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The Microcirculation and Oxidative Stress

A. HarRrois, E. VicauT, and J. DURANTEAU

Introduction

Microvascular dysfunction appears to play a key role in the pathogenesis of many
pathologies, such as hypertension, diabetes, ischemia-reperfusion or sepsis. One of
the main players in microcirculatory regulation is the endothelium. Indeed, many
studies outline the fundamental role of the endothelium in vascular tone regulation,
vascular pro-anticoagulant balance, and vessel wall permeability modulation. Many
stimuli are able to induce endothelial dysfunction, including pro-inflammatory cyto-
kines, hypoxia, and oxidative stress. Among the causes of endothelial dysfunction,
oxidative stress has been the most extensively investigated. The endothelium repre-
sents both a source and a target for reactive oxygen species (ROS) released into the
microcirculation. Rather than contribute to oxidative stress, endogenous endothelial
systems for ROS generation may have normal physiological signal functions, gener-
ating ‘second messengers’ that regulate endothelial cell growth/proliferation, endo-
thelial cell barrier function, vasorelaxation, and vascular remodeling. However, in
pathologies such as sepsis or hemorrhagic shock, the imbalance between the pro-
duction of ROS and their effective removal by non-enzymatic and enzymatic antiox-
idant systems may induce endothelial dysfunction with alteration of vascular tone,
increased cell adhesion properties (leukocyte and platelet adhesion), and increased
vascular wall permeability, leading to a pro-coagulant state.

Oxidative stress is difficult to describe in vivo because of the short half-life of
ROS. Involvement of ROS in the pathophysiology of the microcirculation is, hence,
mainly reported in experimental studies. Correlation of these results with future
studies in humans will surely provide a better understanding of microcirculatory
disturbances during sepsis, thereby offering new perspectives for therapeutic inter-
ventions.

Reactive Oxygen Species

ROS are chemical products with a short half-life and a high reactivity conferred by
their free unstable electrons. These properties highlight the importance of the place
where the ROS are produced because they may influence the target with which they
will react. Several enzymes are able to produce ROS in tissues. However, cells pos-
sess many antioxidant defenses that counterbalance this production. As a conse-
quence, the oxidative stress level results from the balance between the rate of ROS
production by oxidases and the effectiveness of antioxidant enzymes or scavengers.
The cytotoxicity of ROS is always due to the association of two phenomena: An
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increase in ROS production and a decrease in antioxidants. During sepsis or ische-
mia-reperfusion, ROS can be produced by leukocytes, endothelial cells and smooth
muscle cells. ROS production in endothelial cells has been reported to be by leuko-
cytes interacting with the endothelial cell membrane. However, our group found that
plasma from patients treated for septic shock was able to induce ROS formation in
naive endothelial cells [1, 2]. This ROS formation induced by plasma can lead to
endothelial cell mortality. Moreover, the extent of ROS production was higher in
non-survivors than in survivors and was correlated with mortality and with criteria
of the severity of septic shock, such as the sequential organ failure assessment (SOFA)
and the simplified acute physiology score (SAPS) II [1]. This finding might be clini-
cally relevant because during septic shock, infection and the inflammatory response
are initially spatially limited. Subsequently, however, a systemic inflammatory
response and organ dysfunction can occur at a distance from the initial infection
site, events in which endothelial cell activation with consequent ROS production
could be a key element.

The production of the superoxide anion (O,") is often the first step in the produc-
tion of most ROS. Indeed, after its production, O,” may be either spontaneously dis-
mutated into hydrogen peroxide (H,0,) or enzymatically catalyzed by superoxide
dismutase (SOD), the first detoxifying enzyme, in a faster reaction (Fig. 1). H,0,
does not have singular electrons, but does have oxidative properties that allow it to
react with several signaling pathway components. The H,0, level depends on its rate
of formation by superoxide dismutation and its buffering rate by glutathione peroxi-
dase (GPx) and catalase, which transform it into water. However, in the presence of
free iron or copper, H,0, may be transformed into the hydroxyl radical (OH-) by the
Fenton reaction (Fig. 1). Interactions of nitric oxide (NO) with ROS are also impor-
tant, as excess NO may react with O, to form peroxynitrite (ONOO"), a very reac-
tive radical that is able to nitrate tyrosine and, thereby, modify protein functions.
This reaction occurs at a constant rate that is three times greater than the reaction
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of superoxide with SOD, demonstrating the high level of reactivity between NO and
superoxide. This privileged reaction has two main consequences: An excess of NO in
the presence of superoxide may form ONOO- with its downstream signaling conse-
quences and, conversely, an excess of superoxide may buffer NO and thereby
decrease the bioavailability of NO in one of the key mechanisms of endothelial dys-
function [3].

Sources of ROS in the Microcirculation
Mitochondria

A continuous production of ROS by the mitochondrial respiratory chain is observed
during physiological cellular respiration. Indeed, 0.4 to 4% of oxygen consumed by
the mitochondria is reduced to O, by electrons that leak from complexes I and III
of the mitochondrial electron transport chain [4]. This basal ROS production is
counterbalanced by cell antioxidant defenses, and O, is, in turn, converted to H,0,
by mitochondria-specific, manganese-dependent SOD without any deleterious
effects. During hypoxia, ROS formation induced by mitochondria was found to lead
to stabilization of hypoxia inducible factor-1 alpha (HIF1-a) and the removal of the
repression of genes encoding for proteins involved in adaptation to hypoxia [5].
Moreover, the rapid onset of ROS production under hypoxic conditions could be
implicated in vascular tone adaptation to hypoxia and has been described as such
with respect to pulmonary hypoxic vasoconstriction [6]. Mitochondria can then be
considered in this context as potential oxygen sensors, though other enzymatic com-
plexes, such as NADPH oxidase, have efficient oxygen sensing properties under
some conditions. During sepsis or ischemia-reperfusion, mitochondrial ROS pro-
duction may also be exacerbated with several implications: ROS may have direct
toxic effects by reacting with cell membranes, thereby creating lipid peroxidation or
signaling effects by interfering with the apoptotic pathway, intracellular calcium
concentration and adhesive protein expression [7], particularly in endothelial cells.

