic processes may be
depressed due to decreased CYP3A activity, leading to decreased clearance.
These opposing parameters make prediction of lidocaine clearance in this
population difficult to predict, and lidocaine serum concentrations are useful in
guiding therapy.’? The effect of age is unclear as many of these patients also
have some degree of cardiac dysfunction that indirectly effects hepatic blood
flow and therefore clearance.’’

Myocardial infarction precipitates a surge in AAG release leading to



decreased percentage of unbound lidocaine and therefore a decrease in
clearance. Because the rise in AAG can continue for up to 72 hours after a
myocardial infarction and persist up to several weeks, widely variable changes in
clearance are reported.!”

Heart failure and cardiogenic shock can significantly impair clearance due to
decreased cardiac output and altered hepatic blood flow. Elevated AAG
concentrations lead to increased plasma protein binding with lower unbound
fraction of lidocaine (a smaller Vd = 0.3 L/kg). Half-life is quite variable
depending on acute changes in cardiac function and is difficult to predict, again
necessitating serum lidocaine concentrations if lidocaine infusion is
continued.®%!® Some have suggested that clearance be estimated as 2.1-14.5
ml/kg/min based upon the degree of heart failure present (class IV to class I,
respectively).33

It is difficult to obtain specific pharmacokinetic parameters for individual
patients, so most lidocaine dosing is based on population parameters (shown in
Table 9-2). The patient should be assessed for disease states known to change
kinetic variables, specifically t,,. The Kel can then be estimated and clearance

calculated utilizing estimated Vd.5?

VAV O A Estimated Pharmacokinetic Parameters Based on Concurrent
2 Disease State

Disease State Estimated t'2 (hr) ~ Vdc(L/kg) ~ Varea (L/kg)

None 1-15 0.5 15
AM 4 05 15
CHF ) 03 1
Liver dysfunction Child-Pugh >8 ) 06 26

DOSING



Traditional literature-based recommendations for loading dose 1-1.5 mg/kg,
with repeat loading doses of 0.5-1 mg/kg every 5-20 minutes (up to total 3
mg/kg) administered at maximum rate of 50 mg/min. For patients with heart
failure, half the normal loading doses are recommended.® Unfortunately,
unpredictable results have been noted with this approach to dosing.

Maintenance doses ranges are 1-4 mg/min, or 10-30 mcg/kg/min.% Patients
with decreased clearance secondary to liver dysfunction should start at half the
normal maintenance dosage.®

An alternative dosing schedule that has been advocated is a loading dose of 8
mg/min for up to 25 minutes followed by maintenance dose 2 mg/min.34
Another scheme suggested is 75 or 100 mg IV push bolus followed by 8 mg/min
(120 mcg/kg/min) % 25 minutes, then 2 mg/minute (30 mcg/kg/min) thereafter,
which resulted in only 52 percent of patients achieving a serum lidocaine
concentration greater than 2.5 mcg/ml.> Wheeler>® employed two dosing
regimens: 100 mg IV push followed by 6.5 mg/min for 15 minutes, then 2
mg/min thereafter; or 100 mg IV push followed by 4.5 mg/min over 30 minutes,
3.1 mg/min over 30 minutes, then 2 mg/min. Computer-assisted dosing using
nonlinear least squares regression analysis to adjust clearance and volume of
distribution has been proposed as a method for attaining desired therapeutic
concentrations during both the distributive and elimination phases of therapy.>®

These complex dosing schemes may mathematically improve the time within
a desired therapeutic range; however, their use is discounted by the inherent
disadvantages of increases in dosing errors or calculations, and close monitoring
by nursing staff due to the need for multiple pump setting changes.3’

Theoretically, Bayesian forecasting techniques that incorporate expected
population parameters and two or three serum measurements could be utilized to
overcome the errors in dosing when applying one-compartment kinetic equations
for a two-compartment drug like lidocaine.3® Again, the need for multiple serum
samples and computer programs combined with the short duration of infusions
in current practice preclude use of Bayesian dosing.

Two-compartment model kinetics are complicated by trying to calculate the
amount of drug lost from the central compartment and adjust the infusion rate to
maintain a steady concentration of lidocaine. It leads most clinicians to estimate
the concentration when the two compartments are at a steady-state equilibrium
using one-compartment model kinetics.?

Bolus loading dose:



~ Css x Vdc  Css = desired lidocaine concentration

Lo SxF at steady state (mcg/ml = mg/L)

Vdc = volume of the central compartment
S = active fraction of drug (0.87)
F = bioavailability (1 for intravenous)
Repeat loading doses after infusion has begun:
(Cdes - Css) x Vdc Cdes = desired serum concentration
SxF Kel =0.693/t%  t% = half-life
Steady-state clearance CL = Kel x Vd area (see Table 9-2)

LD =

_ Css (mg/L) x CL (L/hr)
SxF

Individual patient pharmacokinetic parameters can be utilized if steady-state
serum lidocaine concentrations are obtained.

[nfusion (maintenance) dose (mg) Ko

Cl (L/min) = Dose (mg/min)/Css (mcg/ml)

ASSAYS

Lidocaine can be measured in either whole blood or plasma, with plasma
concentrations of 120 percent of what is found in blood.® The most desirable
assay would provide good reliability and also a quick turnaround time. Gas
liquid chromatography (GLC) is one modality used to evaluate serum lidocaine
concentrations. The sensitivity is from 0.1-10 mcg/mL with a coefficient of
variation of 7.5 percent. Unfortunately with GLC, some of the metabolites are
detected along with the parent compound. GLC requires trained technicians and
requires a time-consuming separation extraction prior to testing. High-pressure



liquid chromatography (HPLC) has a sensitivity of 0.1 mcg/mL with a
coefficient of variation of 5-10 percent. The use of lidocaine, as well as the
duration of lidocaine infusions, has decreased. This decrease, along with the lack
of rapid turnaround, limits the use of some of these more traditional methods of
assay for lidocaine.

Enzyme immunoassay (EIA) or enzyme immunoassay technique (EMIT)
using the competitive binding principle correlates well with standard
chromatographic methods. EMIT uses an inexpensive spectrophotometer and is
completed in about 1 minute. EMIT measures lidocaine concentrations of 1-2
mcg/ml with a coefficient of variation of <10 percent.®> EIA allows rapid
turnaround with little cross-reactivity or interference with some plasma proteins,
and it does not assay lidocaine metabolites. EMIT also has the advantage of
decreased technician time for performing the assay, and decreased expertise
needed for operating the equipment.

CASES

CASE 1

WM, a 44-year-old man, is admitted to the ED with probable AMI and
associated ventricular tachycardia. After successive shocks, he is to be
administered lidocaine as an intravenous infusion. He has no known prior
medical history and does not smoke or drink.

Height = 73 inches
Weight = 80 kg

Quesmoy

What are the loading and maintenance doses for this patient for a serum level of
2.5 mcg/mL utilizing pharmacokinetic dosing methods?

Answer:



T% =4 hr
Kel = 0.693/t% = 0.693/4 = 0.173/hr
Vdc=0.5L/kg x 80 kg =40L
Varea =1.5L/kg x 80 kg =120 L
Cl =0.173/hr x 120 L = 20.76L/hr

LD = Css x Vdc = 2.5 x 40 = 100 mg
MD = Css x Cl = 22X At 0.9 mg/min
60 min/hr

Utilizing the literature-based dose for a patient without disease states known to
affect lidocaine clearance:

Loading dose = 1-1.5 mg/kg % 80 kg = 80-120 mg
Maintenance dose = 2—3 mg/min to achieve midtherapeutic range.
When would you obtain a steady-state serum concentration?
TVax5=4%x5=20hr

You would get a serum lidocaine level to ensure efficacy of the infusion or to
rule out toxicity.

CASE 2

A 43-year-old female is found in a parking lot unresponsive. Paramedics
evaluate the patient and find her in ventricular fibrillation. She is treated
according the ACLS standard protocol, including defibrillation and epinephrine.
Amiodarone is initiated, but leads to significant hypotension. Lidocaine is to be
initiated as an alternative.

The patient has a long history of ETOH abuse, with known cirrhosis, and
substance abuse.

Height = 66 inches



Weight = 47.9 kg

GoESEoN 20000000 0

What would your recommended target steady-state concentration be for this
patient?

Because the patient is at high risk for accumulation, should you aim for the
lower end of the therapeutic range (1-2 mcg/mL) provided this concentration
controls the patient’s ventricular dysrhythmia. What would be your suggested
loading and maintenance doses to achieve a serum concentration of 2 mcg/ml
for this patient?

Answer:
L36:= 5.hr
Kel = 0.693/t% = 0.693/5 = 0.139/hr
Vdc = 0.6 L/kg x 47.9 kg = 28.7 L
V area = 2.6 L/kg x 47.9 kg = 124.5 L

Cl =0.139/hr x 124.5 L = 17.31 L/hr
LD = Css x Vdc = 2 x 28.7 = 57.4 mg, rounded to 50 mg

_2x1731/hr
60 min/hr

The patient should be assessed for suppression of dysrhythmia during the first 24
hours. If the infusion is to continue past 24 hours, she should be assessed for
adverse effects secondary to accumulation of lidocaine. Remember this level will
be difficult to assess in a patient with hepatic cirrhosis, so serum lidocaine
concentration may be necessary to guide further therapy.

MD = Css x Cl = 0. 58 mg/hr, rounded to 0.5 mg/min

CASE 3




A 63-year-old male with a history of cardiomopathy and NYHA class 1V heart
failure presents with SOB and fatigue. Over the next 24 hours, he is aggressively
diuresed leading to severe hyponatremia, hypokalemia, and hypomagnesemia.
His electrolyte disturbances are thought to have led to the occurrence of
ventricular fibrillation. ACLS procedure is followed, but based on the patient’s
past history of lack of response to amiodarone, the cardiologist wants to treat
him with lidocaine. Please suggest an initial dosing regimen to achieve a
lidocaine concentration of 3 mcg/mL.

Height = 69 inches
Weight = 104.6 kg

T% =2 hr
Kel = 0.693/t% = 0.693/2 = 0.347/hr

Vdc = 0.3 L/kg x 70.7 kg = 21.2 L, use LBW secondary to obesity
=70.7 kg

Varea =11L/kg x 70.7 kg =70.7 L
Cl=0.347/hr x 21.2 L = 7.36 L/hr

Answer:
LD = Css x Vdc = 3 x 21.2 = 63.6 mg, rounded to 75 mg
MD = Css x Cl = b 1 0.37 mg/min rounded to 0.5 mg/min
60 min/hr
CASE 4

A 49-year-old male is admitted s/p cardiopulmonary arrest. His current rhythm
is ventricular tachycardia, and he is to be started on a lidocaine infusion. He has
a long history of diabetes poorly controlled, renal insufficiency (CKD stage 4),
hyperlipidemia, morbid obesity, and severe CAD with several stents placed.

Height = 70 inches



Weight = 158.8 kg

GoESEoN 200000000 0 0

What is a typical loading and maintenance dose for this patient?

Answer:

Without liver dysfunction or heart dysfunction, the typical loading dose is 1-1.5
mg/kg based on LBW.

LBW =73 kg
73 x 1-1.5 mg/kg = 73-110 mg

Rounding doses of 75 or 100 mg would be appropriate.

Due to long diabetes history and known renal insufficiency, the patients’
serum target for lidocaine should be on the low end of the therapeutic range,
therefore, maintenance dose should start at the lower end, 1-2 mg/min.

CASE 5

An elderly female with a history of CHF presents with an acute 6-pound weight
gain and complaints of increasing pedal edema leading to an inability to
ambulate. She is placed on a furosemide continuous infusion for acute
pulmonary edema that necessitates intubation. Concurrent medications include
heparin 5,000 units subcutaneous q8h, cimetidine 300 mg via tube qlZ2h,
metoprolol 12.5 mg via tube q12h, ramipril 5 mg via tube daily, aspirin 81mg via
tube daily, propofol at 25 mcg/kg/min, and fentanyl 25 mcg/hr.

Height = 59 inches
Weight = 49.9 kg

Quesmoy

Based upon her disease state and current medications, what would your initial
loading and maintenance dosing be?



Answer:

With CHEF, the typical loading dose is 0.5-0.75 mg/kg. The patient is not obese,
so dosing is based on TBW.

0.5-0.75 mg/kg x 49.9 kg = 25 mg to 37.4 mg,
round to 25-37.5 mg IV push over at least 2 min

Considering her heart failure and significant drug interaction with cimetidine,
would aim for lower end of the therapeutic range (1-2 mcg/mL) for maintenance
dosing with lower dose 0.5—-2 mg/min.

On day 2 of therapy, the patient is observed to have facial twitching and
appears oriented x 0. Her current sedation has been stopped. A serum lidocaine
level was reported to be 6 mcg/mL with the lidocaine infusing at 2 mg/min. The
physician asks for your assistance in decreasing the serum lidocaine to 2
mcg/mL.

Because lidocaine kinetics are linear, a simple dose proportion can be set up:
Dose new/Css new = Dose old/Css old

2 mg/min X 2 mcg/mL

= (.67 mg/min, rounded
6 mcg/mlL t0 (.75 mg/min

New dose =

CASE 6

A 49-year-old female with a history of Down syndrome, hypothyroidism, morbid
obesity, and epilepsy is initiated on a lidocaine infusion for recurrent ventricular
tachycardia. Her current meds are famotidine 20 mg oral q12h, furosemide 20
mg oral daily, levothyroxine 88 mcg daily, phenytoin 150 mg po qam, and 300
mg po qHS, lidocaine 2 mg/min. She has a steady-state lidocaine level of 4
mcg/mL. Her cardiologist would like to maintain the serum lidocaine at 2
mcg/mL. Calculate and suggest a new dose based upon her current serum
concentration.

2 mg/min
Cl = dose/Css = = 0.5 L/min
4 mcg/mL (mg/L)




Dose = ClI x desired Css = 0.5 L/min x 2 mcg/mL (mg/L) = 1 mg/min
This dose would be appropriate since lidocaine and phenytoin may have
additive antiarrhythmic effects, so it should be started immediately.

CASE 7

An 88-year-old male presents with a syncopal episode which if found to be slow
monomorphic ventricular tachycardia. He has no previous cardiac history.
Hepatic and renal function are normal. He is 74 inches and 64.8kg. He is given
lidocaine 100mg 1V push, and placed on lidocaine 2 mg/min infusion. After 24
hours, he reverts back into his previous monomophic ventricular tachycardia
and a lidocaine concentration is drawn. His Css is 1.3 mcg/mL. While awaiting
transfer to the cath lab, the physician requests a dose to rapidly achieve 2.5
mcg/mL.

Answer:

Loading dose = (2.5 - 1.3) x 64.8 kg
= 77.8 mg, rounded to 75 mg

Dose new/Css new = Dose old/Css old

2 mg/min x 2.5 mcg/mL

New dose = = 3.85 mg/min, rounded

1.3 mcg/mL to 3.75 mg/min
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Lithium was discovered in 1818, and its psychiatric benefits were discovered in
the 1940s. Until 1950, the popular beverage 7-Up contained lithium citrate and
was positioned for people with hangovers. The number “7” in 7-Up is in
reference to the atomic mass of lithium and the word “Up” is in reference to the
uplifting effects of the lithium citrate.

Lithium is indicated for the management of bipolar disorders, the acute
treatment of manic episodes or mixed episodes in patients with bipolar 1 or
bipolar 2 disorder, and maintenance therapy in bipolar disorders to prevent or
decrease the intensity of subsequent manic episodes.!-> Lithium is also indicated
for refractory unipolar depression (60-80% efficacy).® Lithium has also been
used for the management of bulimia, tardive dyskinesia, alcoholism, cluster
headaches, postpartum psychosis, corticosteroid psychosis, posttraumatic stress
disorder, aggression, as an augmentation agent for patients with depression,
disorders of impulse control, schizoaffective and schizophrenic disorders,
neutropenia or anemia, and hyperthyroidism.3-® Lithium has been used for the
syndrome of inappropriate antidiuretic hormone, however, due to the perils of
using lithium in patients with water imbalances and the availability of
demeclocycline and the newer vaptans such as conivaptan, lithium should only
be used as a refractory agent.

Lithium has several mechanisms of action that influence its clinical effects in
psychiatry. Lithium reduces cation transport such as calcium, magnesium,
sodium, and potassium into cell membranes in the nerves and muscles.?> These
univalent and divalent cations are involved in the synthesis, storage, release, and
reuptake of catecholamines. Lithium also reduces the reuptake of catecholamines
and attenuates supersensitive receptors, resensitizing the receptor and
reestablishing the effects of norepinephrine, epinephrine, serotonin, and



dopamine.?> Both norepinephrine and dopamine may be involved in the

pathogenesis of mania, and serotonin may be involved with depression. The
effects of lithium may be noted within 7-14 days, and 14-21 days for a full
effect.

THERAPEUTIC AND TOXIC PLASMA

CONCENTRATIONS

Lithium has a narrow therapeutic index but a well-defined plasma concentration
range. The usual lithium target serum level for acute manic or mixed episodes in
patients with bipolar 1 or bipolar 2 disorder is 0. 8-1.2 mEq/L; rarely levels of
1.2-1.5 mEqg/L are needed.® Once the patient’s manic episode is stabilized,
maintenance lithium serum levels are 0.6-1.0 mEqg/L and rarely 1.0-1.2 mEq/L.
In order to minimize lithium-adverse effects, the target ranges of lithium for the
elderly are usually 0.2 mEq/L or less.” The available target serum levels for
lithium assume a multiple daily dose model; no target level has been established
for once-daily dosing.

ADVERSE EFFECTS

Two of the most common adverse effects associated with lithium are
gastrointestinal and central nervous system (CNS) related, and generally resolve
with continued treatment.? Gastrointestinal side effects may occur in up to 30
percent of patients and include nausea, vomiting, diarrhea, and bloating and are
more problematic with the extended release lithium dosage forms.? Central
nervous system adverse effects occur in 40-50 percent of patients, and include
confusion, lethargy, fatigue, headache, mild memory impairment, muscle
weakness, and tremor.® The hand tremor occurs in up to 50 percent of patients
and manifests as a fine, rapid intention tremor.”!® The CNS adverse effects of
lithium may be associated with high peak levels, and may be minimized by
administering the immediate-release lithium products with food or by using the
extended-release lithium products.™

Lithium may reversibly increase the WBC count by 10-30 percent and has
been used to treat neutropenia secondary to a variety of causes, with well-



controlled studies completed in patients with antineoplastic drug-induced
neutropenia.>1213 Lithium-induced leukocytosis, with leukocyte counts of
10,000-15,000/mm?> have been observed.? Lithium should not be used in
patients with leukemia.