NADPH Oxidase

NADPH oxidase was first described in the membrane of polynuclear cells where its
activation leads to formation of ROS that participate in defense against pathogens.
Several isoforms of this enzyme, which are situated in the membrane of endothelial
and smooth muscle cells, have now been described. NADPH oxidase is composed of
two parts. The first part contains cytochrome b558, which has two subunits
(gp91phox and p22phox). gp91phox enables NADPH oxidase to transfer an electron
from NADPH to O, and is located with p22phox in the cell membrane. The second
part is composed of three subunits (p40phox, p47phox and p67phox) and protein G
(racl) that together form the regulatory subunit of NADPH oxidase, which is located
in the cytoplasm. p47phox phosphorylation or racl activation (which is sensitive to
GTP binding) stimulate migration of the regulatory subunit from the cytoplasm to
the oxidizing membrane complex and enhance O, formation. NADPH oxidase is a
major source of oxidative stress because the extent of the cell pathways in which it
is implicated is vast [8]. O,~ production by NADPH oxidase may be triggered by sev-
eral stimuli including hypoxia, shear stress, or pro-inflammatory cytokines, such as
tumor necrosis factor-alpha (TNF-a).
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NO Synthase

NO is produced by NO synthase (NOS). The substrate L-arginine is oxidized in the
presence of the cofactor tetrahydrobiopterin (BH,), which is necessary for the cataly-
sis of the transfer of an electron from NADH to the terminal guanidine of L-arginine
to form NO. NOS does not produce ROS under physiological conditions. However, a
decrease in the bioavailability of BH, may impair the ability of NOS to produce NO
without altering its oxidase capacity [9]. In this context, NOS is uncoupled and leads
to the production of O,". Thus, when the production of O, is not controlled by SOD,
0, may react with NO to generate ONOO". Not only does O," alter endothelium-
dependent vascular relaxation through its interaction with NO, but the resultant for-
mation of ONOO" can also oxidize BH, and promote NOS uncoupling. Uncoupling of
NOS may also be triggered by endogenous NOS inhibitor activity, namely by asym-
metric dimethylarginine (ADMA), or by a decrease in L-arginine biodisponibility.
NOS uncoupling results in loss of endothelial vasodilation properties due to a
decrease in NO availability and an increase in oxidative stress.

ROS production by uncoupled NOS was principally described in experiments
involving cardiovascular disease and remains to be explored in the context of
inflammatory pathologies. However, in a clinical study, supplementation of L-argi-
nine in hypercholesterolemic patients restored endothelium-dependent vasodilation
[8], one of the first elements that suffers in endothelial dysfunction.

Xanthine Oxidase

The main function of xanthine oxidase consists of oxidizing hypoxanthine and xan-
thine into uric acid and, thereby, has an important role in purine metabolism. Two
forms of this enzyme are present in cells and differ principally in their final electron
acceptor, xanthine dehydrogenase and xanthine oxidase. Xanthine dehydrogenase is

Fig. 2. Representative images of the dihydroethidium (a dye that fluoresces when oxidated by the superox-
ide anion) fluorescent signal in mice cremaster muscle arteriolar wall at baseline (a) and after 60 minutes
of ischemia (b). In this experiment of muscle ischemia, reactive oxygen species (ROS) production involved
both mitochondrial complex Il and xanthine oxidase. Data from Baudry et al. [13].
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the major enzyme form under physiological conditions and requires NAD* as an
electron acceptor during the transformation of hypoxanthine/xanthine. Xanthine
oxidase transfers an electron to O, to form O,". Xanthine dehydrogenase is usually
preponderant, but oxidase activity may become important in the context of ischemia
in experimental animal studies and in endothelial cell experiments [10-12]. Our
group observed the involvement of xanthine oxidase (as well as mitochondrial com-
plex I1I) in ROS-induced production in the arteriolar wall of mice cremaster muscles
submitted to ischemia (Fig. 2) [13]. It is then interesting to note that ROS produced
by xanthine oxidase during ischemia-reperfusion may induce leukocyte adhesion at
a venular level [12] while they may influence vascular tone regulation at the arterio-
lar level [13, 14].

Other Sources of Superoxide Anion Production

Cytochrome P450 and cyclooxygenase (COX) enzymes are also capable of producing
0, under certain conditions. COX was demonstrated to produce O, simultaneously
with prostaglandin in a model of endothelial cell activation [15]. Cytochrome P450 is
known for its detoxification properties in hepatic tissues. However, vascular isoforms
are particularly implicated in vascular tone regulation principally by interfering with
arachidonic acid metabolism. During its enzymatic activity, the oxidizing capacity of
the protein complex may induce O, production in the presence of O, and NADH.
This phenomenon was observed in a model of cardiomyocytes submitted to ische-
mia-reperfusion injury [16] as well as in endothelial coronary artery cells [17].

Interactions of ROS with the Microcirculation

Endothelial cells situated at the interface between the vascular wall and blood com-
ponents have an active and critical role in microcirculation homeostasis. During

Endothelial Cell

Leukocyte

0, sensing _ AR NN T -
Physiology MRS pos < Pathology ~ 2dhesion

Shear stress

sensing 44— NO/ i \ONOO LR —  Apoptosis

Vascular tone [ T Necrosis
sequlation . Protein kinase NF- kB

9 Protein phosphatase AP-1 Loss of vascular
Cell growth, ' Ras, Rac HIF-1 i tone regulation
proliferation . : \ i / o4 Permeability
Cell survival : na g increase

“~_transduction  Nucleus

Fig. 3. Cell functions with which reactive oxygen species (ROS) have been reported to interact in physio-
logical and pathological states. A non-exhaustive list of transcription factors and intracellular signaling pro-
teins whose function may be modulated by ROS is represented in the schematic endothelial cell (activator
protein-1 [AP-1], hypoxia inducible factor-1 [HIF-1], nuclear factor-kappa B [NF-kB]). Apoptosis is repre-
sented in the pathological column because it may be exacerbated by ischemia-reperfusion or sepsis. How-
ever, apoptosis may be, in many cases, a physiological process to renew cells in tissues.
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pathological stimuli, such as in an inflammatory state with massive cytokine pro-
duction, ischemia-reperfusion injury or shear stress variation, endothelial dysfunc-
tion may occur in which oxidative stress products play an important role (Fig. 3).

Leukocyte-endothelial Cell Adhesion

Adhesion of blood cells, such as white blood cells (WBCs) or platelets, to endothelial
cells is a critical event associated with vascular inflammation mediated by oxidative
stress. This adhesion is mediated by inducible proteins expressed on blood cell and
endothelial cell membranes, allowing binding, rolling and transmigration of WBCs
across the endothelium monolayer. Oxidative stress plays a key role in the interac-
tions established between blood cells and the endothelium, as it triggers the expres-
sion of most adhesive proteins. Indeed, ROS production triggered by inflammation
may enhance the migration of adhesive proteins from the intracellular space to the
cell membrane, particularly P-selectin, which is the earliest adhesive protein
expressed on endothelial cells [18]. In this way, endothelial cells submitted to hyp-
oxia showed activation of mitogen activated protein kinase p38 (MAPK p38) via
ROS-dependant phosphorylation, enabling endothelial cells to recruit intracellular
P-selectin into the cell membrane and, thus, triggering WBC adhesion onto the
endothelial surface [19]. Indeed, activated WBCs express P-selectin ligand-1 protein
(PSGL-1), which binds P-selectin, on their surface. This first interaction slows leuko-
cyte transit and initiates rolling on the vascular endothelium. ROS have also been
reported to interact at a transcriptional level with the activation of genes encoding
adhesive molecules, such as intercellular adhesion molecule-1 (ICAM-1), vascular
adhesion molecule-1 (VCAM-1), and E-selectin in an endothelial cell model submit-
ted to TNF-a activation [20]. E-selectin expression occurs later in comparison with
P-selectin and reinforces the leukocyte rolling phase. Moreover, ROS-induced TNF-a
production was able to activate monocyte chemoattractant protein-1 (MCP-1) pro-
duction by endothelial cells with a specific role for O,~ and H,0,, but not for ONOO-
[21]. This ROS production was mediated by NADPH oxidase, which was activated by
Rac 1. Chemoattractants are important signaling proteins as they further activate
rolling WBCs that may then initiate firm adhesion and transmigration. In vivo stud-
ies describe a similar central role for ROS in molecular adhesion signaling because
mice intestine submitted to ischemia-reperfusion expressed E-selectin via nuclear
factor kappa B (NF-xB) activation in an endothelial ROS-dependant manner [22].
Another important aspect concerns WBC ROS products that may also induce an
endothelial adhesive phenotype in response to a pro-inflammatory challenge. Poly-
morphonuclear neutrophil (PMN) NADPH oxidase produces extracellular ROS in
this context, which activates endothelial NF-xB, and then ICAM-1, expression [23].
In addition, Steiner et al. observed an important role for ROS produced by mastocy-
tes during systemic hypoxia in rats, as they may enhance leukocyte-endothelium
adhesion [24].

ROS, therefore, appear to be central signaling molecules in the leukocyte-endo-
thelium interaction with a reciprocal activation between WBC and endothelial cells,
leading to an organized ‘molecular cross-talk’ that allows WBC transmigration at the
inflammatory site. If adhesive leukocytes have a protective role against pathogens in
locally injured and inflamed tissue, the whole body generalization of this phenom-
ena in the context of systemic inflammation, such as in sepsis, deeply perturbs
microcirculatory behavior and contributes to organ failure. Adhesion of leukocytes
on venules at the post-capillary level increases flux resistance and local secretion of
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pro-inflammatory elements, ultimately leading to an increase in endothelial perme-
ability [25] and tissue injury [26].

Moreover, it should be mentioned that interactions between blood cells and the
endothelium may include additional players, such as platelets that adhere to endo-
thelial cells, enhance recruitment of adhesive WBCs and can even aggregate with
them. This phenomenon draws a link between adhesion and aggregation, which is
usually balanced by functional endothelial cells [18].

Vascular Tone Regulation

Endothelial cells release several factors implicated in the regulation of vascular tone.
Vasoconstriction can be achieved by thromboxane A2 (TXA2), endothelin 1, angio-
tensin II while vasodilation is mediated by NO, prostacyclin (PGI2) and epoxyeicosa-
trienoic acids (EETs). ROS are implicated in the physiological regulation of vascular
tone at several levels, while H,0, is implicated in experimental vasodilatation and
vasoconstriction of bovine coronary and arterial pulmonary artery, respectively, in
the context of hypoxia [27]. These fundamental vascular reactions are key functions
in the adaptation of microcirculatory flux to meet the energetic needs of the myo-
cardium and in the adequacy of the ventilation/perfusion ratio, respectively.

However, in some conditions, ROS production may interact with the physiologi-
cal regulation of vascular tone. Indeed, when the ROS level becomes imbalanced, the
rapid reaction of overproduced O,” with NO may decrease bioavailability of NO and
alter endothelium-dependent vasodilation. Additionally, the resulting formation of
ONOO- (Fig. 1) is particularly important because ONOO- displays properties that
other ROS do not. It may inactivate prostacyclin synthase in particular by nitrating
its tyrosine residue [28], thereby modifying vascular tone. Moreover ONOO-" inter-
acts with antioxidant defenses, particularly mitochondrial SOD [29] and glutathione
peroxidase [30], inhibition of which exacerbates ROS production.

In vivo, ROS level is a fundamental parameter that may induce a shift from dilator
prostanoid (PGI2) synthesis to constrictor prostanoid (TXA2) synthesis by COX
[14]. This vasoactive modulation induced by ROS is a unifying concept that may
explain microvascular tone disturbances in the context of an increase in oxidative
stress.

The Vast Spectrum of Intracellular Targets for ROS

The implication of ROS in cell transduction signaling of a wide range of stimuli (cyto-
kines, growth factors, hormones) is well recognized. Oxidative stress is able to directly
react with a vast panoply of intracellular targets (Fig. 3), such as the phosphatase/
kinase couple (protein kinase A, G, C, Jun kinase, Akt), rho proteins (Ras), transcrip-
tion factors (activator protein-1 [AP-1], NF-kB, P53) or metabolic enzymes [31]. ROS
may induce small modifications on predefined protein regions, thereby affecting their
function. For example, H,0, may react with the cysteine thiol group and form a disul-
fide bond that modifies protein function. Thiols may also be modified by NO to form
nitrosothiols that modulate protein activity. It is interesting to note that specific cellu-
lar proteins, like thioredoxin, glutaredoxin or glutathione, may reverse ROS-induced
protein modification. In fact, these cellular reductants provide a strong argument in
favor of the tightly controlled signaling role of ROS. Many transcription factors are
sensitive to an oxidizing environment. NF-kB is one of these, and its complex activa-
tion may be triggered by successive pro-oxidant activities. Indeed, the inhibitory kB
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kinase (IKK) is activated by ROS and enhances degradation of I-kB (usually by main-
taining active NF-xB inhibition), allowing the translocation of NF-kB to the nucleus
via its downstream transcription effects. It may be appealing to outline that changes
in the gluthathione (GSH)/glutathione disulfide (GSSG) ratio (reflecting the pro-anti-
oxidant balance) modulate AP-1 activity. Indeed AP-1 activation by lipopolysaccha-
ride (LPS) is inhibited by N-acetylcysteine (a GSH precursor) [32]. The amount of
AP-1 binding to DNA is decreased in transgenic mice that overexpress the glutathione
peroxidase gene compared to control mice after ischemia-reperfusion [33].