Lithium decreases the response to antidiuretic hormone (arginine vasopressin)
and may cause nephrogenic diabetes insipidus (DI). The incidence of lithium-
induced DI is 30-50 percent and occurs shortly after treatment is started and
persists in 10-25 percent with chronic treatment.!4 Polyuria followed by
polydipsia and xerostomia occur with increased urine volumes to greater than 5
L/day. Polyuria has been successfully ameliorated with the potassium-sparing
diuretics amiloride or triamterene.!®

Lithium may cause hypothyroidism—the incidence is 1-4 percent. Lithium
inhibits organification of iodine and inhibits conversion of tetraiodothyronine
(T,) to triiodothyronine (T;). Elevated thyroid-stimulating hormone (TSH)

occurs in 6-25 percent of patients.'®1” Patients may present with goiters, with or
without hypothyroidism. All patients receiving lithium should be monitored for
signs and symptoms of hypothyroidism such as fatigue, depression, brittle hair,
coarse skin, cold intolerance, and hypotension. The TSH levels should be
completed at baseline and monitored every 6-12 months. Other endocrine effects
of lithium include mild asymptomatic hyperparathyroidism, and manifests with
increased calcium and decreased phosphate serum levels.>

Lithium-induced dermatologic adverse effects occur in 1 percent of patients
—acneform eruptions, folliculitis, and psoriasis exacerbation are most
common.'®!® A Raynaud’s disease-like effect occurs rarely and after one day of
use, presenting with painful discolored fingers and toes and coldness of
extremities.!® Lithium may cause benign electrocardiogram changes, specifically
T-wave inversion with an incidence of 30 percent.? Lithium causes nonspecific
renal morphologic changes such as glomerular fibrosis and interstitial fibrosis,
nephron and tubular atrophy.?’ Sclerosis of up to 10-20 percent of glomeruli
have been observed in some patients. The relationship between these changes
and renal function are unknown and generally have not been associated with
decreased renal function.’! Nevertheless, it is prudent to monitor renal function
with chronic lithium use.

Lithium is a teratogen and is classified as pregnancy category D.? Lithium
readily crosses the placenta and fetal lithium levels are equal to that of the
mother. Lithium has caused an increased risk of Ebstein’s anomaly of the
tricuspid valve to 1:1,000 from 1:20,000 in the normal population. Other



lithium-induced cardiac anomalies such as ventricular conduction delay have
been reported.?? Teratogenic effects seen with lithium include Down syndrome
and club foot. Lithium should not be used in the first trimester because of the
highest risk of teratogenic effects.?3 If lithium is used during pregnancy, the
lithium daily dose will have to be increased due to increased lithium clearance.
Immediately, postpartum renal clearance of lithium decreases to prepregnancy
levels, and the lithium daily dose will have to be reduced.

Lithium is a neurotoxin and toxicity can be life-threatening, presenting with
coarse tremors, stupor, seizures, dysrhythmias, renal failure, coma, and death.?4
Poor clinical outcomes with lithium toxicity can be predicted by the duration of
lithium toxic exposure and can lead to permanent basal ganglia damage.?® The
syndrome of irreversible lithium-effectuated neurotoxicity (SILENT) describes
irreversible neurologic and neuropsychiatric sequelae from chronic lithium
toxicity that persists for at least two months after lithium has been
discontinued.?® See Table 10-1 for concentration-related toxicities of lithium. In
order to avoid lithium toxicity patients should avoid scenarios that cause
dehydration, such as excessive sun exposure, diarrhea, vomiting, fever, and
diaphoresis. The loss of sodium and water will lead to reabsorption of lithium
and lithium toxicity. Patients should be instructed to maintain a regular diet with
special attention to sodium intake, drink 8—12 eight-ounce glasses of liquid daily,
and maintain a daily fluid input at 2,500-3,000 mL.

T?(])?’_II‘E Concentration-Related Lithium Toxicity



Mild Toxicity Moderate Toxicity Severe Toxicity

<1.5mEg/L 1.5-2.5 mEq/L >2.5 mEg/L
Fine tremor of limbs Coarse tremors of limbs Coarse tremors of limbs
Cog-wheel rigidity Muscle weakness Delirium
Gastrointestinal disturbances  Muscle twitching Stupor
Polyuria Hyperreflexia Clonus
Polydipsia Slurred speech Seizures
Aqitation Blurred vision and nystagmus ~ Qcinterval prolongation
Confusion Ataxia Renal failure
Delirium Sedation Respiratory-complications
Lethargy (oma
Hyperthermia Death

BIOAVAILABILITY

Lithium is not available intravenously, so the syrup liquid dosage form is used to
determine bioavailability and is considered to be 100 percent bioavailable.
Lithium is absorbed rapidly and achieves peak plasma concentrations with the
liquid syrup dosage form within 30—60 minutes, with immediate-release tablets
and capsules in 1-3 hours, and with sustained-release dosage forms in 3—12
hours.? The gastrointestinal absorption from immediate-release dosage forms of
lithium in tablets, capsules, or syrup is 95-100 percent, hence the bioavailability
of lithium is 1 (F = 1).2” The absorption of the sustained release dosage forms is



60-90 percent, in clinical practice 80 percent (F = 0.8) may be used.? Food
decreases the peak plasma concentrations of lithium but does not decrease the
bioavailability of lithium.

VOLUME OF DISTRIBUTION

Lithium is not protein bound and is widely distributed and approximately equal
to that of body water. Lithium has a molecular weight of 74 daltons and is a
monovalent cation. Lithium distribution follows a two-compartment open
pharmacokinetic model. Lithium distributes rapidly to the central compartment,
organs with a good blood supply (blood, heart, lungs, liver, and kidneys) and less
rapidly to the peripheral compartments (fat, skin, muscle, bone, thyroid, and
brain).?® The initial volume of distribution of lithium is 0.2-0.3 L/kg, and after
distribution is complete the final volume of distribution is 0.7 L/kg. The range of
the lithium volume of distribution is 0.6-1.2 L/kg. The lithium volume of
distribution in the elderly is 20—40 percent less due to less total body water and
lean body weight.? The alpha (distribution) half-life is 6 hours and is complete
in 10 hours.?® Due to lithium following a two-compartment model, serum levels
of lithium should be taken only after distribution is complete.

CLEARANCE

Lithium is not metabolized and is almost exclusively eliminated renally via
proximal tubule.? Negligible amounts of lithium are eliminated in the saliva,
sweat, and feces. Lithium is filtered via the glomerular membrane and 80 percent
of lithium is reabsorbed through the proximal tubule.? Tubular reabsorption of
lithium is closely linked to sodium. Lithium clearance is proportional to the GFR
and renal blood flow, and in patients with a normal sodium balance is 25 percent
of the creatinine clearance.?? The adult lithium clearance is 0.024 L/hr/kg and is
reduced in the elderly to 0.015 L/hr/kg.3!

HALF-LIFE



The alpha half-life of lithium is 6 hours, and the beta half-life is 20-24 hours.3°
The plasma half-life of lithium increases to 48 hours in patients with renal
failure. The time to achieve steady state with lithium is 3-5 days. Although
lithium concentrations plateau at steady state within 3-5 days allowing for
precise dosing adjustments in order to achieve target lithium serum levels,
clinicians should be cognizant that the clinical effects of lithium may take up to
14-21 days.

LITHIUM BLOOD SAMPLING

Because lithium distribution follows a two-compartment model, lithium plasma
levels need to be sampled after equilibrium between the first and second
compartments is complete. This process generally takes 8—12 hours after the last
dose.?829-32 Lithium levels may be drawn just before the first morning dose of
lithium and at least 8-12 hours after the last evening dose, which is a
postabsorption and postdistribution level. If necessary, clinicians may hold the
morning lithium dose for several hours in order to obtain a true trough lithium
level. During acute management with lithium, serum lithium levels should be
monitored once or twice weekly and then monthly. When patients are stable on
chronic lithium therapy, serum lithium levels may be taken every 1-6 months.

DOSAGE FORMS

Lithium is available in immediate-release and extended-release tablets and
capsules as the lithium carbonate salt. Lithium carbonate 300 mg equals 8.12
mEq of the lithium salt. Table 10-2 depicts the lithium dosage forms and
available strengths. Lithium capsules are preferred over the tablets because the
tablets cause stomatitis.>> The extended-release lithium dosage forms have
several advantages: they can be dosed twice or three times daily, they improve
compliance, and they minimize toxic peaks and subtherapeutic trough lithium

levels.? The extended-release dosage forms should not be crushed, chewed, or
halved.

T?(])')’_ E‘E Lithium Dosage Forms and Strengths



Dosaqe Form (arbonate (itrate Lithium Salt

[mmediate-release tablets 300 mg 8.12 mEq

Immediate-release capsules 150 mg 4,06 mEq
300mg 8.12mEq
600 mg 16.24 mEg

Extended-release tablet 300mg 8.12 kg
450 mq 1218 mkq

Syrup 560 mg 8mkq

Lithium oral solution is available as the citrate salt in a syrup dosage form.
Lithium citrate is prepared with citric acid and has a pH of 4-5. It is raspberry
flavored in sorbitol and available in a concentration of 300 mg/5 mL.> In order to
minimize gastrointestinal distress, lithium citrate should be diluted with water or
flavored juices. Lithium citrate should never be mixed with antidepressant or
antipsychotic liquids, especially chlorpromazine because it forms an insoluble,
unabsorbable citrate salt.> Lithium citrate is available as citrate 560 mg/5 mL,
which is equivalent to 300 mg or 8 mEq of lithium carbonate.? In order to
prevent medication errors, lithium liquid should only be ordered in milligrams
and not milliequivalents.

DOSING

The product labeling for immediate-release lithium carbonate lists a start dose of
600 mg (16 mEq) three or four times a day or lithium extended-release 900 mg
(24 mEq) twice daily. At these doses, 50 percent of adult patients would develop
lithium toxicity. Empiric dosing for lithium in acute mania is 15 mg/kg or 300
mg (8 mEq) three times a day and 300 mg (8 mEq) four times a day for larger



patients. Generally, for every lithium 8 mEq increase or decrease in daily dose,
the lithium level will increase or decrease by 0.3 mEg/L.?® Generally,
immediate- or extended-release lithium can be administered twice daily;
however, to decrease gastrointestinal and CNS adverse effects immediate-release
lithium is administered three to four times a day. Although lithium may be dosed
once daily, daily dosing achieves high peak plasma levels and is associated with
higher risk of CNS adverse effects.

DRUG INTERACTIONS

Thiazide diuretics may decrease lithium renal clearance by 30-70 percent.3*
Despite thiazides exerting their diuretic effect on the distal convoluted tubule
and lithium excretion occurring at a different site of the kidney in the proximal
convoluted tubule, the interaction occurs with a rapid onset, usually within days,
and the increase in lithium level is significant. Thiazides cause sodium and water
loss on the distal convoluted tubule of the kidney, and because the kidney cannot
distinguish between sodium and lithium, the sodium loss is compensated by
lithium reabsorption in the proximal convoluted tubule. Adjustment factors are
the fraction of the usual dose or clearance that would be suggested when both
lithium and the interacting agent are used concomitantly. The adjustment factor
for lithium with thiazide diuretics is 0.3-0.75 depending on the thiazide’s
potency, dose, and duration of effect. Loop diuretics are more potent in their
diureses effect than thiazides; however, they are short acting and hence less
likely to interact with lithium.3> When loop diuretics are administered via
continuous infusion or with multiple daily doses (three or four times a day),
significant water and sodium depletion and subsequent lithium toxicity may
occur—these combinations should be avoided. Osmotic diuretics such as
mannitol, urea, and glycerin increase lithium excretion and may lower lithium
serum levels; however, due to their propensity to cause dehydration, lithium
reabsorption may occur and lead to lithium toxicity.

Angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin II
receptor blockers (ARBs) induce sodium repletion resulting in lithium
reabsorption from the proximal tubule.®® The ACEIs increase lithium serum

levels by 15-30 percent.3” The interaction can occur within days or weeks and
can intensify after dosage increases. Several manufactures do not recommend
the concomitant use of ACEs and lithium. The adjustment factor for lithium with



ACEs or ARBs is 0.87 for patients less than 50 years old and 0.7 for patients
over 50 years.>*

Nonsteroidal anti-inflammatory drugs (NSAID) may decrease lithium
excretion and increase lithium serum levels by 20-80 percent.>* The magnitude
of the interaction is based on the potency, dose, and duration of effect of the
NSAID; however, significant magnitude variability with each NSAID exists
among different patients. The mechanism of this interaction is due to the
NSAID-induced renal inhibition of vasodilatory prostaglandins E, and I,

decreasing hydrostatic pressure, causing sodium and water reabsorption, and
subsequent lithium reabsorption. The NSAIDs that cause minimal renal
prostaglandin effects such as sulindac, nabumetone, and etodolac are not likely
to interact with lithium; however, it is prudent to monitor for lithium toxicity and
serum levels.3® Additionally, acetaminophen and low-dose aspirin do not interact
with lithium.?® The adjustment factor for lithium with NSAIDs is 0.2-0.8
depending on the NSAID’s potency, dose, and duration of effect. The usual
lithium adjustment factor when usual doses of NSAIDs are used is 0.7 to 0.8.

Theophylline and aminophylline increase the glomerular filtration rate and
subsequently increases lithium clearance by 20-60 percent.>* Similar increases
on lithium clearance are seen with caffeine, sodium-containing intravenous
fluids, and the administration of sodium bicarbonate intravenously or orally.*’
Cases of depressive and manic relapse have occurred when theophylline
products have been started and doses of lithium have not been increased. The
adjustment factor for lithium with theophylline, its derivatives, and sodium-
containing intravenous fluids is 1.2 to 1.3.

A pharmacodynamic interaction exists between lithium and the
nondihydropyridine calcium channel blockers (CCB) verapamil and diltiazem.*!-
42 Lithium can decrease the calcium transport into cells and alter CNS
neurotransmitter secretion; it is plausible that CCBs have a similar effect as
lithium in the CNS. Patients will present with signs and symptoms of lithium
toxicity, especially neurotoxicity and movement disorders with generally no
increases in lithium serum levels. The interaction with lithium and CCBs does
not generally occur with dihydropyridine CCBs.*> Because of this
pharmacodynamic interaction, adjustment factors cannot be used in this setting.
It is prudent to avoid lithium with nondihydropyridine CCBs, and when
administered concomitantly clinicians and patients should carefully monitor for
signs and symptoms of lithium toxicity.



CASES

CASE 1: DETERMINING THE LITHIUM MAINTENANCE
DOSE

MS is a 43-year-old white female to be placed on lithium carbonate for
refractory acute mania. Her serum creatinine = 1.1 mg%. Calculate a
maintenance dose to achieve a steady-state lithium serum level of 1.5 mEq/L.

Height: 56"
Weight: 70 kg

Answer:

Step 1. Calculate the patient’s creatinine clearance and convert to L/hr by
multiplying by 0.06.
The patient’s creatinine clearance is 61.7 mL/minute.

Creatinine clearance = 61.7 mL/min (0.06)

Creatinine clearance = 3.7 L/hr

Step 2. Calculate the patient’s lithium clearance using population data.
Lithium clearance = 0.25(Creatinine clearance)
Lithium clearance = 0.25(3.7 L/hr)
Lithium clearance = 0.92 L/hr

The lithium clearance in this patient is 0.92 L/hr.

Step 3. Calculate the maintenance dose (MD) using the following equation:



MD = (Clin Llhr)(cp&ﬁ wG)(T[hl‘/day])
(S)(F)
MD — (0.92 L/hour)(1.5 mEq/L)(24 hr)
(1)
MD = 33.1 mEq

Step 4. Convert lithium carbonate milliequivalents into the equivalent
lithium carbonate dose in milligrams using the following formula:

[lithium dose in mEq] x 300 mg
8.12 mEq

Lithium carbonate (mg) =

Lithium carbonate (mg) = [95:1 mEq] %o mg
8.12 mEq

Lithium carbonate (mg) = 1,222.9 mg

The total daily dose of lithium carbonate may be rounded down from 1,222.9
mg daily to 1,200 mg daily. This patient will need four capsules of 300 mg (8.12
mkEq) lithium carbonate daily.

This patient may be placed on any of the following regimens:
1. Lithium carbonate 300 mg: 1 capsule qid

2. Lithium carbonate 300 mg: 2 capsules bid

3. Lithium carbonate 600 mg: 1 capsule bid

CASE 1A: DETERMINING THE LITHIUM MAINTENANCE
DOSE USING THE PATIENT’S ACTUAL LITHIUM
CLEARANCE




MS is on lithium carbonate capsules 600 mg twice daily for the past two weeks,
and her steady state lithium serum level is 1.9 mEq/L. She has developed mild
muscle twitching, hand tremor, and occasional confusion. Calculate a new
maintenance dose to achieve a steady state lithium serum level of 1.5 mEq/L.

Answer:
Step 1. Calculate the patient’s actual lithium clearance, and compare it to

the patient’s lithium clearance that was determined using population
lithium clearance data.

(S)(F) x Dose
T[hr/day]

L=
pss AVG
(1)(1) x 32.48 mEq
24 hr
1.9 mEq/L

Cl=0.71 L/hr

The patient’s actual lithium clearance is 0.71 L/hr versus the patient’s lithium
clearance of 0.92 L/hr that was determined using population lithium clearance
data. The slower lithium clearance explains why the original maintenance dose
yielded a high and toxic lithium level of 1.9 mEq/L rather than the 1.5 mEq/L
target lithium level.

Cl =

Step 2. Calculate the new maintenance dose using the patient’s actual
lithium clearance using the following maintenance dose equation:



(Clin L/hr)(C__ . )(t[hr/day])
MD = -
(S)(F)
MD = (0.71 L/hr)(1.5 mEq/L)(24 hr)
(1)(1)

MD = 25.6 mEq

Step 3. Convert lithium carbonate milliequivalents into the equivalent
lithium carbonate dose in milligrams using the following formula:

[Lithium dose in mEq]
8.12 mEq

Lithium carbonate (mg) = x 300 mg

[25.6 mEq] x 300 mg
8.12 mEq

Lithium carbonate (mg) = 945.8 mg

Lithium carbonate (mg) =

The total daily dose of lithium carbonate may be rounded down from 945.8
mg daily to 900 mg daily. This patient will need three capsules of 300 mg (8.12
mEq) lithium carbonate daily.

This patient may be placed on any of the following regimens:
1. Lithium carbonate 300 mg: 1 capsule tid
2. Lithium carbonate 150 mg : 3 capsules bid

CASE 2: LITHIUM DRUG-DRUG INTERACTION WITH
THIAZIDE DIURETICS

AA is a 52-year-old Hispanic male, who is stable on lithium carbonate 300 mg
tid for acute bipolar disorder. His steady-state lithium serum level is at target at



1.5 mEqg/L. AA is diagnosed with hypertension and is to be placed on
chlorthalidone 25 mg daily. Do you need to adjust the lithium maintenance
dose?

Answer:

Chlorthalidone is a thiazide diuretic that decreases the renal clearance of lithium
by 30 percent and may cause lithium toxicity. The adjustment factor for thiazide
diuretics is 0.3—0.75, depending on the thiazide’s potency, dose, and duration of
effect. The average thiazide adjustment factor is 0.7. Chlorthalidone 25 mg daily
is the recommended average daily dose and has a 24- to 72-hour duration of
effect. The lithium dose should be adjusted using the adjustment factor of 0.7.
The patient should also be counseled to monitor for the signs and symptoms of
lithium toxicity.

The lithium maintenance dose should be adjusted by a factor of 0.7 using the
following formula:

MD = (Lithium daily dose in mEq)(Adjustment factor)

Lithium daily dose = (24.36 mEq daily) or (900 mg daily) or
(300 mg tid)

MD = (24.36 mEq/day)(0.7)
MD = 17.05 mEq/daily

17 mEq
MD =
8.12 mEq/Dose

MD = 2.09 capsules of 300 mg lithium carbonate

The new lithium carbonate dose for this patient is 300 mg twice daily and
takes into account the decreased renal clearance of lithium by chlorthalidone.

CASE 3: LITHIUM DRUG-DRUG INTERACTION WITH



THIAZIDE DIURETICS PLUS NONSTEROIDAL ANTI-
INFLAMMATORY DRUGS (NSAID)

BB 47-year-old white male, who is stable on lithium carbonate 300 mg tid for
acute bipolar disorder. His steady state lithium serum level is 1.5 mEq/L. BB is
to be placed on hydrochlorothiazide 12.5 mg twice daily and indomethacin 25
mg tid. Do you need to adjust the lithium maintenance dose?

Answer:

Hydrochlorothiazide is a thiazide diuretic that decreases the renal clearance of
lithium by 30 percent (adjustment factor is 0.7). Indomethacin is a highly potent
NSAID and decreases lithium clearance by 30 percent (adjustment factor is 0.7).
However, indomethacin inhibits renal vasodilatory prostaglandins and blocks the
diuretic effect of hydrochlorothiazide, thus negating the drug-drug interaction
between hydrochlorothiazide and lithium.

MD = (Lithium daily dose in mEq)(Adjustment factor)

Lithium daily dose = (24.36 mEq daily) or (900 mg daily) or
(300 mg tid)

MD = 24.36(0.7)
MD = 17.05 mEq/daily

17 mEq
8.12 mEq/Dose

MD =

MD = 2.09 capsules of 300 mg lithium carbonate

The new lithium carbonate dose for this patient is 300 mg twice daily and
takes into account the decreased renal clearance of lithium by indomethacin.

CASE 4: LITHIUM DRUG-DRUG INTERACTION WITH



THIAZIDE DIURETICS PLUS NSAIDs

CC is a 39-year-old, 90 kg, male, who is stable on lithium carbonate 300 mg tid,
with a steady-state lithium level of 1.5 mEg/L. CC is to be placed on
chlorthalidone 25 mg, and sulindac 150 mg bid. Do you need to adjust the
lithium maintenance dose?

Answer:

Chlorthalidone decreases renal clearance of lithium by 30 percent (adjustment
factor is 0.7). Sulindac is an NSAID that may spare the kidneys and may not
cause sodium and water retention, thus limiting the potential for a drug
interaction with lithium (adjustment factor is 0) or with chlorthalidone.
Heightened monitoring for lithium toxicity is recommended with sulindac
therapy; however, no dosing adjustments need to be made.

MD = (Lithium daily dose in mEq)(Adjustment factor)

Lithium daily dose = (24.36 mEq daily) or (900 mg daily) or
(300 mg tid)

MD = 24.36(0.7)
MD = 17.05 mEq/daily

17 mEq
MD =
8.12 mEq/Dose

MD = 2.09 capsules of 300 mg lithium carbonate

The new lithium carbonate dose for this patient is 300 mg twice daily and
takes into account the decreased renal clearance of lithium by chlorthalidone.

CASE 5: LITHIUM DRUG-DRUG INTERACTION WITH
NSAIDS PLUS ASPIRIN




JJ is 42-year-old male and stable on lithium carbonate 300 mg tid, with a
steady-state lithium level of 1.5 mEq/L. JJ is to be placed on ibuprofen 400 mg
twice daily and aspirin 81 mg daily. Do you need to adjust the lithium
maintenance dose?

Answer:

Ibuprofen is an NSAID and inhibits renal prostaglandins to cause sodium and
water retention and decreases the renal clearance of lithium by 20-30 percent
(ibuprofen adjustment factor is 0.8). Aspirin at high doses greater than 2 g daily
may cause sodium and water retention; however, lower doses such as the doses
used for acute coronary syndromes and stroke prevention (doses below 325
mg/daily) do not alter lithium clearance, and hence the low-dose aspirin
adjustment factor is 0. In this case only the ibuprofen adjustment factor should
be utilized to determine the new lithium dose.

MD = (Lithium daily dose in mEq)(Adjustment factor)

Lithium daily dose = (24.36 mEq daily) or (900 mg daily) or
(300 mg tid)

MD = 24.36(0.8)
MD = 19.48 mEq/daily

19.48 mEq
8.12 mEq/Dose

MD =

MD = 2.4 capsules of 300 mg lithium carbonate

The new lithium carbonate dose for this patient is 300 mg in the morning and
450 mg in the evening and takes into account the decreased renal clearance of
lithium by ibuprofen.
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DRUG CLASS OVERVIEW

Antipsychotics are the mainstay of drug treatment for the management of
schizophrenia and other psychotic disorders. The mechanism of action of the
medication depends on the type of antipsychotic with the older “typical”
antipsychotics focusing on the antagonism of postsynaptic dopamine type-2 (D,)

receptors. The newer “atypical” drugs antagonizing both D, and serotonin type-

2A receptors elicit a comparable antipsychotic effect but with the potential for
lessening iatrogenic movement disorders and improving negative symptoms
(e.g., anhedonia, flattened affect, cognitive impairment).! The option of using
depot formulations of these medications allows for a number of benefits
including consistent drug delivery, assured patient compliance, predicable
bioavailability, and avoidance of intentional or accidental overdose.? Available
depot formulations exist for the typical antipsychotics haloperidol and
fluphenazine and the atypical antipsychotics risperidone, paliperidone, and
olanzapine. Dosing parameters vary due to different drug release mechanisms
and intended time to response. (see Table 11-1) Their role in therapy has been
established and they are recommended for patients who would prefer this
method of treatment with the simplification of medication administration, who
have a history of relapse due to noncompliance, and when avoiding
noncompliance is a clinical priority.>* Although patients on depot antipsychotics
receive treatment on a more consistent and monitored basis, data are still limited
on whether depot injections reduce relapse rates or long-term adverse drug
events compared to oral antipsychotics.>®



T?E %E Dosing Parameters of Long-Acting Injectable Antipsychetics
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TYPICAL ANTIPSYCHOTICS

HALOPERIDOL AND FLUPHENAZINE

Haloperidol and fluphenazine are the two typical, or first-generation,
antipsychotics available in a long-acting injectable form. Both are synthesized
via esterification to a long chain fatty acid, decanoate. Previously, ethanate had
been utilized as a lipid chain for fluphenazine but this formulation is no longer
available in the United States. The esters are then dissolved in purified sesame
oil for final preparation in the standard concentrations of 50 mg/mL and 100
mg/mL for haloperidol decanoate and 25 mg/mL for fluphenazine decanoate.”8
After intramuscular injection, the availability of the drug is presumed to be
dependant on diffusion from the sesame oil because it has been observed that the
hydrolysis of the ester is rapid and enzymatically mediated. The free drug is then
allowed to pass through the blood brain barrier and elicit its antipsychotic effect
(see Figure 11-1). Since the elimination rate constant remains the same after
conversion to active drug, the absorption rate constant is the rate-limiting kinetic



step, which has been described as a “flip-flop” kinetics model.' Therefore, the
time to steady-state concentration is dependent on the absorption and could take
as long as 3 months to achieve.

Injection F—> Ester!ﬂeq
drugin oil
Released
Metabolism to Esterases | Esterified drug
active or inactive [€— Active drug [€——— in plasma
metabolites / \
Cerebrospinal Multicompartment

Y fluid tissue binding
Renal and “{

biliary
elimination

Receptor
binding

FIGURE 11-1. Disposition of depot antipsychotics. Source: Jann MW, Ereshefsky L, Saklad SR. Clinical
pharmacokinetics of the depot antipsychotics. Clin Pharmacokinet. 1985;10(4):315-333.



Therapeutic Concentrations

Therapeutic plasma concentrations for both haloperidol and fluphenazine have
been proposed, ranging from 5-14 ng/mL for haloperidol and <0.15-0.5 ng/mL
for fluphenazine, but routine monitoring is not an established practice due to
wide patient variability in response.”!%!1 A linear correlation between
haloperidol decanoate dose and steady-state plasma concentration has been
established with a linear regression equation®:

Plasma concentration (ng/mL) = 0.0291 % haloperidol decanoate
dose (mg/month)

Effective doses generally require 60—80 percent of postsynaptic D, receptors

to be antagonized, with lower percentages being less effective, except in the case
of clozapine, and higher percentages being more associated with extrapyramidal
symptoms (EPS).1%13

Bioequivalence to Oral Therapy

Due to the nature of the route of drug administration, depot administration
bypasses oral absorption variability and first-pass or other predistribution
metabolism. The conversion of stabilized patients to haloperidol decanoate can
utilize a loading dose of 20 times the daily oral dose for the first injection and
10-15 times the oral dose for subsequent doses, or the prescriber can opt to give
10-15 times the oral dose but it is recommended to continue the oral dose of
haloperidol for at least seven days. Fluphenazine decanoate is recommended to
be dosed at 12.5-25 mg initially although a conversion ratio has been calculated
at 1.6 times the daily oral dose being equivalent to the intramuscular
fluphenazine decanoate requirement in mg/week but this conversion is rarely

utilized.10

Clearance

Both medications undergo extensive hepatic metabolism with single-dose kinetic
studies showing that after an initial peak within 24-48 hours, fluphenazine
follows first-order elimination kinetics with an apparent half-life of 6.8-9.6
days, which increases to 14 days after multiple injections. Haloperidol decanoate
has a peak after 7 days (range 3-9 days) and is noted to have a half-life of
approximately 3 weeks. 19



ATYPICAL ANTIPSYCHOTICS

RISPERIDONE

The first atypical or second-generation antipsychotic to be available in a long-
acting injectable (LAI) formulation is risperidone. It differs significantly from
the first depot injections in that it is an aqueous formulation containing drug
microencapsulated in a polylactide-co-glycolide (PLGA) polymer.'* The
polymer slowly hydrolyzes, releasing the drug in a slow but steady absorption
pattern with clinically significant plasma levels of risperidone and its active
metabolite, paliperidone (9-hydroxyrisperidone), developing in 3 weeks.

Therapeutic Concentration

After initial drug release, plasma concentration of risperidone continues to rise,
reaching Cy;ax in 4-5 weeks and lasting up to 7 weeks. This delay in drug

absorption after the first injections necessitates the need for oral overlap for the
first 3 weeks, although some practitioners would recommend covering for at
least 6 weeks or after four injections to ensure the subject is at steady state.
Kinetic studies (see Table 11-2) have shown that oral doses of 2 mg, 4 mg, and 6
mg daily are equivalent to 25 mg, 50 mg, and 75 mg of long-acting risperidone
every 2 weeks, respectively, but current dosing conversion recommendations are
25 mg, 37.5 mg, and 50 mg every 2 weeks based on dose-repsonse studies.!®

§V:\:1 9 0 Steady-State Pharmacokinetics and Bioavailability of Long-
18BN Acting Risperidone Injection and Oral Risperidone



Value at Indicate Dose

Variableand ~ 2mqOral,25mg  4mgOral, 50mg 6 mgOral, 75 mg
Formulation Long-Acting (n=21)  Long-Acting (n=31)  Long-Acting (n=26)

Mean£DC, (ng/ml)

Oral 32949 TA1£315 107.0 49,0
Long-Acting 20119 5731313 806400
Mean£SDC,, (ng/ml)

Oral 114436 23£101 306£15]
Long-Acting 13145 243£16.0 3261165
Mean £ 5D % fluctuation

Oral 118433 13743 130445
Long-Acting 69+ 4 83+45 88+ 54
AUC(ng*hr/mL)

Oral’ 5,9% 12027 18,056
Long-Acting” 5303 11,571 16,886

9CpaAx = maximum plasma drug concentration, CpqpN = minimum plasma drug concentration, AUC =
area under the concentration-versus-time curve.

Dl east squares means (log transformed).

Source: Eerdekens M, Van Hove I, Remmerie B, Mannaert E. Pharmacokinetics and tolerability of long-
acting risperidone in schizophrenia. Schizophr Res. 2004;70(1):91-100.



Bioequivalence to Oral Therapy

Bioequivalent conversion from oral to risperidone LAI as noted already has
shown a slight decrease in AUC with an IM to oral ratio ranging from 88-94
percent as the dose increases from 25 mg to 75 mg.!°

Clearance

As the drug is released from the polymer matrix the pharmacokinetics of oral
and long-acting risperidone are similar. The metabolism of risperidone to 9-
hydroxyrisperidone is mediated via cytochrome P-450 (CYP) isoenzyme 2D6.
Due to the difference in drug-release mechanism, the half-life of risperidone LAI
is increased from 3 hours to 4-6 days.

PALIPERIDONE

Paliperidone is another atypical antipsychotic developed into a long-acting
injection formulation.”?® However, the formulation of paliperidone palmitate
differs from the long-acting injection formulation of risperidone. Paliperidone
palmitate is an extended-release aqueous-based nanosuspension, whereas
risperidone has the unique microsphere formulation.?-14

Paliperidone palmitate has a low solubility and allows for an extended-release

injectable product.?! The isotonic aqueous buffer in which the drug is suspended
penetrates muscle tissue and leaves a collection paliperidone palmitate particles
locally at the injection site.?!*> The drug particles dissolve slowly and are
hydrolyzed into paliperidone and palmitic acid exhibiting biphasic absorption
into systemic circulation.?! The extended-release profile is a direct function of
the paliperidone palmitate particle size, which is controlled by the wet grinding
manufacturing process to increase surface area.’!

Therapeutic Concentration

Paliperidone palmitate is initiated with a 234 mg injection on Day 1, and a 156
mg injection on Day 8 with monthly injections thereafter.’” A paliperidone
plasma concentration of 7.5 ng/mL, the threshold for antipsychotic efficacy, is
generally reached within one week after the first injection.?®> However, plasma
concentrations do not approach the Cy;ax of 19 ng/mL until Day 13 after
paliperidone palmitate initiation.’! Due to its biphasic release pattern,
supplemental oral antipsychotic doses are not recommended once the first dose



of paliperidone palmitate is administered.?>?3 Previous kinetic studies have
shown that monthly intramuscular paliperidone palmitate plus daily oral
paliperdone doses of 6 mg or 12 mg daily results in a Cy;5x range of 55-80
ng/mL.?? Daily doses of 3 mg, 6 mg, and 12 mg are equivalent to monthly
intramuscular paliperidone palmitate doses of 39 mg/78 mg, 117 mg, and 234
mg, respectively.2’

Bioequivalence to Oral Therapy

Various kinetic trials have shown that median peak concentrations are 28 percent
higher after the first injection into the deltoid muscle, compared to the gluteal
muscle, which is most likely due to general anatomy of each site with more
muscle and less adipose tissue within the deltoid.?%?? For this reason, it is
recommended to initiate paliperidone palmitate in the deltoid muscle to achieve
therapeutic concentrations more rapidly.>> However, the overall AUC resulting
from both injection sites are within comparable ranges.??> So when administering
maintenance injections, it is acceptable to rotate injection sites.?

Bioequivalent doses of daily oral paliperidone to monthly intramuscular
paliperidone palmitate are as mentioned previously. It is important to note that
156 mg of paliperidone palmitate is equivalent to 100 mg of active paliperidone.
See Table 11-3 for equivalency conversions from long-acting intramuscular
risperidone to paliperidone palmitate.?>

Recommended Maintenance Equivalent Dose Conversions
from Long-Acting IM Risperidone to IM Paliperidone
Palmitate

TABLE

I NEX




Risperidone IM q2weeks Paliperidone palmitate IM qdweeks

12.5mg 39 mg
25mg 78mg
31.5mg 117mg
Simg 156mg
Unknown 234mq

|
Source: National Drug Monograph. Paliperidone palmitate [package inserts] (Invega Sustenna). June 2010.

Clearance
Paliperidone (active drug) undergoes hydroxylation, dehydrogenation, and
benzisoxazole scission.?? It has minimal involvement with CYP 2D6 and 3A4

isoenzymes, and is primarily eliminated renally.’® Due to the drug release
mechanism of the long-acting injection of paliperidone, the half-life is increased

from 23 hours to 25-46 days.??

OLANZAPINE

Olanzapine pamoate monohydrate is a long-acting antipsychotic injection,
specifically a salt-based depot combining olanzapine and pamoic acid.?* This
salt is poorly soluble, and its slow dissolution at the gluteal muscle injection site
provides the mechanism for prolonged systemic absorption of olanzapine.?4?°

Therapeutic Concentration

Upon intramuscular administration of olanzapine pamoate, the continuous
dissolution of the salt begins immediately. A measurable serum concentration is
reached within minutes to hours of intramuscular injection.?* Supplementation
with concurrent oral antipsychotic medication is not necessary due to the salt’s
quick dissolution process. Therapeutic serum concentrations are generally
reached within the first week of initiation and steadily decline over the next few



weeks allowing for 2- or 4-week dosing.?4?°> Once olanzapine pamoate reaches
steady state, plasma concentrations can range from 5 mg/mL to 73 mg/mL,
which is equivalent to oral administration of olanzapine 5 mg to 20 mg once
daily.?4%°

Bioequivalence to Oral Therapy

Intramuscular injection of olanzapine pamoate 300 mg every 2 weeks delivers
approximately 20 mg of olanzapine per day, and 150 mg of olanzapine pamoate
every 2 weeks delivers approximately 10 mg per of olanzapine daily.?> Refer to
Table 11-4 for conversion dosing from oral to long-acting injection of
olanzapine.?”