The interaction of ROS with cellular proteins may have consequences on funda-
mental cell functions. For example, vascular endothelial growth factor (VEGF) stim-
ulates cell growth in a ROS-dependent fashion [34] by activating extracellular signal
regulated kinase (ERK). ROS may act in several steps of the apoptotic pathway, as
they are able to directly or indirectly affect mitochondrial function by mitochondrial
membrane alteration or by reacting with mitochondrial membrane protein thiols,
respectively. Release of mitochondrial intermembrane space proteins, such as cyto-
chrome c, may further activate caspase 9, which promotes DNA fragmentation and
condensation and subsequent cell apoptosis. Apoptosis-induced factor (AIF) may
also come from mitochondrial external membrane permeabilization and directly
induce apoptosis at the nuclear level [35]. In some cases, mitochondrial dysfunction
may lead to an increase in ROS production that causes so much damage to mit-
ochondria that energetic failure may lead to necrotic cell death.

Role of Oxidative Stress in Microcirculatory Dysfunction

We will illustrate the key role of ROS in the physiopathology of two major situations
encountered in critical care, namely ischemia-reperfusion and sepsis.

Ischemia-reperfusion

ROS production during ischemia-reperfusion occurs mainly during reperfusion and
may contribute to direct tissue injury caused by energetic failure and cell death [36],
a well described phenomenon with regard to myocardial infarction. In addition to
the induction of cell death, ROS-induced production may alter microcirculatory
behavior. Indeed, ischemia-reperfusion is associated with impaired endothelial-
dependent vasodilation that can be triggered by NO buffering by excess O,". Ische-
mia-reperfusion may also induce an increase in endothelial permeability at the cap-
illary level, creating vascular wall edema that leads to ischemic lesions. A rise in
endothelial permeability may be triggered by endothelial ROS production during re-
oxygenation as well as by WBC ROS that are recruited in the ischemic zone. The
WBC may also release inflammatory cytokines during reperfusion that exacerbate
capillary leaks. Finally, at the level of post-capillary venules, endothelial ROS pro-
duction associated with the secretion of leukotriene B4 (LTB4) and platelet activat-
ing factor (PAF) activate WBCs, which become adhesive to the endothelium [37].
Neutrophil adhesion may then participate in tissue injury. It is important to note
that adhesion after ischemia-reperfusion is a sustained reaction with recruitment of
several types of WBC over time. While early PMN adhesion after ischemia-reperfu-
sion is well described, the leukocyte population switches to mononuclear cells (T
lymphocytes) in the days following stroke. Lymphocytes may then modulate inflam-
mation and participate in late-stage tissue injury [38].
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Sepsis

Sepsis induces disturbances at the level of both the macro- and the micro-circula-
tion. As septic shock occurs, organ dysoxia may be observed due to hypovolemia
that may be associated with septic cardiac failure. However, once macrohemody-
namic parameters are stabilized in a sufficient range, the microcirculation may still
be disturbed with capillary deperfusion as if dysfunction of microcirculatory regula-
tion were present, independent of macrohemodynamics [39]. This microcirculatory
dysfunction may be due to the release of mediators during sepsis including ROS,
cytokines or LPS. Microcirculatory dysfunction occurs at several levels (Fig. 4):

® ROS production during sepsis may come from leukocytes by the so-called ‘oxi-
dative burst’, which is triggered by inflammatory stimuli. The resulting WBC
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Fig. 4. Principal targets of reactive oxygen species (ROS) during sepsis. Sepsis induces systemic inflamma-
tion with leukocyte activation that produces ROS. ROS may help to defend against pathogens, but may also
diffuse and activate endothelial cells, causing migration of P-selectin to the endothelial membrane. Pro-
inflammatory cytokines may directly activate endothelial cells and trigger ROS production by mitochondria
(Mito), xanthine oxidase (X0) and NADPH oxidase (NADPH ox). ROS may then directly stimulate migration
of stocked P-selectin to the cell membrane or induce de novo production at the transcriptional level via
nuclear factor-kappa B (NF-kB) activation. Adhesive protein expression (P and E-selectin, intercellular adhe-
sion molecule-1 [ICAM-1] and vascular adhesion molecule-1 [VCAM-1]) permits leukocyte adhesion that
produces ROS locally. Intracellular ROS production may buffer nitric oxide (NO) and decrease its availability,
leading to vascular tone disturbances. Moreover, ROS may influence the balance between constrictor and
vasodilator prostanoids by modifying cyclooxygenase activity. Glutathione (GSH) level decreases during
sepsis, as does superoxide dismutase (SOD) function, leading to exacerbation of ROS levels due to a lack
of detoxifying capacity. LPS: lipopolysaccharide
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activation increases ROS production capacity, which, on the one hand, permits
fighting of the pathogen responsible for the infection and, on the other hand,
enhances the process of adhesion with endothelial cells (see above). Endothelial
cells themselves are a source of ROS when they are in the presence of pro-inflam-
matory stimuli.

® Vascular tone modifications are observed in which NO may have a key role. NO
is usually produced by endothelial NOS (eNOS) and participates in
endothelium-dependent vasodilation. However, during sepsis, inducible NOS
(iNOS) is expressed that increases total NO production. This induction is not
uniform [40] and has important consequences with respect to ROS production.
Indeed, as O,” may react with NO to form ONOO-, NO is consumed and no
longer available, demonstrating that the heterogeneity of microcirculation per-
fusion depends on the balance of local NO and O," production. Moreover, the
pathophysiology of microcirculatory deperfusion concerns additional vasoactive
elements including PGI2, which is underproduced as ROS modulate the activity
of PGI synthase by switching to vasoconstrictive prostaglandin production. Sev-
eral studies have demonstrated the amelioration of microcirculation perfusion
through the use of drugs that interact with microvascular tone regulation.
Krejci et al. observed an amelioration in splanchnic microcirculation in pigs
submitted to fecal peritonitis by using the endothelin receptor antagonist,
bosentan [41]. Spronk et al. detected an amelioration of the sublingual micro-
circulation by using NO donors in septic shock patients [42]. However, this lat-
ter finding was not confirmed by a more recent, blinded, clinical randomized
study that found no effect of systemic NO donor administration on microcircu-
latory dysfunction in septic shock patients [43].

¢ The microcirculation may be perturbed by capillary leak syndrome during sep-
sis because vascular edema decreases oxygen diffusion across the vascular wall
and, thus, microcirculatory flow. The endothelial cell barrier is usually imper-
meable to fluids and macromolecules due to tight regulation of junction and
adhesive protein expression, which confers a strong cohesion to the endothe-
lium monolayer. During sepsis, an increase in endothelial permeability is
observed along with massive fluid loss. Experimentally, the endothelial cell
monolayer may become permeable when in contact with pro-inflammatory
cytokines, such as TNF-a [44]. ROS seem to play a key role in this: Administra-
tion of antioxidant molecules may prevent this permeability increase [45]
whereas direct endothelial contact with ROS increases permeability [46].