T‘?EE‘E Recommended Dose Conversion from Oral to LAI Olanzapine

Olanzapine LAl Dose Olanzapine LA Maintenance
Oral Olanzapine Dose  During First 8 Weeks Dose After § Weeks

10 mo/day 210 mq every 2 weeks 150 mg every 2 weeks
OR OR
405 mq every 4 weeks 300 mq every 4 weeks

15 mg/day 300 mq every 2 weeks 210my every 2 weeks
O
405 mq every 4 weeks

20 mq/day 300 mq every 2 weeks 300 mq every 2 weeks

|
Source: National Drug Monograph. Paliperidone palmitate [package inserts] (Invega Sustenna). December
2010.

Postinjection Delirium/Sedation Syndrome



Postinjection delirium and sedation syndrome (PDSS) is a serious adverse event
that occurs following approximately 0.7 percent of all long-acting olanzapine
injections.?* The symptoms of this postinjection syndrome are consistent with an
olanzapine overdose, and generally appear within 3 hours of administration.?*
Observed symptoms of PDSS include sedation (ranging from mild in severity to
coma) and/or delirium (including confusion, disorientation, agitation, anxiety,
and other cognitive impairment), extrapyramidal symptoms, dysarthria, ataxia,
aggression, dizziness, weakness, hypertension, and convulsion.?> Most
olanzapine concentrations during a postinjection syndrome event have been
found to exceed 100 ng/mL; some cases report concentrations reaching over 600
ng/mL.>* Various factors have been investigated and excluded as possible
mechanisms for this reaction, such as product quality issues, errors in
reconstitution, and inappropriate dosing and administration.*

Evidence indicates that the mechanism of the overdose-like presentation of
PDSS is a likely result of a more rapid than intended dissolution of olanzapine
within hours of intramuscular administration. Simply stated, an amount of drug
is inadvertently injected intravenously (refer to Figure 11-2).>4 Olanzapine
pamoate solubility in plasma is substantially higher than in the extracellular fluid
surrounding muscle tissue.>* However, even in the plasma, the pamoate salt must
still separate into active olanzapine and pamoic acid. Thus, the overdose-like
symptoms do not occur immediately upon injection, but rather 1-3 hours after
administration.*
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FIGURE 11-2. Illustration of proposed mechanism for olanzapine LAI distribution after vessel damage by
nicking. The figure illustrates the proposed mechanism for distribution of the olanzapine LAI suspension
during a PDSS event. The first panel depicts the tip of the syringe needle piercing the wall of the blood
vessel situated within the muscle bed. In the second panel, the medication has been injected into the muscle



tissue and is leaking into the blood vessel through the punctured vessel wall. Source: McDonnell DP, et al.
Post-injection delirium/sedation syndrome in patients with schizophrenia treated with olanzapine long-
acting injection, II: investigations of mechanism. BMC Psychiatry. 2010;10:45

The timing of the overdose-like symptoms and their resolution have appeared
to correspond to the concentration-time profile, with symptoms resolving and
olanzapine concentrations decreasing to therapeutic ranges within 24 to 72
hours.?4#?> The maximum plasma concentrations during PDSS have not been
found to clearly correlate with the dose of olanzapine pamoate given.?*

Clearance

The major metabolic pathways for olanzapine include direct glucuronidation and
CYP 450 mediated oxidation.?®> Studies have suggested that CYP 1A2 and 2D6
are the oxidation enzymes for olanzapine, 2D6 being the minor pathway.?>2
This was determined because patients lacking this enzyme do not have issues
adequately clearing olanzapine. The approximate half-life of olanzapine pamoate
is 30 days, compared to the oral formulation, which is approximately 30 hours.?”

CASES

CASE 1

LE is a 26-year-old male with a 4-year history of schizophrenia admitted to the
acute psychiatric unit for recent decomposition with auditory hallucinations and
paranoid delusions. LE’s caregiver notes that he has not taken medications for
the past 2 weeks and has a history of hospitalizations due to noncompliance. He
is currently on haloperidol 3 mg po BID. After 3 days on the unit, LE begins to
take medications and the psychiatrist places him on a new dose of 5 mg po BID
with the option for converting to LAI. LE opts for haloperidol decanoate. The
psychiatrist asks for options on the proper dosing practices of haloperidol
decanoate.

Calculate a regimen utilizing a loading dose and maintenance dose based on
LE new oral regimen as well as a regimen without a loading dose.

Answer:

Loading dose regimen:



Oral dose: 5 mg po BID = 10 mg/day
Conversion to LAI: 1 mg oral haloperidol per day = 20 mg IM
haloperidol decanoate x 1 dose, then 10—15 mg IM haloperidol
decanoate g4weeks
10 mg oral haloperidol x 20 = 200 mg haloperidol decanoate IM x 1
10 mg oral haloperidol x 10-15 = 100-150 mg haloperidol
decanoate IM g4weeks

The conversion factor of 20 times the daily haloperidol dose closely
approximates optimal plasma levels, taking into account the reported
bioavailability of haloperidol (60-70%), but subsequent doses can increase
plasma concentrations greater than twice that of oral therapy. So a dose reduction

to 10 to 15 times that of the oral regimen is recommended.®6-18
Nonloading dose regimen:

Conversion to LAI: 1 mg oral haloperidol per day
= 10-15 mg IM haloperidol decanoate g4 weeks plus oral
haloperidol 5 mg po BID x 7 days
10 mg oral haloperidol x 10—15 = 100-150 mg haloperidol
decanoate IM g4week + haloperidol 5 mg po BID x 7 days

Given that the time to peak for haloperidol decanoate is 7 days, it is generally
recommended to continue oral medication for at least a week to ensure
appropriate plasma concentrations in the interim.

GoESEoN 20000000 00

Given that the psychiatrist chose to give LE the 100 mg dose, what is the
expected plasma concentration after 4 months of therapy?

Answer:

Plasma concentration (ng/mL) = 0.0291 x 100 mg/month
= 29.1 ng/mL

This concentration is twice the proposed upper limit of normal for the proposed
therapeutic range for haloperidol placing the patient at high risk for EPS but
reflects the interpatient variability in treatment response. Efforts should be made



to determine the lowest effective dose for all patients.

CASE 2

MJ is a 45-year-old female with a long history of schizodffective disorder,
controlled on risperidone 3 mg po bid. MJ notes that she heard about the long-
acting injectable formulation of risperidone and would like to change her
regimen.

QuesmoNt

What regimen would you recommend for converting MJ to risperidone LAI?

Answer:

Initiate risperidone LAI 50 mg IM g2 weeks. Continue oral therapy x 3 weeks.

As noted before, kinetic profiles do show that 6 mg/day of oral risperidone is
equivalent to 75 mg of the LAI, but dose-response studies show a better
correlation with the 50 mg dose. Also, due to the formulation of the injectable,
oral therapy has to be continued for at least 3 weeks after the first injection in
order to ensure adequate plasma concentration and prevent inadvertent relapse.

QuesmoNz

MJ returns for a routine checkup with no reports of psychotic features but does
complain of worsening symptoms of depression. The psychiatrist initiates
paroxetine 20 mg po daily. Three weeks later, MJ returns reporting no change in
mood and noticeable tremors and complaints of restlessness. What could explain
MJ’s new onset adverse effects? What measures could be taken to resolve them?

Answer:

This situation is a case of CYP 2D6 drug-drug interaction between paroxetine
and risperidone. Paroxetine is a potent 2D6 inhibitor and depending on the
subject’s 2D6 metabolic phenotype (e.g., ultra-rapid, extensive, intermediate,
poor) can cause significant side effects. Clearance rates of risperidone can be
reduced by as much as 36 percent if a subject’s phenotype is changed from an



extensive metabolizer to a poor metabolizer.'® Also, the inhibition of 2D6
prevents the conversion to 9-hydroxyrisperidone, which can impact patient
response to the medication. In this case, MJ has developed two movement
disorders, pseudoparkinsonism and akathisia, an extreme restlessness caused by
antipsychotics.

In this case two options are available:

» Change the dose of risperidone LAI: Recommend reducing dose to 37.5
mg.

» Change paroxetine to a different antidepressant without 2D6 inhibition:
Recommend switching to citalopram 20 mg po daily.

The preferred option depends on patient response to the antidepressant. Since
3 weeks have passed and MJ does not endorse any change in mood, possibly due
to lack of efficacy of paroxetine or new onset adverse drug effects, a prudent
approach would be to change the antidepressant.

CASE 3

JK is a 57-year-old male, with a history of chronic schizophrenia controlled on
fluphenazine decanoate 25 mg IM q2weeks for the past three years, reporting to
his new psychiatrist for increasing paranoia over the past 2 months. JK recently
moved from another state and reports increased stress and is concerned that the
fluphenazine doses that he is receiving from his new home care nurse is not
working. JK has a history of hypertension for which he takes amlodipine 5 mg
po daily and reports that he started smoking one pack per day due to the stress
of the move.

Height = 67"
Weight = 75 kg

Quesmoy

What pharmacokinetic changes could explain JK’ worsening psychotic
symptoms?

Answer:



JK has a couple of explanations for his worsening symptoms:

* Increased fluphenazine clearance secondary to smoking

» Improper administration technique by the “new” home care nurse, leading
to impaired drug absorption

The first issue of increased clearance of fluphenazine decanoate is well
established in smokers. Ereshefsky and colleagues noted that smoking increases
oral fluphenazine clearance by a factor of 1.67 and fluphenazine decanoate by a
factor of 2.33.20 This significant increase in fluphenazine clearance could require
a dose increase of up to 133 percent, or roughly 60 mg IM g2weeks.

The other concern is the potential of JK not receiving the full dose during
administration. Experienced psychiatric care providers know to utilize the “z-
track” method of administration in order to prevent leakage of the drug/lipid
matrix as well as to use a needle of appropriate length. The former could be the
case with JK in that he notes that the home care nurse is new; but without direct
observation of the administration technique, it is only speculation. The potential
of incorrect needle length is mainly a concern with obese patients who may have
a considerable amount of adipose tissue that prevents the needle tip from
extending into the muscle, which would considerably delay absorption of the
drug. Given JK is only 75 kg and has a BMI of 26, needle length is not likely an
issue. Finally, repeated injections at the same site can potentially lead to reduced
vascularization and thus lower absorption rate. Rotation of the site of injection is
important for this reason.

CASE 4

CP is a 61-year-old African American male with a long history of schizoaffective
disorder. He has recently become controlled on oral paliperidone 6 mg daily.
Aside from his psychiatric illness, CP also has a complicated medical history
including hypertension, hyperlipidemia, diabetes mellitus, and chronic kidney
disease.

Height = 70"

Weight = 99 kg

IBW 73 kg, ABW 83.4 kg

SCr: 1.7 mg/dL

CP reports frustration with his medication regimen, and he would like reduce
his pill burden. He remembers being on an injection a few years ago and



expresses interest in trying a long-acting injection again.

This patient is currently on oral paliperidone. Does he still require a initial
loading regimen? What if he was stabilized on a different long-acting
antipsychotic injection?

Answer:

Yes, this patient still requires an initial loading regimen of paliperidone
palmitate. However, if he was previously controlled on another LAI, no initial
loading of paliperidone palmitate would be required. Once monthly
administration, consistent with patients’ previous injection schedules, is
appropriate.

What would be the initial loading regimen of paliperidone palmitate when
converting CP from oral paliperidone?

Answer:

Paliperidone has extensive renal elimination with 59 percent of unchanged drug
removed via the kidneys. Drug accumulation and a prolonged half-life is a
concern for patients with renal insufficiency with half-lives increasing from 23
hours to 51 hours in patients with severely impaired renal function. Dose
adjustments are recommended in patients who have a creatinine clearance of 50—
80 mL/min.

Day 1: 156 mg

Day 8: 117 mg, with maintenance doses of 78 mg every 4 weeks
[(140 — 61) x 83.4]/(72 x 1.7) = CrCl 53.8 mL/min
(mild renal impairment)



In terms of renal function, when is the use of paliperidone palmitate not
recommended?

Answer:

Use is not recommended in patients with CrCl <50 mL/min.

CASE 5

RM is a 32-year-old male with a nine-year history of schizophrenia, currently
controlled on oral olanzapine 15 mg daily. The patient often has to keep his
medication with him wherever he goes so that he can remember to take it at the
same time every day. RM does not like to carry his medication with him because
“it’s annoying,” and he does not want others to accidentally see what medication
he does take. He has made some friends in various groups he attends and has
heard about “shots” he can get every month.

QuesmoNt

What does this patient need to first be counseled on about olanzapine pamoate
therapy?

Answer:

Because postdelirium/sedation syndrome (PDSS) or “postinjection syndrome” is
a possibility, the patient needs to remain in a health care setting to be observed
by a health care professional for at least 3 hours after every injection.

Symptoms of PDSS include sedation (ranging from mild in severity to coma)
and/or delirium (including confusion, disorientation, agitation, anxiety, and other
cognitive impairment), extrapyramidal symptoms, dysarthria, ataxia, aggression,
dizziness, weakness, hypertension, and convulsion.

RM understands and agrees to the parameters surrounding injection
administration.

QuesmoNz

What dosing regimen of olanzapine pamoate would you initiate in RM? And



would this regimen need to be adjusted? If so, at what time point?

Answer:

Initial dosing would be olanzapine pamoate 300 mg IM every 2 weeks, but this
regimen would need to be adjusted after the first 8 weeks.

At initiation, the patient is pleased with his new treatment. Despite adequate

counseling before starting the long-acting injection, however, RM becomes
frustrated that he’s had to come in every 2 weeks.

It’s Week 6 of therapy (3 injections given), what do you tell RM?

Answer:
The initiation period is 8 weeks, so he has one more 2-week injection remaining.
After that, RM can be switched to monthly injections.

This situation isn’t what RM prefers, but nonetheless he is understanding and
agrees to continue with injection treatments.

What monthly maintenance dose of olanzapine pamoate do you recommend for
RM?

Answer:

Maintenance dose: Olanzapine pamoate 405 mg IM every 4 weeks
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DRUG OVERVIEW

Approximately 80 percent of critically ill intensive care patients require
mechanical ventilation, thus administration of a one-time-only dose of a
neuromuscular blocking agent (NMBA) is common. They are used to facilitate
endotracheal intubation as they prevent laryngospasm and keep the patient from
resisting the procedure. These agents should not be used, however, if the
normalcy of the airway and the ability to successfully accomplish bag-mask
ventilation and endotracheal intubation are questionable. Once intubated, only 1
percent to 15 percent of ICU patients are treated with continuous infusion or
scheduled NMBAs (1%, surgical ICU; <10% medical ICU; ~15% trauma and
pediatric ICU).! Aggressive use of analgesia and sedation is essential initially,
and NMBAs are reserved for patients who fail to meet desired goals despite
maximum sedative therapy. The clinical practice guideline for sustained
neuromuscular blockade published by the Society of Critical Care Medicine
states that “NMBAs should be used in an adult patient in an ICU to manage
ventilation, manage increased ICP, treat muscle spasms, and decrease oxygen

consumption ONLY when all other means have been tried without success.”?

When used to manage ventilation, NMBAs allow improvement in pulmonary
compliance. Neuromuscular blocking agents can assist ventilation therapy in at
least three ways: (1) by reducing or eliminating spontaneous breathing; (2)
preventing motor activity that might dislodge catheters, surgical dressings, or



chest tubes; and (3) reducing oxygen consumption by patients with severely
diminished cardiopulmonary function. However, the effect of neuromuscular
blockade on ventilatory mechanics and chest wall compliance may be minimal
in a patient who is maximally sedated. Although NMBAs are used in the
mechanically ventilated patient, well-designed controlled trials do not exist that
document improved patient outcomes when they are used to facilitate
mechanical ventilation.'> Most reports are limited to case studies, small
prospective open-label trials, and small randomized open-label and double-blind
trials. In addition, none of these reports compared NMBAs to placebos.

NMBAs may be wused postoperatively for several reasons. First,
neuromuscular blockade can prevent unacceptably high oxygen consumption
due to the profound shivering that frequently accompanies rewarming from
hypothermia. This condition is particularly deleterious for hypoxic patients or
those with a history of cardiovascular disease. Further, postoperative
neuromuscular blockade may be a useful adjunct to promote healing of specific
surgical wounds (e.g., vascular anastomosis, supraglottoplasty) by immobilizing
the patient for a defined period. Immobilization may prove of particular benefit
after tracheal resection and anastomosis or when closure of the wound has been
difficult or disruptive and its loss of integrity would place the patient at great
risk. Improved patient outcomes have been documented in the surgical
population when NMBAs are utilized postoperatively for complicated ENT
procedures (cricoid split and supraglottoplasty) when compared to historical

controls.!

Apart from mechanical ventilation and postoperative indications, situations in
the ICU that may warrant administration of NMBAs are diverse. Therapeutic
paralysis has been used appropriately in treating tetanus, status epilepticus, and
uncontrolled intracranial hypertension or intracranial pressure (ICP). The use of
NMBAs for prevention of rhabdomyolysis, myoglobinuria, and acute renal
failure following status epilepticus and tetanus leads to improved patient
outcomes. These benefits are intuitive and not extensively documented in the
literature (mostly case reports). However, as paralytics do nothing to terminate
seizures or protect the brain of seizing patients, concomitant antiepileptic
therapy is mandatory and continuous or intermittent EEG monitoring is
recommended. The routine use of NMBAs for patients post head injury has been
discouraged, due to increased risk of pneumonia that may result in prolongation
of ICU stay. Therapeutic paralysis may help control elevated intracranial
pressure, so NMBAs may have a role after more conventional therapies post
head injury.



The main use of NMBAs outside of the ED and ICU settings is to produce
skeletal muscle relaxation during surgery after general anesthesia has been
induced. When used in this setting, NMBAs allow a lighter level of anesthesia to
be used.

PHYSIOLOGY

Although a detailed review of the physiology of the neuromuscular junction
cannot be presented here, an understanding of the basic physiology is necessary
for discussion of the pharmacodynamics of the neuromuscular blocking agent
(NMBA). The neuromuscular junction consists of the prejunctional motor nerve
ending, synaptic cleft, and postjunctional membrane, which contain nicotinic
cholinergic receptors. The neurotransmitter acetylcholine (ACh) is synthesized
in the motor nerve terminal and stored in vesicles. Normal neuromuscular
transmission results from the release of ACh from the nerve terminal, its
movement across the synaptic cleft, and subsequent binding to the postsynaptic
nicotinic receptor on the sarcolemma of the skeletal muscle. The ACh molecules
diffuse across the synaptic cleft and bind to the acetylcholine receptors, initiating
a conformational change in the receptor that “opens” a potential channel formed
by the receptor subunits. The opening of this channel allows the influx of sodium
and calcium ions and the efflux of potassium ions, thereby facilitating the
depolarization of the motor endplate and propagation of an action potential that
spreads across the skeletal muscle fibers, leading to contraction. The enzyme
acetylcholinesterase is responsible for rapid hydrolysis of ACh, which terminates
the depolarization of the motor endplate.>

Neuromuscular blocking agents are designed to structurally resemble
acetylcholine and all currently available NMBAs induce paralysis of skeletal
muscle by occupying the ACh receptors on the muscle fiber, thereby preventing
the binding of ACh to the receptors. They are classified as either depolarizing or
nondepolarizing relaxants according to their effect on the motor end plate. The
bulky nature of nondepolarizing NMBA, compared with that of ACh, causes
drugs to interact with the receptors as antagonists, rather than agonists.
Succinylcholine, the only depolarizing NMBA in clinical use, has a high affinity
for ACh receptor sites. It binds with ACh receptors and depolarizes the motor
end plate, but produces a more sustained depolarization than ACh, inactivating
sodium channels and preventing impulse transmission. Transient twitching of
skeletal muscle (fasciculation) is briefly produced, followed by paralysis. By



contrast, nondepolarizing agents compete with ACh for access to receptors on
the motor end plate, but once bound have no agonist activity. They have no
effect on the resting electric potential of the motor end plate and do not cause
muscle contraction. Evidence suggests that they also act to prevent ACh

mobilization to some degree.>

SEQUENCE OF ONSET OF NEUROMUSCULAR

BLOCKADE

Small, rapidly moving muscles such as those of the eyes and digits are affected
by NMBA before those of the trunk and abdomen. Ultimately, intercostal
muscles and finally the diaphragm are paralyzed. Recovery of skeletal muscles
usually occurs in the reverse order to that of paralysis such that the diaphragm is
the first to regain function.

Intravenous injection of an NMBA to a person who is awake initially
produces difficulty in focusing and weakness in the mandibular muscles
followed by ptosis, diplopia, and dysphagia. Relaxation of the small muscles of
the ears improves acuity of hearing. Consciousness and sensorium remain
undisturbed even in the presence of complete neuromuscular blockade. If time
and patient condition permit, counseling the patient of what he or she will
experience would most likely decrease any need for anxiolytics and sedation as
the experience would be less terrifying.

BIOAVAILABILITY

All NMBA are poorly absorbed from the gastrointestinal tract. The onset of
action varies between individual agents (Table 12-1), the route of administration,
dosage, and concomitant drug therapy. In general, the first signs of
neuromuscular blockade occur within 2 minutes following the IV administration
of the nondepolarizing NMBA, and maximal effects occur in approximately 3—6
minutes. The maximal effects of succinylcholine occur within 1 minute. The
onset of action following IM administration is slower and less predictable than
following IV administration; therefore, the IM route is reserved for patients with
no IV access.



TABLE
12-1



Orug Adult Dose

Depolarizing Agents
Succmlcholine ——03-1.1 mo/kg (Max: 150 mo)
HO:0.4-007 my/kg

(10510 mo/min

Nondepolarizing Agents
Short-Acting

Mvacrium® 0150 mo/kg
HD:0.1-0.15 makg
(k=15 m{g/kg/min

Intermediate-Acting

Aracurum 03-05mgllg
D:0.08-02makg
(1:2-15 m(glkg/min

(saacurom 01502 mg/kg
HD:03 mglkg

(1 -3 mCg/kg/min
Rocuronium 045-1.2mglkg
HD:0.1-02mgfkg
(1 4-16mCy/kg/min
Vecuronium 008-0.1mglkg
H:0.0-0.1 mafkg
(- 0.06-0.1 mafkg/hr
Long-Acting
Dotacurom’ 005008 mglkg
HD0.005-0.1 mafkg
(0072 mafkg/hr
Pancronium -~~~ 0.04-0.1 mlkg
ND: 001 mafkg
(1 0.02-0.04 mofkg/hr
Ppecuronium~—~~ 0.07-0.085 mykg
MD:001-0015 myhg

Pediatric Dose

1-1mgllg 05-1
1N 25-4mglg

D:03-06mglkg

(I not ecommended

02mglkg 15
HD:0:2mafkg

(11014 mCy/kg/min (doses s igh s 31 megfhg/mi)

have been used

03-04mafkg 35
M;03-04mylkg

(1 0.6-1.2mo/kg/hr OR 10-20 mCg/ky/min

0.1mglkg 153
H0:0.03 mofkg

(1 1-4 mCkhg/min

0.6-1.2molkg 06-6
H0:0075-0.125 mglkg

(1 10-12mCglhg/min

0.1mglkg 35
D:0.1 mafkg

(1 0.09-0.15 mo/kg/hr

003-005 ma/kg §
1D:.0.005-0.01 mafkg

(I: 0012 mo/kghr

0.1-015 mglkg 15
MD:0.1-015 mafkg

(1 0.05-0.1 mfkg/hr

007 gl 155
M 001-015 gl

Onset of Action (min)  Duration of Action (min)

6

1510

4-60

040

540

100-160

Elimination

plasma cholneserase

plasma cholneterase

Hoffman elimination,
estr ycrolysi

Hoffman elimination,
ester ydrolyss

3% renal
4% bilary

50% renal
40% biliary
2-31% el

(holinesterase

0% endl,
10-20% hepatic

>15% renal



MD, maintenance dose; CI, continuous infurion; 9no longer manufactured in the United States.

Several blockers have been studied after intramuscular administration. The
bioavailability of rapacuronium is 56 percent, and peak plasma concentrations
occur 4-5 minutes after administration after 2.8 or 4.8 mg/kg during halothane
anesthesia.* Rocuronium has better qualities than other nondepolarizers
administered intramuscularly in that its bioavailability is greater than 80 percent,
and less than 5 percent of the drug remains in muscle 30 minutes after
administration.® Optimal intubating conditions exist 3 minutes after 1-1.8
mg/kg.> Succinylcholine may also be administered IM with intubating
conditions in 2—3 minutes.®

VOLUME OF DISTRIBUTION

(VD)/DISTRIBUTION

A summary of individual Vd can be found in Table 12-2. Following IV
administration, the drugs are distributed into the extracellular fluid and rapidly
reach their site of action at the motor end plate. Conditions associated with an
increase in extracellular fluid volume may require a higher dose of NMBA.
These patients include those who have congestive heart failure, patients with
peritonitis, and patients immediately postpartum.” In addition, newborn infants
are known to have larger extracellular fluid volumes per unit of body weight. For
all neuromuscular blockers that have been studied, the volume of distribution is
greater in infants.® Most NMBA cross the blood-brain barrier to a small extent, if
at all. Increased protein binding (possibly to alpha-1 acid glycoprotein) of
nondepolarizing NMBA with a resulting decrease in free fraction of circulating
drug has been reported in patients with burns.® Other conditions associated with
an increase in alpha-1 acid glycoprotein are acute myocardial infarction, cancer,
inflammatory diseases (Crohn’s and inflammatory arthritis), surgery, trauma
injury, and administration of phenytoin and carbamazepine.1!

T‘??_E‘E Pharmacokinetics of Neuromuscular Blocking Agents
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ELIMINATION

A summary of the method of elimination and clearance of individual NMBAs
can be found in Table 12-2. Succinylcholine is metabolized rapidly by
pseudocholinesterase and is excreted in the urine as active and inactive



metabolites and small amounts of unchanged drug.® Pancuronium and
pipecuronium are excreted primarily unchanged in the urine. Following IV
administration, atracurium besylate and cisatracurium undergo rapid metabolism
via Hoffman elimination and via nonspecific enzymatic ester hydrolysis.
Atracurium besylate and cisatracurium and their metabolites, including
metabolic products of Hoffman elimination and ester hydrolysis are excreted
primarily in the urine and also in feces via biliary elimination. Only a small
fraction of the dose is excreted unchanged in the urine and bile. Vecuronium and
rocuronium have both renal and biliary elimination; therefore, caution should be
used when administering a continuous infusion to patients with either renal or
hepatic dysfunction. Careful train-of-four monitoring is essential.

For NMBAs that are eliminated by renal elimination or hepatic metabolism,
drug clearance is not proportional to the volume of distribution. A longer half-
life, therefore, is observed in infants and children or any patient with renal or
hepatic dysfunction. If the drug is metabolized in body fluids, however, as is the
case for succinylcholine, mivacurium, atracurium, and cisatracurium; then,
increasing the Vd results in increased clearance.?

PATIENT POPULATIONS WITH ALTERED

PHARMACOKINETICS AND/OR
PHARMACODYNAMICS

BURN PATIENTS

Patients with burn injury are resistant to the action of nondepolarizing NMBA.
The magnitude of resistance depends on the extent of thermal injury and elapsed
time since the burn, with patients having burns that extend over 25-30 percent or
more of body surface area being most likely to exhibit resistance (increasing
with increased injury) and the resistance only becoming apparent one week or
longer after the burn.'> NMBA resistance has been reported to peak two or more
weeks after the burn, persists for several months or longer, and then decreases
gradually with healing.!”> The mechanism of this resistance appears to be
multifactorial and may involve pharmacokinetic, pharmacodynamic, and
pathophysiologic factors. Increased production of alpha-1 acid glycoprotein will
reduce the free (unbound) fraction of circulating NMBAs and may contribute to



this resistance, however, the magnitude of the resistance cannot be solely
explained by this mechanism. It also has been suggested that changes in the
number of acetylcholine receptors and/or in anticholinesterase activity may
contribute to this NMBA resistance. Other mechanisms (e.g., circulating
substances in plasma that bind to or inactivate the drugs) also have been
suggested. Higher and/or more frequent doses are required in patients with burn
injury, especially when the injury is >30 percent.

OBESITY

For the majority of NMBAs, total body weight (TBW) dosing will result in a
prolonged duration of effect in morbidly obese patients when compared with
nonobese patients.

Succinylcholine

In morbidly obese patients, the concentration of pseudocholinesterase, the
enzyme that metabolizes succinylcholine, is increased.!®> Because the level of
plasma pseudocholinesterase activity and the volume of extracellular fluid
determine the duration of action of succinylcholine, and both of these factors are
increased in obesity, morbidly obese patients have larger absolute
succinylcholine dose requirements than average-weight patients. When
succinylcholine administration is based upon TBW, rather than upon lean body
weight (LBW) or ideal body weight (IBW), a more profound neuromuscular
block and better intubating conditions are achieved.

Rocuronium

Nondepolarizing muscle relaxants such as rocuronium are only weakly or
moderately lipophilic because the quaternary ammonium group they contain
makes these molecules, as a whole, highly ionized at physiologic pH. The poor
lipophilicity limits distribution outside the extracellular fluid space. However,
the effect of the increased extracellular fluid volume is poorly understood. In one
study,® after administration of 0.6 mg/kg of rocuronium, the pharmacokinetic
parameters and spontaneous recovery to 75 percent of twitch height were similar
in obese and lean patients. When administered to morbidly obese patients on the
basis of both TBW and IBW, the duration of action was more than double when
rocuronium was dosed on TBW.1® Although higher doses of rocuronium result in
a prolonged duration of action, no difference in onset time is observed when 0.6
mg/kg rocuronium is administered based on IBW, IBW and 20 percent of excess



weight, or IBW and 40 percent of excess weight.!” Therefore, the
recommendation is to base rocuronium administration in morbidly obese patients
on IBW. Similar results are reported for pancuronium.!”

Vecuronium

Seven obese patients receiving TBW-based 0.1 mg/kg vecuronium took 60
percent longer to recover from neuromuscular blockade than did seven normal-
weight controls.!® However, pharmacokinetic parameters uncorrected for weight
were similar between the two groups; therefore, basing administration on IBW is
recommended.

Cisatracurium

Because cisatracurium is eliminated via Hoffman elimination, investigators have
suggested it as the NMBA of choice for obese patients. However, when
administered to both morbidly obese and normal-weight patients on the basis of
both TBW and IBW, the duration of action was prolonged in morbidly obese
patients.® When cisatracurium was administered to both obese patients and
normal-weight patients according to IBW, its duration of action was shorter in
the morbidly obese patient.?’

In conclusion, succinylcholine should be dosed based on TBW. TBW dosing
of nondepolarizing neuromuscular blockers will result in overdosing, therefore,
IBW is recommended for these agents. If a nondepolarizing agent is needed,
shorter-acting agents such as rocuronium or cisatracurium are recommended.

HYPOTHERMIA

During hypothermia, redistribution of blood away from the extremities,
gastrointestinal tract, kidneys, and liver toward the coronary and cerebral
circulation takes place. Vasodilation of skeletal muscles contributes to this
redistribution. The intravascular distribution volume is reported to be decreased
by 10-35 percent in animal models.>! The Vd of pancuronium was reported to
decrease by 40 percent in patients with moderate-to-severe hypothermia. The
reduction in extracellular volume in addition to the reduced renal and hepatic
blood flow and biliary clearance indicated that smaller doses may be required,
along with less frequent dosing. Intermittent dosing as needed would be a more
practical approach than continuous infusion with train-of-four monitoring.



Choice of Agents

NMBA may also be classified according to the duration of blockade they
produce: short, intermediate, or long (Table 12-1). The selection of an NMBA
must be based on the needs of the patient. Four variables that must be considered
are time of onset, duration of action, side effects, and route of elimination for the
agent chosen. Other equally important factors, often overlooked by physicians
caring for the patient, are intravenous access, drug-drug compatibility, and
volume of intravenous fluid required to administer a continuous infusion. One
may choose a longer-acting agent dosed as needed over a continuous infusion in
a severely fluid restricted patient. Lastly, one should not overlook cost when
choosing an NMBA.

The medical condition of the patient also influences the NMBA decision.
Patients with cardiovascular impairment are of special concern, because some
NMBA produce cardiovascular effects such as hypotension and arrhythmias.
Cardiovascular-stable =~ NMBAs  include  vecuronium, pipecuronium,
cisatracurium, and rocuronium. Pancuronium should be avoided in patients with
preexisting tachycardia who cannot tolerate a further increase in the heart rate
(angina, tachyarrhythmia). However, many young patients without preexisting
cardiovascular disease can tolerate the increase in heart rate. Presence of hepatic
and/or renal failure must be taken into consideration when choosing an NMBA,
but is not a contraindication to agents metabolized and eliminated by these
routes as long as appropriate monitoring is performed. In fact, use of these
agents in concert with train-of-four (TOF) monitoring or dosing with movement
may be used in an effort to reduce the overall costs of NMBA therapy.
Atracurium and cisatracurium are often used in multisystem organ failure
because their metabolism is via Hoffman elimination and ester hydrolysis, which
is independent of the hepatic metabolism and renal elimination. Histamine
release by some NMBAs (d-tubocurarine, atracurium) can place an asthmatic
patient at increased risk. Pancuronium, vecuronium, pipecuronium, rocuronium,
or cisatracurium is not associated with significant histamine release and may be
preferred for asthmatics. Patients with extensive burns may also require dosage
adjustments, because they may have increased synthesis of extrajunctional
cholinergic receptors and thus react unpredictably to NMBAs. The accumulation
of extrajunctional ACh receptors may be responsible for the risk of severe
hyperkalemia that can occur following the use of succinylcholine in patients
with burns, stroke, polio, spinal cord injury, severe muscle trauma, enforced
immobilization, Guillain-Barré syndrome, or other conditions producing loss of
nerve function. Succinylcholine should never be used in any of these situations.



The consensus statement of the Society for Critical Care Medicine (SCCM)
states that the majority of patients in the ICU who are prescribed an NMBA can
be managed effectively with pancuronium.? For patients for whom vagolysis is
contraindicated (e.g., those with cardiovascular disease), NMBAs other than
pancuronium may be used.”? Many practitioners prefer vecuronium for those
patients with cardiac disease or hemodynamic instability in whom tachycardia
may be deleterious, based on the drug’s cardiovascular stability, the low cost of
the drug, and many years of experience in clinical practice. Lastly, because of
their unique metabolism, cisatracurium or atracurium is recommended for
patients with significant hepatic or renal disease.?

INTUBATION

Choice of appropriate NMBA for intubation is not always straightforward,
especially when complicated by the need for tracheal intubation without bag and
mask ventilation as in the case of a patient with a full stomach. Succinylcholine
historically has been the gold standard for a rapid-sequence intubation because
of the onset of 90 percent neuromuscular blockade within 60 seconds. However,
large doses of some nondepolarizing agents such as mivacurium and rocuronium
approach this onset: 2—2.5 minutes and 1-1.5 minutes, respectively. However,
mivacurium is no longer commercially available in the United States. If
practicing in an area where mivacurium is available, one should be aware that
rapid bolus doses of mivacurium may cause some histamine release and
hypotension in patients with preexisting cardiovascular instability.

The remainder of the nondepolarizing NMBAs generally take 3—4 minutes to
reach intubating conditions. However, if succinylcholine is contraindicated and
mivacurium or rocuronium are unavailable, two techniques can hasten the onset
of neuromuscular blockade with nondepolarizing agents. One technique is
priming. It involves the administration of one-tenth of an intubating dose of a
nondepolarizing NMBA, followed 4 minutes later by an intubating dose. Then,
after waiting an additional 90 seconds, intubation of the trachea may be
performed.> The inherent risks of this method are related to the degree of
weakness or respiratory distress in the patient before priming and to the fear and
anxiety produced by the diplopia and dyspnea that often follow the priming
dose. Informing the patient of what to expect can be extremely helpful in
decreasing the anxiety and fear.

The second technique involves giving a relative overdose of the NMBA to
flood the receptors, thereby shortening the time of onset. The usual practice is to



administer two times the intubating dose of an NMBA as a rapid bolus. The
complications of this technique are related to the cardiovascular effects of the
relaxant, which can be avoided by the use of a drug with stable cardiovascular
profile such as vecuronium, doxacurium (not available in the U.S)),
cisatracurium, rapacuronium, Or rocuronium.

MONITORING WITH CONTINUOUS INFUSION

It is now widely recommended that continuous NMBA be monitored using either
a train-of-four (TOF) or a double-burst muscle twitch response to peripheral
nerve stimulation (PNS). Monitoring by this method may prevent prolonged
effect of the NMBA due to (1) changing organ function, (2) addition of
medications that potentiate NMBA, or (3) accumulation of the drug or
metabolite. In addition, investigators have documented that adjusting the dose of
NMBA by PNS versus standard clinical dosing in critically ill patients reduces
the drug requirements and results in cost savings.!