Another impact of oxidative stress during sepsis deals with cell metabolism. Mito-
chondrial dysfunction leads to a decrease in mitochondrial respiratory chain activ-
ity. Brealey et al. observed an inhibition of complex I in muscle biopsies from septic
shock patients, which correlated with the severity of the condition [47]. Moreover,
this mitochondrial dysfunction correlated with reduced glutathione concentrations
and ATP levels. This finding is in phase with the oxidative stress activity on mito-
chondrial respiratory chain proteins; ONOO" has been demonstrated to interact with
complex I and III, thereby decreasing their activity [48, 49]. However, this concept
was recently discussed in the light of recent experimental studies that incriminated
S-nitrosothiols, rather than ONOO, in the nitrosation of complex I [50].
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Conclusion

As the microcirculation transports oxygen and nutrients to cells, its regulation is
dynamic and very reactive according to environmental variation. Endothelial cells
appear to be central in signal transduction from the blood compartment to the ves-
sel wall in physiological and pathological conditions. Extensive research from the
two last decades delineates a key role for oxidative stress in endothelial cell function
and microvessel behavior. In certain settings, such as in ischemia-reperfusion and
sepsis, ROS appear to contribute to microvascular injury. These observations raise
the possibility that ROS will become a therapeutic target in various pathologies,
including sepsis or ischemia-reperfusion injury. However, the involvement of ROS in
cellular and microvascular homeostasis may complicate ROS-targeting therapeutics.
A more precise knowledge of the role of ROS in microcirculatory injury is essential
for the development of ROS-directed therapies.
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Introduction

Shock has typically been classified into four types: Hypovolemic, cardiogenic,
obstructive, and distributive. The first three categories are associated with a
decrease in cardiac output, leading to tissue hypoxia. Distributive shock, such as
septic shock, results from abnormal distribution of normal or increased cardiac out-
put, secondary to microcirculatory dysfunction. Severe disruption of the microcir-
culation during sepsis results in a pathologic heterogeneity in microvascular blood
flow that occurs as a consequence of the shutdown of weak microcirculatory units.
This implies that oxygen transport is shunted from the arterial to the venous com-
partment, leaving the microcirculation hypoxic, and is the main pathogenic feature
of distributive shock. Such a scenario results in maldistribution of microvascular
blood flow and a mismatch between oxygen delivery and oxygen demand in differ-
ent tissues that seems to be the first step in the progression to organ failure [1].

In shock profiles other than sepsis, where the microcirculation is not affected to
such an extent, optimization of systemic hemodynamic parameters would likely
ensure adequate oxygenation of tissues. In severe sepsis, however, regional hypoper-
fusion can persist even after correction of global hemodynamic and oxygen-derived
variables [2]. This disparity between systemic and regional tissue oxygenation
makes it difficult to define monitoring and treatment endpoints.

The microcirculation can be assessed at the bedside using new imaging tech-
niques, namely orthogonal polarization spectral (OPS) imaging and sidestream dark
field (SDF) imaging. During resuscitation and treatment of septic shock, these tech-
niques allow for evaluation and verification of whether the treatment strategies
implemented really improve the microcirculation in an attempt to correct tissue dys-
oxia. In fact, some studies have been published recently that evaluate the effective-
ness of different treatments on the microcirculation using these techniques.

The present chapter focuses on the pathophysiology of the distributive defect of
septic shock at the microcirculatory level, as well as discussing new evidence regard-
ing the effects of vasopressors and vasodilators on the microcirculation during sep-
tic shock.

Normal Microcirculation

Microcirculatory function is the main prerequisite for adequate tissue oxygenation
and, thus, also organ function. The roles of the microcirculation include transport-
ing oxygen and nutrients to tissue cells, ensuring adequate immunological function
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and, in disease, delivering therapeutic drugs to target cells. The microcirculation
network consists of the smallest blood vessels (< 100 um diameter), where oxygen
release to the tissues takes place, and includes arterioles, capillaries, and venules
(microcirculatory units) [3]. This network accounts for 10 billion capillaries and the
highest endothelial surface in the body (more than 0.5 km?). The main cell types in
the microcirculation are the endothelial cells, smooth muscle cells (mostly in arteri-
oles), red blood cells (RBC), leukocytes, and platelets. The endothelial cells have a
key role in microcirculatory functioning, participating in blood flow regulation,
controlling coagulation and immune function, and releasing nitric oxide (NO) in
response to shear stress and possibly also hypoxia [4]. NO is an important factor in
maintaining the integrity of blood flow through the microcirculation by regulating
resistance vessel diameter (relaxing smooth muscle cells in proximal arterioles),
blood rheology (regulating RBC and leukocyte deformability), interactions between
blood elements and the vascular wall (regulating leukocyte-endothelial adhesion
and platelet adhesion and aggregation), and blood volume (increasing vascular per-
meability during endotoxemia) [5].

Microvascular oxygen delivery cannot be predicted from systemic or even
regional oxygen delivery. First, microvascular hematocrit is lower than systemic
hematocrit due to the Fahraeus effect (dynamic reduction of hematocrit due to axial
migration of erythrocytes near the center of the vessel). Second, the distribution of
hematocrit is nonlinear at vascular branch points. Third, microvascular PO, (partial
oxygen pressure) is also lower than systemic PO, and is heterogeneously distributed.
Hence, oxygen delivery is heterogeneously distributed throughout the microcircula-
tion network [6].

The structure and function of the microcirculation is highly heterogeneous in dif-
ferent organs, and is closely related to the functional role played by a particular
organ as a whole. The number of capillaries per unit mass of organ or tissue (capil-
lary density) may be related to the organ’s metabolic requirements (muscles, heart,
brain) or to other functional requirements (skin, intestinal mucosa, kidney) [7]. This
marked heterogeneity of the microcirculation leaves the network particularly vul-
nerable to hypoxic insult.

The microcirculation normally insures adequate oxygen delivery to meet the oxy-
gen demands of every cell within an organ. A strict regulatory mechanism is in
place to achieve this, with multiple signaling pathways interacting at different levels.
In this way, oxygen transport to tissues with high oxygen need is augmented and
oxygen transport to tissues with low metabolic activity is restricted [8]. This regula-
tory mechanism allows microcirculatory flow to occur independent of changes in
systemic blood pressure, a mechanism called autoregulation [7]. In general, driving
pressure, arteriolar tone, hemorheology, and capillary patency are the main deter-
minants of microcirculatory blood flow.