Nerve stimulators deliver an electrical current that is intended to activate a
motor nerve, while the mechanical response of a muscle enervated by that nerve
is measured. As the NMBA occupies an increasing number of the postsynaptic
ACh receptors, the block becomes more profound and the muscle response to
nerve stimulation diminishes. One must be careful to avoid direct muscle
stimulation with the nerve stimulator as muscle will contract if stimulated
electrically, regardless of the degree of block of the neuromuscular junction. This
false positive result would cause the clinician to increase the dose of NMBA that
may lead to accumulation and prolonged paralysis after discontinuation of the
NMBA.

Monitoring of neuromuscular function is uncomfortable and can be painful if
tetanic stimulation is used. Therefore, monitoring should begin after sedation
and analgesia, and optimally before any NMBA is given. The latter is not always
possible. This sequence will assure that the nerve stimulator is functioning
properly and the electrodes are placed correctly to assess the patient’s baseline
strength of response. The electrical current is delivered via surface electrodes
(ECG electrodes are most commonly used), which should be placed over skin
that is clean, dry, and hairless. Electrodes should be replaced every 24 hours as
the conductive gel dries out. Substantial edema or obesity may result in
insufficient current being delivered to the nerve by surface electrodes. Needle
electrodes (23G) are available if ECG electrodes are ineffective.

Theoretically, any accessible nerve may be stimulated to assess



neuromuscular blockade. However, stimulating the ulnar nerve while measuring
the effect at the adductor pollicis has become the standard. If the ulnar nerve is
not available or easily accessible, the facial nerve can be used, and the response
at the orbicularis occuli can be observed. Lastly, the posterior tibial nerve can be
stimulated behind the medial malleus and plantar flexion of the great toe can be
observed, or the peroneal nerve can be stimulated around the fibular head, and
dorsiflexion of the foot can be recorded. The evoked responses can be
uncomfortable and, therefore, are not always practical in patients who are
conscious, but most patients will be receiving analgesics and sedatives.

Train-of-Four

Train-of-four (TOF) is used most commonly in the ICU to monitor NMBA. This
approach uses a train or series of four stimuli at a frequency of 2 Hz for 2
seconds. In the absence of NMBA, four twitches of equal amplitude should be
observed. In the presence of a nondepolarizing NMBA, a progressive decrease in
amplitude of each successive twitch is seen. Formally, the measured response is
reported as the ratio of the amplitude of the fourth twitch to the first twitch, as
measured with a force transducer, yielding the TOF ratio. However, it is not
practical to measure the amplitude of twitches with a transducer in the clinical
setting, therefore, the number of stimuli-induced palpable twitches is recorded.
Because of the wide margin of safety of neuromuscular transmission, a single
twitch is not abolished until 75 percent blockade is achieved (ratio 3/4; three
twitches present out of four). Two palpable twitches correlate with
approximately 80 percent suppression, one palpable twitch with approximately
90 percent suppression, and no twitches correlates with 100 percent or greater
twitch suppression.

Although no prospective controlled trials have determined the degree of
neuromuscular blockade required to achieve optimum mechanical ventilation in
patients, it is recommended that the rate of infusion be titrated to a minimum
presence of one or two twitches (80-90% blockade) at all times. Train-of-four
stimulation should be monitored and recorded every 8 hours or more frequently
when patient status dictates. Ablation of all four twitches during continuous
infusion is considered a sign of relative overdose of NMBA. It is recommended
that the NMBA infusion be discontinued until the return of one or two twitches,
and then reinstated at a lower infusion rate. If intermittent boluses are used, TOF
should be repeated every 15-30 minutes, and the next bolus not administered
until at least a single twitch appears. Clinically as the muscles of the eyes and
digits are the first to paralyze and the last to recover, they may be used with



intermittent boluses as the indication to rebolus the NMBA in lieu of TOF
monitoring. If TOF monitoring is not available, continuous infusion of NMBA
should be stopped once a day and the time for return of some neuromuscular
function noted. If this time is longer than 1 hour, the rate of infusion should be
empirically decreased upon reinstatement of the continuous infusion. The
amount of the decrease should be directly related to the duration of prolonged
neuromuscular blockade. For example, if 1 hour was expected and 4 hours pass
before movement, one might decrease the dose by 25 percent compared to 50
percent if 8-12 hours passes before movement. This approach should prevent
accumulation of the NMBA. Regardless of whether TOF is used, all patients
who receive continuous infusions of NMBA should have their infusions stopped
once daily to assess blockade and to provide an opportunity for clinical

evaluation to assess the adequacy of concomitant sedation and analgesia.?

PROBLEMS WITH TRAIN-OF-FOUR MONITORING

Substantial edema and obesity are the most often identified factors affecting
TOF monitoring. Electrode placement too far from the nerve and pressure
applied to the electrodes can also affect response. Pressure will decrease the
electrode-skin resistance and distance from the skin to the nerve, thus increasing
the amount of current delivered and possibly leading to overstimulation of
response. Operator assessment of TOF is subjective and therefore, prone to
misinterpretation. For example, two equal, strong thumb twitches with a faint
third twitch may be interpreted by one operator as two twitches and by a second
as three twitches. In fact, whether faint twitches should be included in the
assessment is controversial and not addressed in the literature.

Equipment malfunction may produce a TOF error. Variability in current
output has been documented at higher impedance with some peripheral nerve
stimulator (PNS). Faulty connections of the stimulator to the electrodes,
inadequate battery power, and improperly lubricated electrodes may contribute
to erroneous TOF readings. Due to the numerous avenues to introduce error into
TOF monitoring, the SCCM recommends that even with the use of peripheral
nerve stimulation, neuromuscular blockade should be stopped at least once daily
to produce an opportunity for clinical evaluation, to assess the adequacy of
concomitant sedation and analgesia, and to determine if continued paralysis is
needed.

Some patients will have no response to TOF testing, but still demonstrate
movement or response to stimulation, such as a cough or gag when suctioned.



Clinical assessment of patient response remains the standard when monitoring
these patients. It is important to remember that TOF testing is performed to
guide the maximal dose required by the patient. The minimum acceptable dose is
determined by improvement in the parameter or condition being treated.

ADJUVANT THERAPY

The primary clinical effect of NMBA is to prevent movement. However, the
need to provide adjuvant therapy should not be overlooked. The need for
mechanical ventilation is obvious, but the need for other adjuvant therapy may
not be as clear. Neuromuscular blocking agents provide no sedation or analgesia,
therefore, it is imperative that patients are adequately sedated prior to being
paralyzed and throughout the use of NMBA. Analgesics should be used when
indicated but may not be necessary in every patient. The use of sedative or
anxiolytic medications and narcotic analgesics prepare the patient to receive an
NMBA by reducing awareness, relieving anxiety, and relieving pain. Without the
adjuvant medications, the patient’s experience of neuromuscular paralysis is
likely to be terrifying. Choice of appropriate agents and dosing of sedatives and
analgesics are patient-specific and will depend on the age of the patient,
underlying condition, and other factors.

Even when sedated, all patients receiving NMBA should be treated as if they
were fully awake. They should be given frequent verbal reassurance that their
paralysis is purposely drug-induced and temporary. The use of sedatives causes
anterograde amnesia, so patients must be frequently reoriented to their situation.
They should be warned before anything is done to them (repositioning, needle
sticks, dressing changes, suctioning of endotracheal tube, placement of bladder
catheters, etc.). Too often, the patient is informed of a procedure only after the
procedure has begun or not at all, which increases their fear and anxiety and the
need for adjuvant medications

Patients receiving NMBA must be repositioned frequently to decrease the
occurrence of pressure injury to nerves (most commonly knees or elbows) and
the development of pressure injury to the skin or “bed sores.” This task can be
accomplished manually or with the aid of rotating beds or air mattresses. Lack of
movement of the lower extremities also increases the risk of development of
deep venous thrombosis (DVT) with subsequent pulmonary embolism (PE).
Pharmacist should ensure that each patient receiving an NMBA receives heparin
5,000 units subcutaneously two to three times a day to prevent the development
of a DVT. Low-molecular-weight heparins may also be used when clinically



indicated. All ICU patients, not just those receiving NMBA are at an increased
risk of DVT and PE and should receive prophylaxis. Patients who cannot receive
an anticoagulant may benefit from the use of sequential compression devices or
foot compression devices. Limited data are available to suggest a benefit of these
devices, but the high-risk of DVT in patients receiving NMBA may justify their
use. Lastly, as paralyzed patients cannot blink, their eyes must be protected with
artificial tears or lubricant to prevent corneal abrasions.

Paralyzed patients cannot cough or swallow, so measures must be employed
to ensure adequate clearing of pharyngeal and tracheal secretions. Lastly, disuse
atrophy and contractions may develop during prolonged use of NMBA.
Involvement of physical and occupational therapy to develop splints and perform
range-of-motion exercises have been recommended to lessen potential for disuse
atrophy and contractions in paralyzed patients.

Resistance to NMBA

Numerous authors have reported resistance or tachyphylaxis to the
nondepolarizing NMBA in ICU patients. Resistance was demonstrated by an
increasing dosage requirement over time to maintain adequate neuromuscular
blockade. Seven of nine patients in one series received atracurium. Resistance
was overcome by switching to low infusion rates of pancuronium in three and
doxacurium in four. The remaining two patients developed resistance on
vecuronium. The majority of the reports of NMBA resistance have been with
vecuronium and atracurium. It is unclear whether these findings are due to
increased use of these agents over other NMBA in the ICU, that one is more
likely to identify an increased dose requirement with a continuous infusion than
with PRN dosing as with pancuronium, or something unique to atracurium and
vecuronium.

Adverse outcomes associated with NMBA resistance may include inadequate
ventilatory management and an increased frequency of dose-dependent
cardiovascular effects or adverse effects associated with frequent dosing with
histamine release with some agents. Pharmacoeconomic issues must be
considered as the cost of NMBA therapy in a resistant patient may be significant.

Proposed pharmacodynamic mechanisms of resistance include the up-
regulation of the ACh receptors (AChR) caused by immobilization, sepsis, and
polyneuropathy, alterations in AChR sensitivity, enhanced release of ACh at the
neuromuscular junction, and inhibition of serum cholinesterase activity.! It is
now clear that chronic administration of NMBA itself can lead to the
development of extrajunctional receptors. An additional factor that may induce



tolerance can be the qualitative change occurring in the AChR, which alters its
affinity for NMBA. Pharmacokinetic alterations in NMBA, increased volume of
distribution (hepatic disease and thermal injury), increased protein binding
(inflammation, surgery, malignancy, myocardial infarction, or thermal injury),
and an increase in clearance (thermal injury and acid base abnormalities) have
been documented in ICU patients and are thought to contribute to NMBA
resistance.

Factors Affecting Paralysis

Many factors can influence the degree of paralysis induced by NMBA. Effects
can be antagonistic or may potentiate neuromuscular blockade. The resulting
clinical manifestations depend on the degree of blockade induced, the agent
used, and individual patient characteristics. Table 12-3 lists pathophysiologic
variables and medications capable of altering the effects of nondepolarizing
NMBA. Selected electrolyte and metabolic disturbances are known to contribute
to enhanced blockade (e.g., hyponatremia, hypokalemia, hypermagnesemia,
hypocalcemia, and acidosis) or decreased blockade (e.g., hypercalcemia,
alkalosis). Alkalosis and acidosis are the most common impact on agents
metabolized by Hoffman elimination. This pathway is increased by alkalosis and
slowed by acidosis. Close monitoring of the patient after correction of any of
these electrolyte or metabolic disturbances is critical. In addition, numerous drug
interactions and underlying disease states can clinically affect the action of
NMBA. These interactions are summarized in Table 12-3. Empiric dose
adjustments combined with careful TOF monitoring is recommended. In
addition the SCCM recommends stopping the NMBA once daily to assess the
patient. These two monitoring parameters should allow for optimization of
neuromuscular blockade while avoiding adverse effects.

V:V2 B Clinical Variables Affecting Pharmacodynamics of
| V2SS Nondepolarizing NMBAs



Drug Interactions with NMBA

Effect

Enhanced blockade

Decreased
blockade

Clinical Variables

Variable

Electrolyte
disorders

Metabolic disorders

Diseases

Drug
Antibiotics
Aminoglycosides
Colistin
Tetracyclines
Clindamycin
Vancomycin
Cardiovascular Agents
Furosemide (high dose)
B-blockers
Calcium channel blockers
Procainamide
quinidine
Cyclophosphamide
Dantrolene
Immunosuppressive agents
Cyclosporine
Corticosteroids

Inhaled anesthetics
Enflurane
Halothane
Isoflurane
Methoxyflurane
Nitrous oxide

Lithium

Local anesthetics

Magnesium
Carbamazepine

Methylxanthines

Phenytoin

Ranitidine

Potentiate blockade
Decreased drug requirement
Hypokalemia

Hyponatremia

Hypocalcemia
Hyperemagnesemia
Hypophosphatemia
Metabolic acidosis
Respiratory acidosis
Hypothermia

Myasthenia gravis

Muscular dystrophy
Neurofibromatosis
Amyotrophic lateral Sclerosis
Poliomyelitis

Eaton-Lambert syndrome
Multiple sclerosis

Acute intermittent porphyria

Mechanism

Inhibition of neuromuscular
transmission (Ag), decreased
presynaptic Ach release, reduction
of postsynaptic receptor sensitivity
to Ach, blockade of Ach receptors,
impairment of ion channels
Decreased presynaptic Ach release,
decreased muscle contractility

Unsubstantiated mechanism
Unsubstantiated mechanism
Inhibition of metabolism

by cyclosporine suspected;
corticosteroids may decrease
sensitivity of end plate

Reduction of postsynaptic receptor
sensitivity to Ach, decreased muscle
contractility

Unsubstantiated mechanism
Decreased presynaptic Ach release,
decreased muscle contractility
Blocks repolarization

T CcPP2C9, CYP3A4

T production of a-1 acid
glycoprotein

Unsubstantiated mechanism,
antagonist activity suspected
T CPP2C9, CYP3A4

T production of a-1 acid
glycoprotein

Direct neuromuscular blocking
effects,

up-regulation of ACH receptors
Unsubstantiated mechanism

Antagonize blockade
Increased drug requirement
Hypercalcemia
Hyperkalemia

Alkalosis

Hemipareisis

Demyelating lesions
Peripheral neuropathies
Diabetes mellitis

Hepatic failure with ascites
Endotoxin and sepsis




Adverse Effects of Neuromuscular Blockade

The undesired effects of the NMBA can be divided into three categories (1)
complications that result from the patient’s inability to move and are therefore
common to all NMBA, (2) side effects specific to individual NMBA, and (3)
prolonged weakness after discontinuing the use of NMBA, a complication of
unclear etiology. The complications of NMBA secondary to the patient’s
inability to move include pressure injury to nerves, pressure necrosis and
ulceration, cough failure and retention of secretions, impaired ability to perform
neurologic and abdominal examinations, and disuse atrophy.

Neuromuscular blocking agents are divided according to basic molecular
structure into amino-steroid and benzylisoquinolinium compounds. Each class is
associated with its own particular complications, and some complications are
common to both. For example some benzylisoquinolinium agents are associated
with histamine release, whereas steroidal NMBAs are not. Autonomic adverse
effects, anaphylactic and anaphylactoid reactions are common to all classes of
NMBA. Adverse effects may affect neuromuscular function or other organ
systems. Molecular class and side effects specific to individual NMBAs are
summarized in Table 12-4.

T??_E‘E Major adverse effects of NMBA
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S, steroidal structure; B, benzylisoquinolinium; IV, intravenous; SVR, systemic vascular resistance; BP,
blood pressure; CV, cardiovascular; HR, heart rate; BP, blood pressure; CO, cardiac output; ICP, intracranial
pressure; IOP, intraocular pressure; NMBA, neuromuscular blocking agent.

As the practice of intensive care medicine has become more sophisticated,
reports of myopathies and neuropathies occurring in patients in the ICU have
also been noted. Intravenous corticosteroids and NMBA, sepsis, and multiorgan
failure have been strongly implicated in the development of these conditions, but
the pathophysiology is poorly understood. Although the cause of prolonged
weakness often maybe multifactorial, several distinct clinical syndromes have
been identified. Critical illness polyneuropathy (CIP) can cause prolonged
weakness in patients with sepsis or multisystem failure that generally is
unrelated to the administration of NMBAs. Other neuromuscular diseases may



emerge or become symptomatic in the ICU, including Guillain-Barré syndrome.
The combination of corticosteroids and NMBA is associated with critical illness
myopathy (CIM). Transient weakness may occur in the ICU patient as a result of
metabolic derangements that include hypercalcemia, hypophosphatemia, and
hypermagnesemia.!

SUMMARY

In addition to their use in the operating room and for intubation, specific
situations may arise that require the use of NMBA in the ICU. When choosing
an agent, the major issues include cardiovascular effects, metabolism, and cost.
Because many patients in the ICU have some degree of hemodynamic instability,
agents that cause excessive histamine release should be avoided. These agents
should also be avoided in the asthmatic patient. In addition, the presence of
hepatic or renal insufficiency may affect metabolism or elimination of some
agents. Intermittent dosing may be preferable to continuous infusions in these
cases. Atracurium or cisatracurium may be a more appropriate choice in patients
with significant multiorgan dysfunction, because their metabolism is not altered
by these conditions. Regardless of choice of agent, adjustment of the dose based
on movement (with intermittent dosing) or with peripheral nerve stimulation is
recommended. ICU patients’ conditions are complex, and significant interpatient
variability exists. Some of this variability may be explained by pharmacokinetic
alterations, metabolic disorders, drug-drug interactions, or the patient’s
underlying disease state (Table 12-3). An additional problem that occurs in the
ICU patient who received NMBAs for a prolonged period of time is the
development of tachyphylaxis. The primary cause is thought to be an up-
regulation of ACh receptors in patients who are chronically exposed to NMBAs.
Given NMBAs’ adverse effects profile, the SCCM recommends that they be
administered only when aggressive attempts at sedation have failed to provide
the desired level of patient immobilization, and that they should be discontinued
as early as feasible.

CASE STUDIES

CASE 1: LOADING DOSE AND ADMINISTRATION




CJ is a 56-year-old male who has been in the medical intensive care unit with a
diagnosis of respiratory failure. He weighs 70 kg. The ICU team decides to
mechanically ventilate him and administer atracurium.

GoESONS 2000000 0

What loading dose of atracurium should be administered?

Answer:

To calculate the initial loading dose of atracurium, the pharmacokinetic dosing
method is utilized. The initial dose can be administered as a range of 0.4 or 0.5

mg/kg.??
Loading Dose = 0.4 mg/kg x 70 kg = 28 mg

Bolus doses of neuromuscular blocker agents (NMBAs) are administered in
order to achieve rapid neuromuscular blockade. Most NMBAs with a long t'%,
can be administered as bolus doses. Potential benefits of NMBA bolus
administration include controlling tachyphylaxis, accumulation, and unwarranted

paralysis.? Serum concentrations of NMBAs are not typically calculated.