Regional flow is determined by large vessels (medium-sized arterioles), which are
mainly controlled by the sympathetic nervous system. In contrast, local distribution
of blood flow to tissues is regulated by the microcirculation. When terminal arteri-
oles are vasodilated, perfusion of the capillaries increases; when terminal arterioles
are vasoconstricted, the number of recruited capillaries decreases. These vessels are
primarily under local control, and the endothelial cells play a central role in this [4].
It has been proposed that these cells can regulate arteriolar smooth muscle tone
upstream by sensing shear stress and different regulating substances (acetylcholine,
catecholamines, prostaglandins, endothelin, bradykinin, thromboxane, adenosine,
nitrosothiols and ATP) downstream in the capillary network. Endothelial cell-to-cell
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signaling (via gap junctions) transmits upstream information about hemodynamic
conditions downstream [5]. This cell-to-cell communication could involve ascending
membrane hyperpolarization via activation of a K-ATP channel and electrical cou-
pling with smooth muscle cells, with regulation of the vascular tone. RBCs also play
an important role in the control of microcirculatory perfusion. These cells release
ATP and S-nitrosothiol (SNO) in hypoxic conditions, both of which produce local
vasodilation and increase blood flow [9]. Finally, other factors that affect blood flow
in the capillary network are capillary resistance (determined by diameter and
length) and hemorheologic factors (blood viscosity and RBC deformability) [5].

The Microcirculation in Sepsis

One of the primary functions of the microcirculation is to ensure adequate oxygen
delivery to meet the oxygen demands of every cell. As long as the regulating mecha-
nism is functional and capillary density is sufficient, the microvasculature will
deliver all available oxygen to where it is needed within an organ. However, if the
microvasculature is dysfunctional, as it is in sepsis, maldistribution of blood flow
and tissue hypoxia can occur despite supranormal oxygen delivery values [10].
Microcirculation is the landscape where most of the pivotal events of sepsis patho-
genesis take place [3].

Multiple mechanisms influence the microcirculatory network during sepsis [3, 11,
12]: Redistribution of blood flow from compliant vascular beds (skin and the
splanchnic area) to more crucial body areas (brain, heart), with secondary micro-
vascular derecruitment; endothelial activation and injury; loss of the glycocalyx
(which covers the endothelium and forms an important barrier and transduction
system); increased microvascular permeability (capillary leakage) with edema for-
mation and hypovolemia; decreased RBC deformability, with concomitant capillary
plugging; increased leukocyte adhesion and reduced deformability, with capillary
and venular obstruction; leukocytes activated by septic inflammation that generate
reactive oxygen species (ROS) that directly disrupt microcirculatory structures, cel-
lular interactions, and coagulatory function; capillary obstruction by platelet/fibrin
clots secondary to disseminated intravascular coagulation (DIC); and impaired arte-
riolar smooth muscle cell tone and response to vasoactive stimuli, secondary to
excess NO production.

The combination of these mechanisms contributes to a reduction in perfused
capillaries (decreased functional capillary density), the development of heteroge-
neous abnormalities in microcirculatory blood flow, and the loss of intrinsic vasore-
gulation in almost all vascular beds [13]. Decreased capillary density implies that
the diffusion distance for oxygen is increased [7]. The increased heterogeneity of the
microcirculation, in which some vascular beds exhibit preserved functional capillary
density, whereas others have sluggish blood flow and still others have no flow at all,
generates areas of hypoxia and impairs oxygen extraction in both mathematical and
animal models of septic shock [10]. These alterations generate an impaired ability to
regulate local oxygen delivery, which translates to rapid onset of tissue hypoxia [9].
If this state of hypoperfusion is not reversed in a timely manner, tissue injury and
multiple organ failure can occur.

It is important to consider that many of the clinical manifestations of severe sep-
sis are secondary to alterations in the microcirculation, such as hypotension, low
vascular resistance, low filling pressure, and hypovolemia. Therefore, basic elements
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of the septic hemodynamic profile, typically thought to be macrovascular derange-
ments in nature, are actually rooted in the microcirculation [2].

Bedside Study of the Microcirculation

Expedient detection and correction of tissue dysoxia may limit organ dysfunction
and improve outcomes in septic patients. However, tissue dysoxia is very difficult to
detect at the bedside because there are no specific clinical signs or simple laboratory
tests to assess it. On the other hand, measurements of hemodynamic and oxygen-
derived parameters fail to assess the microcirculatory network, where oxygen deliv-
ery to cells really occurs, so are not sensitive enough to detect regional hypoxia [13].

Hence, one of the most important advances in the study of sepsis in recent years
has been the development of imaging techniques that allow for direct visualization
of microcirculation at the bedside. These techniques include OPS and SDF imaging.
The OPS technique consists of a handheld device that illuminates the area of interest
with polarized green light while imaging the remitted light through a second polari-
zer (analyzer) oriented in a plane precisely orthogonal to the plane of illumination.
The green light has a wavelength within the hemoglobin absorption spectrum (548
nm), so RBCs appear as dark moving bodies and leukocytes may be visible as refrin-
gent bodies [14]. SDF imaging is the successor of OPS and is based on essentially the
same physical principles, but has higher resolution and picture quality than OPS
[15].

Because of direct in vivo observation of the microcirculation in septic patients,
microcirculatory abnormalities, particularly heterogeneity of flow, are now being
recognized as key characteristics in the pathogenesis of organ dysfunction during
sepsis, corroborating previous experimental data. The presence and persistence of
such abnormalities has been found to be associated with prognosis of morbidity and
mortality. De Backer et al. [16] reported a significant decrease in vessel density and
in the proportion of small perfused vessels in septic patients compared to healthy
volunteers; this impairment of the microcirculation was more severe in non-survi-
vors. These results were later confirmed by Trzeciak and colleagues [17], who also
found that alterations in the microcirculation were related to the severity of organ
failure, as assessed by the Sequential Organ Failure Assessment (SOFA) score. Sakr
et al. [18] characterized the time course of microcirculatory alterations in patients
with septic shock and its relation to outcomes. Although similar at baseline, the
microcirculation improved rapidly in survivors as compared to non-survivors, even
though global hemodynamic variables did not differ. More importantly, capillary
perfusion when shock ended was related to the severity of organ failure.

Finally, as microcirculatory failure can occur in the presence of normal or supranor-
mal systemic hemodynamic and oxygen-derived variables, monitoring the microcircu-
lation with OPS and SDF during the resuscitation of septic shock could, in theory, allow
for evaluation and verification of whether the treatment strategies implemented do
really improve the microcirculation in an attempt to correct tissue dysoxia [3].

The Microcirculation in Distributive Shock

Shock is a condition that occurs when there is insufficient transport of blood carry-
ing oxygen to meet the metabolic demands of the tissue cells. Many years ago, Weil
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and Shubin [19] classified four states of shock: Hypovolemic, cardiogenic, obstruc-
tive and distributive. The first three categories predictably result in a decrease in
cardiac output, leading to tissue hypoxia. However, distributive shock, such as septic
shock, has been more difficult to characterize. This difficulty is primarily because
this type of shock results from distributive alterations in tissue perfusion caused by
microvascular dysfunction, resulting in abnormal distribution of normal or
increased cardiac output [1]. Shunting of oxygen transport is the main pathogenic
feature of distributive shock and is secondary to microcirculatory dysfunction. This
leads to a maldistribution of microvascular blood flow and a mismatch between oxy-
gen delivery and oxygen demand in different tissues, which seems to be the first step
in the progression to organ failure [13]. Hence, in shock profiles other than sepsis,
where the microcirculation is not affected to such an extent, correction of global
hemodynamic parameters would likely ensure adequate oxygenation of the tissues.
However, in severe sepsis, regional hypoperfusion can persist even after global opti-
mization of conventional hemodynamic and oxygen-derived parameters [2]. This
disparity between systemic and regional tissue oxygenation makes it difficult to
define monitoring and treatment endpoints.

Septic shock is characterized by shunted microcirculatory units, resulting in
regional dysoxia. Global hemodynamic and oxygen-derived variables can seem quite
normal, while regional microcirculatory areas could be hypoxic secondary to the
shutdown of weak microcirculatory units [20]. This implies that oxygen transport is
shunted from the arterial to the venous compartment, leaving the microcirculation
hypoxic [12]. Weak microcirculatory units have unfavorable rheological and/or
resistive properties, such that they are the first to become hypoxic during ischemia,
shock, and sepsis, and the last to recover during reperfusion [8]. In addition, during
sepsis, alterations in different components of the microcirculation, disturbed micro-
vascular autoregulation, and heterogeneous inducible NO synthase (iNOS) expres-
sion between different vascular networks, all favor the development of shunted areas
of the microcirculation, which generates a heterogeneous distribution of blood flow
between and within organ systems (Fig. 1) [10]. Weak microcirculatory units are well
recognized in certain organs, such as the mucosal villi of the gut and the kidney cor-
tex.

The functional consequence of microcirculatory shunting is that local microcircu-
latory PO, becomes lower than venous PO,, a pathological condition that has been
termed the “PO, gap” [8]. Using the Pd-porphyrin phosphorescence technique to
measure microcirculatory PO,, Ince et al. [21, 22] showed that the PO, gap was
higher in septic shock than in hemorrhagic shock, reflecting the severity of oxygen
shunting during sepsis. The systemic manifestation of this condition is a deficit in
oxygen extraction by the tissues since the cells are still capable of extracting oxygen,
but oxygen is not being delivered to where it is needed secondary to the presence of
shunted hypoxic microcirculatory units. This explains the high mixed venous oxy-
gen saturation that is typical of septic shock.

Many studies in clinical and experimental sepsis have demonstrated the presence
of shunted microcirculatory units and the heterogeneous distribution of blood flow
between and within organ systems. Ellis et al. [23], using in vivo spectrophotometric
imaging, demonstrated in a rat model of sepsis that some local regions of tissue
were clearly over-supplied with oxygen, whereas other areas, those supplied by capil-
laries exhibiting increased oxygen extraction, were under-supplied with oxygen.
This study clearly illustrated the maldistribution of blood flow at the capillary level,
the mismatching of local oxygen supply with local oxygen demand, and the possibil-
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Fig. 1. During severe sepsis, all microcirculatory components are severely disturbed, resulting in the loss of
autoregulation and the shutdown of weak microcirculatory units. This leads to a maldistribution of hetero-
geneous microvascular blood flow and a mismatch between oxygen delivery and oxygen demand in differ-
ent tissues that seems to be the first step in the progression to organ failure. iNOS: inducible nitric oxide
synthase; ROS: reactive oxygen species; RBC: red blood cells; DIC: disseminated intravascular coagulation

ity that hidden hypoxic microcirculatory units could be next to well perfused or
even over-perfused normoxic units. These authors also found an increased propor-
tion of fast flow vessels adjacent to stopped-flow capillaries, suggesting that blood
might have been shunted through the capillary beds via these vessels.

There is ample evidence of the heterogeneity of the microcirculation within and
between various vascular beds during sepsis from animal studies. These findings
have been corroborated in various clinical studies using OPS and SDE. Boerma et al.
[24] studied patients with abdominal sepsis and demonstrated that there was a com-
plete dispersion between OPS-derived sublingual and intestinal microcirculatory
parameters on day 1; however, on day 3, microcirculatory blood flow was almost
normalized at both sites, with a significant correlation between the two vascular
beds. This result underlies the time-dependency of microcirculatory alterations and
heterogeneity in sepsis. The same authors studied the correlation between sublin-
gual microcirculatory alterations and the central-to-toe temperature gradient as an
easily accessible parameter of combined peripheral and central circulation [25].
Again, a significant correlation could not be demonstrated. Interestingly, in both of
these studies, there were practically no correlations between microcirculatory vari-
ables and hemodynamic parameters. This lack of correlation between microcircula-
tory and hemodynamic variables has been reported in almost all of the clinical stud-
ies that have assessed the microcirculation in severe sepsis.
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Using OPS and SDF imaging techniques in patients with septic shock, all classes of
microcirculatory flow abnormalities have been found, especially at the capillary
level, where the distributive defect occurs. The highly heterogeneous blood flow at
this level, in contrast with the findings regarding the venular component of the
microcirculation, shows a normal-to-hyperdynamic blood flow. Elbers and Ince [1]
identified five classes of sublingual capillary flow abnormalities in distributive
shock, arguing that each could be associated with a specific etiology.

To underscore the dissociation between the different types of shock and microcir-
culatory abnormalities, Nakajima et al. [26] used intravital microscopy to compare
the effects of hemorrhage and endotoxin shock at the microvascular level (intestinal
villi) in a rat model. These authors found that at the same level of hypotension, cap-
illary density and RBC velocity were altered considerably more in endotoxin shock.
Fang et al. [27], using OPS on the sublingual microcirculation, also compared hem-
orrhage and septic shock, demonstrating similar findings. These authors also found
that improved global hemodynamics after resuscitation were not effective in
improving capillary blood flow in septic shock; unlike in hemorrhagic shock, where
improved global hemodynamics were found to be effective [27]. These data confirm
that, in shock profiles other than distributive shock, microcirculatory alterations
seem to be effectively corrected by resuscitating global hemodynamic variables
because the microvasculature is still able to regulate microvascular perfusion. In
septic shock, however, modalities aimed at recruiting systemic variables do not
always seem to be effective in recruiting the microcirculation. These experimental
studies have contributed to the view that sepsis is a disease of the microcirculation.