Administration: NMBAs can be administered intravenously (IV) as an
undiluted bolus. The continuous IV administration of atracurium, cisatracurium,
doxacurium, mivacurium, pancuronium, pipecuronium, rocuronium, and
vecuronium must be diluted appropriately and requires monitoring with a
peripheral nerve stimulator and titration to ensure adequate paralysis with train-
of-four (TOF) monitoring. Monitoring the depth neuromuscular blockade is
imperative to reduce adverse events and minimize the amount of drug
administered. The goal TOF as recommended by the Society of Critical Care
Medicine is one to two twitches out of four, corresponding to 90 or 80 percent of

receptors blocked.?

CASE 2: MAINTENANCE DOSE USING POPULATION
PHARMACOKINETICS

MH is a 50-year-old female mechanically ventilated on adequate sedation and
analgesia. She weighs 60 kg. Her O, saturation has decreased to 75 percent

(>90%). The ICU team decides to start her on a pancuronium drip.



Quesmoy

What loading dose of pancuronium should be administered and what continuous
infusion should be started?

Answer:

The loading dose of pancuronium is 0.1 mg/kg. MH’s loading dose is 6 mg. The
continuous infusion of pancuronium ranges from 0.8 to 2 mcg/kg/min, or 1-5
mg/hr.?3 Maintenance of neuromuscular blockade with NMBAs can be sustained
with a continuous infusion. Agents with short half-lives, such as atracurium and
cisatracurium require administration as continuous infusions to maintain
neuromuscular blockade.? To minimize the accumulation and potential adverse
effects of NMBAs, monitoring TOFs frequently is recommended, along with
clinically assessing the need for NMBA’s continuous use at least daily. Patients
receiving continuous infusions of NMBA could also develop tachyphylaxis. If
tachyphylaxis occurs and neuromuscular blockade is still needed, a higher doses
of NMBA can be used. Another alternative is to use a different neuromuscular
blocking agent.?

CASE 3: DRUG INTERACTION THAT DECREASES LEVELS

CF is a 25-year-old male with history of seizure disorder and has been
maintained and controlled on phenytoin therapy 400 mg daily. The patient is
admitted for an elective excision of a posterior fossa brain tumor. A dose of 200
mg was given four hours prior to surgery. During surgery, pancuronium 0.8
mg/kg was administered. CF had an inadequate response to the first dose.
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What can be done to overcome the resistance of neuromuscular blockade with
pancuronium?

Answer:

Resistance to neuromuscular blockade can occur with concomitant
administration of phenytoin and pancuronium.?>?% Other NMBAs affected by



this interaction include cisatracurium and vecuronium.’’?® Concurrent
administration of pancuronium and phenytoin has led to administration of
incremental doses of pancuronium. In a case report by Hickey and colleagues,
pancuronium was administered at doses up to 0.17 mg/kg over one hour and a
decreased effect was observed with each additional dose.?® Blood samples
collected from a patient receiving phenytoin and pancuronium resulted in a short
half-life of pancuronium, as well as a small volume of distribution.?® The
mechanism of pancuronium resistance may arise from induction of hepatic
enzymes with phenytoin, alterations in plasma protein binding as well as tissue
binding, or modifications in the myoneuronal junctional response to
pancuronium. 42

Chronic carbamazepine therapy can antagonize the action of NMBAs.3° The
nondepolarizing agents affected by this drug-drug interaction include
vecuronium, pancuronium, rocuronium, and atracurium.3%31:3233 Case reports of
patients on carbamazepine maintenance therapy by Whalley and colleagues and
by Norman and colleagues showed that higher doses of vecuronium were
required in order to achieve neuromuscular blocking effects comparable to

patients with no carbamazepine therapy.>%3* The mechanism of this drug-drug
interaction can be due to increased metabolism and clearance of
vecuronium.3*3°

Theophylline and pancuronium therapy administered simultaneously has
resulted in a reduced response in neuromuscular blockade.?® The mechanism of
this drug-drug interaction is unclear.

CASE 4: DRUG INTERACTION THAT INCREASES LEVELS

TR is a 23-year-old female who sustained injuries after a motor vehicle crash.
She weighs 55 kg and is being treated with gentamicin 380 mg IV daily and
cefazolin 1 g IV g8h for an open femur fracture. TR is taken to the operating
room to fix the fracture and received rocuronium 20 mg to facilitate
endotracheal intubation and muscle relaxation.

Quesmoy

What drug-drug interaction exists between these agents?



Answer:

NMBASs’ duration of action and time to recovery from paralysis are increased
when administered concomitantly with aminoglycosides. This interaction could
result in prolonged paralysis and acute myopathy. Potential patient risk factors
for increased clinical duration of paralysis include continuous infusions, acid-
base disorders, electrolyte disturbances, concurrent use of medications that may
augment neuromuscular blockade (i.e., corticosteroids, calcium-channel
blockers, aminoglycosides), and renal and hepatic insufficiency.3” A study led by
Dupuis assessed drug interactions between gentamicin and tobramycin and
atracurium and vecuronium. The aminoglycosides increased the neuromuscular
blockade of vecuronium, while atracurium was not affected.3® The mechanism of
this drug-drug interaction may result in increased binding of vecuronium to
neuromuscular receptors.

Sustained concomitant administration of NMBAs and corticosteroids may
also increase the risk of myopathy, resulting in prolonged paralysis. This
interaction affects neuromuscular transmission. NMBAs should be discontinued

if corticosteroids need to be administered.3°

CASE 5: DISEASE STATE INTERACTIONS

YT is a 35-year-old male admitted with injuries sustained after a motorcycle
crash 14 days ago. The patient is found to have a spinal cord injury (SCI) with
cervical 4-5 fracture. YT will be paralyzed with pancuronium during a bedside
tracheostomy, since he was unable to be weaned from the ventilator.
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What risk factors does YT have for ICU myopathy?

Answer:

Critically ill patients are at risk of developing myopathy, as well as
polyneuropathy, regardless of the primary injury.*® Critical illness
polyneuropathy (CIP) has been recognized in patients with sepsis or multiple
organ dysfunction syndrome and the elderly.*! Clinical manifestations of CIP are
muscle atrophy and weaning failure. The mechanism or cause of CIP has not
been elucidated.*” Nerve and muscle disorders and syndromes that may



exacerbate these conditions include myasthenia gravis, Lambert-Eaton
syndrome, Guillain-Barré syndrome, central nervous system injury, spinal cord
injury, mitochondrial myopathy, HIV-related myopathy, acute myopathy of
intensive care, and disuse atrophy.?*%42 Recovery from CIP or ICU myopathy
necessitates prolonged hospitalization, physical therapy, and rehabilitation.
Critically ill patients who are paralyzed require venous thrombosis prophylaxis
and prophylactic eye care to prevent keratitis and corneal abrasions.

YT’s risk factors include his spinal cord injury, use of neuromuscular
blockers, and being a critically ill patient.

CASE 6: DOSING IN RENAL DYSFUNCTION [NO
HEMODIALYSIS]

ZG is an 86-year-old female who presents with pneumonia and requires
intubation. ZG’s past medical history is significant for chronic kidney disease
stage I1I.

Quesmoy

What paralytic agent would be ideal for ZG’s intubation?

Answer:

The elimination of drugs in patients with impaired renal function is reduced. The
kidney is not the only route for drug elimination, and alternate pathways for
elimination such as biliary excretion, hepatic metabolism, ester hydrolysis, and
Hofmann elimination exist.*> The selection of NMBAs in patients with renal
failure must be done with caution. The clearance of renally excreted drugs is
reduced; therefore, NMBASs’ active drug and metabolites can accumulate and
prolong their duration of action. The metabolism of atracurium and
cisatracurium is independent of renal function.??*4#* Rocuronium can be used in
patients with renal dysfunction; however, neuromuscular blockade can be
increased in patients with renal insufficiency.*> Vecuronium is renally excreted,
its duration of action is increased, and it can prolong neuromuscular
blockade.*®4” Renal insufficiency significantly increases the half-life and
concentrations of pancuronium. Dosage adjustments are required in patients with
mild-to-moderate renal insufficiency.?>



Atracurium and cisatracurium could be used in ZG.

CASE 7: DOSING IN HEMODIALYSIS

ZG deteriorated overnight, became hypotensive (responded to fluid boluses), and
her laboratory values today are as follows: Na 120 (135-145 mg/dL); K 4.6
(3.5-4.5 mg/dL); CI 88 (98-107 mg/dL); CO2 20 (21-32 mmol/L); BUN 100 (7—
18 mg/dL); SCr 8.4 (0.8-1.3 mg/dL); Gluc 111 (74-106 mg/dL); phosphorus 8.5
(2.5-4.9 mg/dL); arterial blood gas 7.27/21.2/14.4. The patient will start
hemodialysis today secondary to metabolic acidosis and electrolyte imbalance.

Quesmoy

If an NMBA is needed, which agent could be administered in this patient?

Answer:

Parameters that can affect patients requiring neuromuscular blockade and
undergoing dialysis include a larger volume of distribution, reduced renal
clearance, and increased duration of action.*® Therefore, monitoring after
NMBA administration in hemodialysis patients is critical. Administration of
NMBAs in patients with renal dysfunction can lead to prolonged and profound
neuromuscular blockade, which can continue despite hemodialysis.*® The
metabolism of atracurium and cisatracurium is independent of renal
function.???%>% A study conducted by Staals and others included patients with
severe to end-stage renal failure who received rocuronium. The total plasma
clearance of rocuronium was reduced in these patients compared to healthy
controls.”! A study compared vecuronium versus atracurium in patients with
end-stage renal failure undergoing kidney transplantation.®? The duration of
action of initial and maintenance doses was prolonged with vecuronium. The
study suggested the use of atracurium in patients with end-stage renal failure.
Pancuronium should be avoided in patients with severe renal dysfunction.*’
Cisatracurium can be administered in ZG.

CASE 8: DOSING IN CRITICALLY ILL WITH HIGH
VOLUME OF DISTRIBUTION




AW is a 40-year-old, 80 kg male in the ICU for injuries sustained during a motor
vehicle accident. He has a Tmax of 101.8° F, WBC 23,000 (3,700-10,400), mean
arterial blood pressure >60 mm Hg, and heart rate >80 mm Hg on
Norepinephrine 1 mcg/kg/min. In the operating room he received 10 liters of
normal saline, two 6-pack of platelets, six units of fresh frozen plasma, and 4
units of whole blood. AW will be paralyzed with Vecuronium during a bedside
bronchoscopy.
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How do you expect a larger volume of distribution to dffect the dose of
Vecuronium?

Answer:

Acute increases in volume of distribution, which involves movement of fluid
from the intravascular to the extracellular space, are often observed in critically
ill patients due to disease states such as sepsis, congestive heart failure, burns,
and renal failure. Additionally, hemodynamic instability or major surgical
procedures may require patients to receive large volumes of fluid, which also
contribute to an increase in volume of distribution. Because neuromuscular
blockers are polar and hydrophilic, the volume of distribution in hemodilution is
expected to increase. Xue and colleagues showed the effects of hemodilution on
vecuronium pharmacokinetics in surgical patients.®> The mean volume of the
central compartment and volume of distribution at steady state were greater, and
the elimination half-life was significantly longer (p <0.05) in the patients who
received hemodilution compared to the control patients. No conclusive literature
supports dosing adjustments of neuromuscular blockers in patients with altered
volumes of distribution. It may be assumed based on the results of this study that
patients with larger volumes of distribution will require an initial increase in
dosage to achieve optimal neuromuscular blockage. Conversely, it may be
assumed in conditions of hypovolemia or low volume of distribution that lower
initial doses would be required and that the clinical duration of action would be
shorter than in euvolemic patients. AW may need a larger initial dose of
vecuronium. Monitoring with train-of-four should be initiated to ensure effective
and safe dosing if repeated doses or a continuous infusion is administered.

CASE 9: DOSING IN OBESE PATIENTS



JR is a 30-year-old, 180 kg male who is in the intensive care unit with a
subdural hematoma. Currently, he is hemodynamically stable and intubated. He
has a ventriculostomy in place to monitor intracranial pressures. The cerebral
perfusion pressure (CPP) was calculated to be 75-80 mm Hg. JR requires
reintubation secondary to his endotracheal tube becoming dislodged and will be
paralyzed with vecuronium.

Quesmoy

What weight should be used to determine the dose?

Answer:

Because obesity affects all aspects of pharmacokinetics and pharmacodynamics,
it is difficult to predict how an individual will respond to a particular agent. It is
unclear whether weight-related dosage adjustments should be made and whether
these agents should be based on actual weight, ideal weight, or an adjusted body
weight. Lipophilicity of the agent can suggest the required dose. Lipophilic
agents have an increased volume of distribution and an expected larger dose.
However, lipophilicity is not always consistent due to other factors such as end-
organ clearance and protein binding. Neuromuscular blockers are polar and
hydrophilic.>* The effect of obesity on the disposition and action of vecuronium
0.1 mg/kg was studied in seven obese and seven control surgical patients.>®
Pharmacokinetics, including volume of distribution, plasma clearance, and
elimination half-life, were similar between groups. However, times to recovery
were longer in the obese patients as compared to the control patients. The
volume of distribution was calculated to be 50 percent smaller in the obese
patients, consistent with the hydrophilicity of the drug. It was determined in
order to reduce the risk of overdosing that obese patients should be administered
on ideal body weight. JR should be administered vecuronium based on his ideal
body weight. Monitoring with train-of-four should be initiated to ensure
effective and safe dosing.

CASE 10: DOSING IN HYPOTHERMIA

MT is a 29-year-old, 85 kg male undergoing hypothermia secondary to a
traumatic brain injury. He is being cooled to 33° C and requires paralysis to



prevent shivering.
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How does hypothermia dffect the pharmacokinetics of neuromuscular blocking
agents? Which neuromuscular blocking agent would be ideal to use in a
hypothermic patient?

Answer:

The influence of hypothermia on the effect of drugs is becoming more clinically
relevant as the use of therapeutic hypothermia expands to multiple patient
populations. Human studies demonstrate a reduction in the adductor pollicis
twitch response in the presence of hypothermia. A 2—10 percent reduction in the
twitch response has been reported to occur for every degree Celsius decreased.®
This response can complicate the study of hypothermia and its effects on
neuromuscular blockers. However, in vivo animal and human studies
consistently demonstrate that the duration of action of neuromuscular blocking
agents is prolonged with hypothermia, even within the temperature range of 34—
37° C. Hypothermia has been shown in pharmacokinetic studies to increase the
duration of action by threefold for vecuronium and 1.5-fold for atracurium as
compared to normothermic patients.®”->®% It has been shown to increase the
duration of action of rocuronium by 5 minutes for every degree Celsius decrease
in core body temperature.®® Additionally, hypothermia has been shown to reduce
the plasma clearance of vecuronium by 11 percent per degree Celsius and
decrease the clearance of rocuronium by twofold.6%®1 Of note, moderate to deep
hypothermia, 27-34° C, is frequently used during cardiopulmonary bypass.
Despite significant changes in physiologic parameters secondary to changes in
plasma volume and blood flow to the kidneys and liver, the actions of
hypothermia appear to remain the same regarding its effects on neuromuscular
blocking agents, which has been shown for d-tubocurarine, pancuronium,
atracurium, and vecuronium.>®

Currently, no ideal agent is available for use in hypothermia. Hypothermia
appears to prolong the duration of action and recovery times with all agents.
Lower doses and/or scheduled doses may be considered as opposed to
continuous infusions. Continuous or frequent monitoring with train-of-four
should be employed to reduce the risk of prolonged paralysis.



CASE 11: DOSING IN HEPATIC DYSFUNCTION

MM is a 62-year-old, 72 kg female, admitted to the cardiovascular surgery ICU
following a three-vessel coronary artery bypass graft (CABG) surgery. MM had
significant pulmonary edema during the surgery, and her chest had to be left
open at the end of the surgery. When she arrives in the ICU, the surgeon would
like to put the patient on NMBA to prevent any movement while her chest is
open. Her vitals are: temperature 96.9 °F, blood pressure 109/72 mm Hg, heart
rate 98 bpm, respiratory rate 14 breaths/minute. Her postoperative labs include:
creatinine 0.9 mg/dL (0.8-1.2 mg/dL), AST 522 units/L (0-37 units/L), ALT 438
units/L (0-65 units/L).

Quesmoy

Which neuromuscular blocking agents could be used in MM, and would they
require a dosage adjustment due to her elevated liver enzymes?

Answer:

Pharmacokinetic properties of some NMBAs may be altered in the presence of
hepatic impairment.%? Patients with severe hepatic dysfunction receiving
rocuronium have been shown to have approximately twice the volume of
distribution (0.26 L/kg in normal hepatic function vs. 0.53 L/kg in severe hepatic
dysfunction) and twice the plasma half-life (2.4 hours in normal hepatic function
vs. 4.3 hours in severe hepatic dysfunction) compared with patients who have
normal hepatic function.®® As a result of these changes in volume of distribution
and plasma half-life, the clinical duration of effect of rocuronium in hepatic
dysfunction is prolonged 1.5 times the duration in a patient with normal hepatic
function.®3 Doses for intubation up to 0.6 mg/kg have been used in patients with
severe hepatic impairment; however, information on the use of a continuous
infusion for extended neuromuscular blocking activity with rocuronium in
hepatic dysfunction is limited.®® Frequent monitoring of the TOF is
recommended, and the minimum dose necessary to achieve the goal TOF should
be used.

Vecuronium has also displayed an increased duration of effect and prolonged
recovery time when used in patients with severe hepatic dysfunction. The dose
of vecuronium may need to be reduced in patients with hepatic impairment,
although the data recommending exactly how much to decrease the dose are



limited.® If vecuronium is administered as a continuous infusion, the TOF
should be frequently monitored and the infusion should be titrated to utilize the
minimum dose necessary to achieve the goal TOF. Upon discontinuation of the
infusion, the neuromuscular blocking effect may be prolonged.

Pancuronium is also dependent upon clearance through the liver (up to 20%),
and prolonged neuromuscular blockage may occur in patients with severe
hepatic dysfunction.?® The volume of distribution of pancuronium increases by
approximately 50 percent, and clearance from the plasma is decreased by 22
percent in the presence of severe hepatic impairment.”?> As a result, the
elimination half-life is nearly double the half-life in a patient with normal
hepatic function. Due to the greatly increased volume of distribution, patients
with severe hepatic dysfunction may actually require an increased dose of
pancuronium in order to achieve adequate neuromuscular blockade during
intubation.??> However, the duration of effect may then be significantly
prolonged due to the significantly increased half-life.

Atracurium and cisatracurium may be used safely at normal doses in patients
with hepatic dysfunction as they undergo Hofmann elimination, which is not
dependent upon hepatic function.®’2227 Although a slight increase in volume of
distribution and slight decrease in plasma clearance of cisatracurium were
reported in patients with end-stage liver disease, the elimination half-life and
clinical duration of effect were unaltered.”” However, due to the greatly
increased costs of atracurium and cisatracurium compared with other NMBAs,
these agents are usually reserved for those patients with multiorgan dysfunction.

SPECIAL CONSIDERATIONS

DOSING IN THE ELDERLY

AG is an 86-year-old, 70 kg female, admitted to the ICU with septic shock. The
ICU team is having difficulty ventilating her, and they decide to place her on an
NMBA. Her most recent labs include: sodium 139 mEq/L (135-145 mEq/L),
potassium 3.3 mEq/L (3.5-4.5 mEq/L), HCO5 ~ 20 mEq/L, chloride 110 mEq/L,

creatinine 0.9 mg/dL (0.8-1.2 mg/dL). AG is started on rocuronium.




Quesmoy

What should be the initial bolus dose and initial infusion rate?

Answer:

Small studies have evaluated the effects of rocuronium in elderly patients.
Advanced age has been associated with a prolonged time of onset and duration
of action of rocuronium; however, time to recovery of neuromuscular function is
unchanged compared to younger adults. No significant change in the clinical
effectiveness of rocuronium in the elderly is apparent, and increasing the initial
dose to overcome the delayed onset of action is not recommended. Therefore,
recommended dosing in the elderly is the same as with younger adults. In this
patient, an initial dose of 0.6 mg/kg followed by a continuous infusion starting at
10 mg/kg/minute would be appropriate.®?

In general, the effects of NMBAs in the elderly may be altered slightly
compared with younger adults.®> A prolonged duration of action in the elderly is
possible with the use of pancuronium or vecuronium, while other data suggest
the effects are similar to younger adults.*>?3 However, no significant change in
the elimination half-life of either agent in the elderly population is evident. The
volume of distribution and elimination half-life are slightly increased in patients
older than 65 years receiving cisatracurium.®®> However, these changes do not
affect the time to clinical recovery of neuromuscular function, and no dosage
adjustments are recommended. In general, when utilizing any NMBA in the
elderly, it is recommended to start at the lower end of the recommended dosing
range and monitor neuromuscular effects closely.%3

DOSING IN PEDIATRICS

MR is a 2-year-old, 12 kg male, admitted to the pediatric ICU with severe
asthma attack. He is unable to maintain his oxygenation and requires intubation.
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What dose of vecuronium should be used for intubation of MR?



Answer:

Pediatric patients between 1 and 10 years old often require slightly higher initial
doses of vecuronium than do adult patients.*> This age group has a slightly faster
onset of action and shorter duration of effect. Therefore, in this patient an
appropriate initial dose would be 0.1-0.15 mg/kg (recommended adult dosing is
0.08-0.1 mg/kg). Children may also require more frequent supplementation of
vecuronium than do adults. Patients older than 10 years of age may be dosed the
same as an adult. Patients between 7 weeks and 1 year old appear to be more
sensitive to vecuronium, and duration of effect may be prolonged approximately
1.5 times.

Dosing of many other NMBAs in the pediatric population is similar to the
adult dosing. Rocuronium and pancuronium utilize the same dosing in pediatrics
as with adults.5%?3 Dosing of atracurium in patients older than 2 years is the
same as adults; however, in patients between 1 month and 2 years the dose

should be decreased to 0.3-0.4 mg/kg.>> The recommended dose of
cisatracurium in children between 2 and 12 years old is 0.1-0.15 mg/kg, while
the recommended dose in infants 1 month to 2 years old is 0.15 mg/kg.?®

DOSING IN THE UNDERWEIGHT/CACHECTIC PATIENT

Limited data on the dosing of NMBAs in underweight patients are available. In
one study, the duration of action and time to recovery following administration
of rocuronium was compared in patients who were underweight, normal weight,
and overweight.%* No difference was noted in the onset of action, duration of
effect, or time to recovery of neuromuscular function in patients who were
underweight compared to those who were normal weight. In general, NMBAs in
underweight adult patients should be dosed using standard adult doses based
upon actual body weight. The neuromuscular blocking effect should be closely
monitored in underweight patients.

CASES:

QoESEONS 000000000

YG is a 57-year-old male mechanically ventilated, adequately sedated, and on
analgesia. He weighs 70 kg. His O, saturation has decreased to 73 percent




(>90%). The ICU team decides to start a pancuronium drip. What loading dose
of pancuronium should be administered and what continuous infusion should be
started?

Answer 1:

With a loading dose of pancuronium of 0.1 mg/kg, for YG 7 mg would be
appropriate. The continuous infusion of pancuronium is usually 0.8-2
mcg/kg/min, or 56 mcg/min to 140 mcg/min. Patients receiving continuous
infusion of NMBAs should have TOFs monitored frequently. It is necessary to
clinically assess the need for NMBAs continuous use at least daily.
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MA is a 26-year-old, 90 kg male undergoing hypothermia secondary to a
traumatic brain injury. He is being cooled to 33° C and requires paralysis to
prevent shivering. Which neuromuscular blocking agent would be ideal to use in
a hypothermic patient?

Answer 2:

No agent is ideal for use in hypothermia. Hypothermia may prolong the duration
of action and recovery times with all agents. Lower doses or scheduled doses
may be considered as opposed to continuous infusions. Continuous or frequent
monitoring with train-of-four should be employed to reduce the risk of
prolonged paralysis. Agents that have been utilized during hypothermia include
pancuronium, atracurium, and vecuronium.
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GB is a 55-year-old, 82 kg female, admitted to the medical intensive care unit
dfter being found unresponsive at home. GB’s past medical history is significant
for end-stage liver disease. When she arrives in the ICU, the team would like to
put the patient on a NMBA to improve her oxygenation. Her vitals are:
temperature 96.9 °F, blood pressure 109/72 mm Hg, heart rate 98 bpm,
respiratory rate 24 breaths/minute, O, sat 70%. Her labs include: creatinine 1.2

mg/dL (0.8-1.2 mg/dL), AST 522 units/L (0-37 units/L), ALT 438 units/L (0-65



units/L). Which neuromuscular blocking agents could be used in GB, and would
they require a dosage adjustment due to her elevated liver enzymes?

Answer 3:

Atracurium and cisatracurium undergo Hofmann elimination, which is not
dependent upon hepatic function, and these agents may be used safely at normal
doses in patients with hepatic dysfunction. A slight increase in volume of
distribution and slight decrease in plasma clearance of cisatracurium have been
reported in patients with end-stage liver disease, but the elimination half-life and
clinical duration of effect were unaltered.
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Opioids are among the oldest documented medications used by humans. All
opioids are derivatives of pharmacologically active alkaloids from the milky
exudate of the opium poppy. These drugs act by binding at opioid receptors
found in the CNS, the colon, and to a lesser extent, the periphery. Mu and kappa
opioid receptors have clinical utility and delta opioid receptors offer promise, but
no delta agonist has been found acceptable for human use to date. However, new
work with biased legends offers promise of a possible future delta opioid agonist
analgesic. Most clinically useful opioids are mu agonists that also have varying
agonist activity at kappa receptors. The mu-1 aspect of the receptor is
responsible primarily for analgesia and the mu-2 for other, largely adverse,
opioid effects. Numerous subtypes of the mu-1 receptors have been isolated and
cloned, clearly indicating genetic polymorphism. Recent work on opioid agonist
G protein coupled receptors, and specifically beta arrestin, has elucidated our
understanding of biased ligands that helps explain the mechanisms by which
opioids cause some adverse effects. This offers promise of new agents which
offer full analgesia with fewer adverse effects.!-

The majority of opioid agents are indicated and FDA-approved for
management of acute and chronic pain. However, some have indications other
than pain (e.g., naloxone for opioid overdose reversal, naltrexone for abuse
mitigation, naloxegol for opioid-induced constipation (OIC), buprenorphine for
maintenance therapy in patients with a history of substance abuse,



dextromethorphan and codeine for cough, diphenoxylate, codeine, and
loperamide for diarrhea). In order to better understand and differentiate the
therapeutic differences among natural, semisynthetic, and synthetic opioids, one
must first appreciate the physiology and pharmacology associated with the class.
This chapter will focus on those medications used specifically for analgesia but
will include buprenorphine, as it too is indicated for pain.

These medications fall generally into four chemical classes: phenanthrenes,
benzomorphans, phenylpiperidines, and diphenylheptanes. A fifth hybrid class of
synthetics has some chemical similarities to several of these four groups. These
dimethylamino compounds include tramadol and tapentadol and are seen in
Figure 13-1. The chemical class of an opioid has little effect on its clinical
utility. Note that Figure 13-1 lists cross-sensitivities as probable, possible, or low
risk for each class from left to right. Although a true allergic reaction to any
opioid is rare, pruritis is quite common. Pruritic reactions are a result of
histamine release from mast cells. Such a reaction to one chemical class subjects
a patient to histamine reactions to opioids within the same class. The fentanyl

family has minimal histamine reactivity compared to all other opioids.®



Phenanthrenes Benzomorphans Phenylpiperidines Diphenylheptanes
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FIGURE 13-1. Chemical Classes of Opioids

Synthetic and semisynthetic opioids exhibit the same pharmacological
properties as naturally occurring opium alkaloids and derivatives. Synthetic
opioids do not contain the traditional phenanthrene nucleus found in the
alkaloids isolated from opium. Available opioids all have similar activity, but
vary considerably in potency, solubility, dosage form availability, and
pharmacokinetics. Potency and solubility as outlined in Tables 13-1 through 13-4
do not generally impact therapeutic utility. However, when a small-volume
opioid solution is desirable for parenteral administration due to volume
restriction required because of comorbidity or for a continuous subcutaneous
infusion, solubility becomes important.

For acute pain in an otherwise opioid-naive patient, it is generally best to
initiate therapy with the lowest recommended dose proportionate to the intensity
of the pain to assess tolerability and efficacy. The most common side effects are
nausea and vomiting, constipation, sedation, urinary retention, and respiratory
depression. For the chronic pain patient, sedation and respiratory depression are
generally of less concern because some degree of tolerance develops to these
relatively quickly. Conversely, constipation and urinary retention could remain
an ongoing problem. For this reason, many acute and chronic pain patients often
need stimulating laxatives during a course of opioid therapy. Depending on the
dose, laxatives can sometimes be avoided if the patient is instructed to drink
plenty of water and increase dietary fiber.

Nearly half of chronic nonmalignant pain patients do not have adequate
bowel evacuation even with fiber, fluids, and stimulating laxatives.” For those
patients, methylnaltrexone might be considered. It is currently approved for
opioid-induced constipation as a subcutaneous injection in advanced disease
patients and clinical trials are now ongoing with an oral form in CNMP
patients.®? Recent approval of naloxegol, a pegylated form of naloxone
chemically similar to nor-oxymorphone was recently FDA approved for OIC in
chronic non-cancer pain. It will be available at 12 mg and 25 mg tablets to be
taken once daily. These drugs represent a new class known as peripherally active
mu opioid receptor antagonists (PAMORAs).1?

Opioids are available in a variety of dosage forms, including oral,
transmucosal (buccal tablets, effervescent, lozenge), transdermal, intranasal,
rectal, and parenteral (intravenous, subcutaneous, intramuscular, epidural,
intrathecal). Moreover, because of genetic polymorphism and because some
chronic pain patients (the minority) develop pharmacologic tolerance to opioid



analgesia, clinical dosages vary widely.

THERAPEUTIC AND TOXIC CONCENTRATIONS

It is difficult to assign a “therapeutic concentration” or even range to most
opioids because the dosage and corresponding blood levels required for adequate
analgesia is variable and patient specific. Reported therapeutic and toxic serum
levels for opioids overlap. For example, a starting morphine dose of 15 mg
orally every 4 hours in an opioid-naive patient could cause significant lethargy.
If the same dose were used to replace another patient’s oxycodone sustained-
release 160 mg PO every 12 hours, we would likely see withdrawal symptoms
with little or no pain relief.

An important consideration in postmortem analysis is that decedents are often
incorrectly assigned “narcotic overdose” as “cause of death” upon pathologist
review. This conclusion could potentially be problematic for two reasons. The
first is that postmortem blood analysis often yields higher numbers than
antemortem samples due to redistribution of tissue.'12 For this reason, it is
generally less accurate to obtain cavity blood from the heart or the pulmonary
vessels to specifically match dose to concentration. More accurate specimens are
achievable from the subclavian or femoral veins. Secondly, if the patient’s opioid
dose had been adjusted upward over time because of physical tolerance, what
might otherwise appear as a lethal blood level in one patient will not necessarily
correlate to death in another.

Nevertheless, important information can be gleaned from monitoring serum
opioid levels clinically. These analyses have been used to monitor compliance,
assess the possible effect of serum levels of one or more medications on the
opioid, to compare pharmacokinetic parameters of single opioid formulation to
alternative dosage forms, and to compare single opioid formulations to
extemporaneously formulated products as single or combination formulations.
The latter has become especially important with the newly instituted risk
evaluation and mitigation strategies (REMS) imposed by the Food and Drug
Administration (FDA).

A far less accurate, but popular strategy for monitoring opioid compliance is
urine drug screen (UDS) analysis. These screens present an important fallacy in
that they were initially developed to assess subjects for substances of abuse.
Although it is important to ascertain whether a patient is abusing recreational
drugs while concomitantly receiving prescribed opioids, UDSs are almost
always enzyme-type screens where false positives and false negatives are



ubiquitous. Because of potential for inaccurately assigning blame for
noncompliance, the clinician needs to have a clear understanding of how to
interpret these tests and the potential limitations. A suggested algorithm is
outlined in Figure 13-2. Some authors, notably Gourlay and Heit,'® advocate
using the UDS as a “universal precaution,” but the UDS is not always
acceptable, may have legal implications, and may be inappropriate for some
patients.!4



Overall opioid drug classifications

Consider initiating a
~ controlled substance agreement

See Figure 1 for a complete list of each chemical classification.

a. Meperidine should not be used chronically for pain based on toxicity profile.!
b. Propoxyphene is not available on the U.S. market.

Urine drug screens are intended to screen for patients who may be diverting, supplementing, or abusing
prescribed drugs or other illicit substances.
They are not intended to predict or determine dose versus compliance.

1. Raymo LL, Camejo M, Fudin J. Eradicating analgesic use of meperidine in a hospital. AJHP. 2007;1150-1153.
2. Jonasson UIf, Jonasson B, Saldeen T. Correlation between prescription of various dextropropoxyphene preparations and
their involvement in fatal poisonings. Forensic Science International. 1999;103:125-132.

Is your patient a candidate for opioid medications?







Monitoring urine drug screens
Monitoring UDS for Morphine/Codeine

Does patient take prescribed
medications regularly?
What is total dose taken?

c. For purposes of this algorithm, the term "opioid” refers to any substance either
containing or derived from opium, including semisynthetics.

Examples of drugs that may cause false positives for amphetamines (Note: This list is not all inclusive):

Any drug with a catecholamine nucleus:
+ [-blockers {including propranolol, atenolol, timolol ophthalmic)
+ [agonists
+ Dopamine congeners (e.g, levadopa, carbidopa, bupropion)
+ u-agonist catechelamines [including chronic use of eye drops (Visine®), nasal decongestants (Afrin®)]
+ Pseudoephedrine, phenylephrine, ephedra
Adrenergic ophthalmic (e.g., dipivefrin, timolol, levobunolol)
NOTE Methylphenidate will NOT show (+) for amphetamines.







Monitoring UDS for Oxycodone/Hydrocodone/Hydromorphone

 Does patient take regularly?
What is total dose taken within
last 48 hr?

d. Opioid cutoffs vary by laboratory and institution. This algorithm is based on a morphine 300 ng/mL. Laboratory detection thresholds may range from
300 to 2,000 ng/mL for morphine. Screens are calibrated for morphine anly, but other phenanthrenes are included by default. The urine opioid screen
will detect other opicids at the following concentrations where a 300 ng/mL cutoff is based on morphine. These results may vary by laboratory:

Oxycodone 23,000 ng/mL
Hydrocodone 1,700 ng/mL
Hydromorphone 1,700 ng/mL
Oxymorphane 41,000 ng/mL

e. Urine oxycodone screen detection threshold is 100 ng/mL. This screen offers greater sensitivity versus the standard urine opioid screen {above) for the
detection of oxycodone,

The urine oxycodone screen will detect other opioids at the following concentrations:
Hydrocodone 1,562 ng/mL
Hydromorphone 12,500 ng/mL
Oxymorphane 1,562 ng/mL







Monitoring UDS for Fentanyl

may be included.

f. Ordering clinician should be familiar with which tests are included within
their respective laboratory panels. In some cases fentanyl and/or methadone

g. Methadone is CYP 3A4 substrate and is therefore prone to many drug
interactions.

h. Some laboratory panels include methadone, but not fentanyl. Methadone
UDS may be ordered as a separate test. In some cases fentanyl and/or
methadone may be included in the UDS panel. If patient is on = 20 mg/d of
methadone, urine should remain (+) for 3 days.

Dlsdnlum:ﬂmﬂmharumnm P nsive, are not all i e, and may not include
every p | d by the i ﬂmﬂ“dl.rhnmlumuhduushnph
guidt;md-rhg clinician l|l|l.lS‘rln\nmnI which drugs are included in the urine drug screen panel,
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FIGURE 13-2. Urine Drug Screen (UDS) Algorithm

AVAILABLE ASSAYS FOR DRUG-LEVEL MONITORING

Gas (or liquid) chromatography-mass spectrometry (GCMS, LCMS) are popular
tests that may be employed to accurately measure specific opioids or substances
of abuse. When using such tests, it is important to recognize the importance,
practicality, and implications of the measurable metabolites as well. (See Table
13-5.) Assuming regular usage for example, if a patient is receiving codeine, we
would expect to find measurable morphine metabolite; if a patient is receiving
oxycodone we would expect to find measurable oxymorphone metabolite; if a
patient is receiving fentanyl we would expect to find measurable norfentanyl
metabolite; but if a patient is receiving morphine we should not expect the
presence of, for example, meperidine, fentanyl, or methadone. (see Table 13-5,
Figure 13-1)

§ V:1:) 9 58 Pharmacodynamic and Pharmacokinetic Properties of
12 B Commonly Prescribed Opioids
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IMost common dosage forms listed; not all inclusive.
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TABLE Opioid Analgesic Comparison Table
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