The NO system, which is severely disturbed during sepsis, is an important com-
ponent in the pathophysiology of distributive septic shock. During sepsis, heteroge-
neous upregulation of iNOS occurs between and within different organs. There are
areas with over-production of NO that have been associated with decreases in blood
pressure, impaired vascular reactivity, abnormal RBC deformability, decreased func-
tional capillary density, and reduced oxygen consumption [10]. On the other hand,
there is the possibility of localized microvascular beds with relative NO deficiency,
despite a state of total body NO ‘excess’. This can be a major factor in the pathogen-
esis of sepsis, generating pathologic microcirculatory shunting and interfering with
regional blood flow [28]. The complex role of NO in the pathophysiology of sepsis
and its associated distributive shock could explain the contrasting results in animal
and clinical studies with NO inhibitors and NO donors. Numerous clinical and ani-
mal studies of sepsis [29, 30] have demonstrated that NOS inhibition reverses hypo-
tension, normalizes the cardiac index and systemic vascular resistance, and
improves oxygen extraction. Despite these positive effects on global hemodynamic
and oxygen-derived variables, the inhibition of NO over-production seems to be del-
eterious in the microcirculatory network [31, 32]. In addition, despite a favorable
outcome on arterial pressure in septic shock patients, a phase III clinical trial with
a non-specific NOS inhibitor was terminated because of increased mortality arising
from increased cardiovascular failure [33]. Evidence from NO donor studies is also
contradictory. Two studies have assessed the effect of administering nitroglycerin to
fluid resuscitated septic patients. The first study, a small study with 8 patients,
reported an improvement in microcirculatory flow [34]. The second study, a ran-
domized study with 70 patients, did not note any improvement in the microcircula-
tion with nitroglycerin [35].
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Recruiting the Microcirculation Network During Distributive Shock

Microcirculatory abnormalities have in common a distributive defect caused by
functional shunting of capillaries. This shunting of the microcirculatory network
could explain why resuscitation strategies based on the correction of upstream
hemodynamic variables may not correct tissue hypoxia, because they are unable to
recruit shunted microcirculatory units [7]. In this sense, opening the microcircula-
tion network and keeping it open by use of fluids and vasodilators would seem a
logical therapeutic strategy. In theory, the systemic administration of vasodilatory
agents in septic shock could recruit microcirculatory units, decrease microcircula-
tory shunting, and improve regional tissue oxygenation. This action on the part of
vasodilators is caused by a shifting of the pressure gradient across the microcircula-
tion downstream, thereby increasing the driving pressure at the entrance of the
microcirculation network and/or decreasing the capillary afterload [36]. Vasodilata-
tion also causes an increase in capillary hematocrit, which further contributes to
improved oxygen delivery to tissues. It is important to consider that NO donors can
recruit the microcirculation not just because of their vasodilatory effect, but also by
improving hemorheology secondary to a reduction in platelet aggregation and leu-
kocyte adhesion.

There is ample evidence from experimental animal studies regarding the benefi-
cial effects of vasodilators in models of sepsis in terms of microcirculatory recruit-
ment and improved tissue oxygenation [36]. On the other hand, few clinical studies
have evaluated the effect of vasodilators on the microcirculation in severe sepsis
patients. De Backer and colleagues [16, 37] demonstrated that topical application of
acetylcholine fully normalized the sublingual microcirculation. As mentioned above,
two studies have assessed the effects of administrating nitroglycerin to fluid resusci-
tated septic patients, with contradictory results. Using OPS, Spronk et al. [34]
reported that microcirculatory blood flow improved significantly with nitroglycerin,
while, using SDF, Boerma and colleagues [35] did not find any significant change in
the microcirculation with nitroglycerin after resuscitation with fluids. Boerma’s
study, which is the first randomized controlled trial to assess changes in the micro-
circulation after a specific therapeutic intervention found no evidence to support the
use of nitroglycerin under the conditions of resuscitation that they practiced. The
effects of other vasodilators and other NO donors should be evaluated in clinical
microcirculatory studies to assess whether any of these can improve the microcircu-
lation.

Adequate resuscitation of severe sepsis should target oxygenation of the microcir-
culation as an essential endpoint. In this context, administration of vasopressors as
a means of restoring blood pressure to improve systemic oxygen delivery may have
adverse effects on microcirculatory oxygenation and may even cause greater distress
because of the enhancement of shunting [8]. Nakajima et al. [38] studied the role of
vasopressor agents in an experimental model, and demonstrated that norepineph-
rine administration (titrated to restore blood pressure) modestly but significantly
improved microvascular density. Two independent recent clinical studies using SDF
imaging in the sublingual region assessed the effects of increasing doses of norepi-
nephrine targeted to achieve successively greater mean arterial pressure (MAP). In
the first of these studies [39], norepinephrine was escalated to achieve incremental
increases in MAP from 60 to 70, 80, and 90 mmHg; global oxygen delivery increased
without significant changes in microcirculatory density or flow. In the second study,
Dubin et al. [40] progressively increased norepinephrine doses to achieve MAP of
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65, 75, and 85 mmHg, and obtained a significant increase in cardiac index without
significant variations in microcirculatory density and flow. Despite the improvement
in global oxygen delivery and cardiac index, the microcirculation did not improve,
corroborating that this compartment is masked from the systemic circulation during
severe sepsis. However, the microcirculation neither deteriorated nor improved with
increasing doses of vasopressors, suggesting that increasing MAP above
60-65 mmHg is not an adequate approach to improve the microcirculation.

The effect of inotropic drugs on the microcirculation and their ability to recruit it
has also been assessed. De Backer et al. [37] evaluated the effects of a dobutamine
infusion on sublingual microcirculation using OPS in 22 septic shock patients and
reported improved microcirculatory flow that was not related to changes in cardiac
output and arterial pressure. The fact that dobutamine improved the microcircula-
tion independent of its systemic effects is quite surprising, as capillaries are devoid
of B-adrenergic receptors. However, the microvascular effects of dobutamine are sup-
ported by experimental data using intravital microscopy [41]. In experimental mod-
els, isoproterenol and dopexamine have been shown to prevent leukocyte and platelet
adhesion to the endothelium. These results support the theory that f-agonists may
increase microvascular blood flow by either limiting adhesion of white blood cells to
the endothelium or by promoting endothelial integrity, independent of any contrac-
tile or local vasodilatory effects. More microcirculatory research must be performed
to assess the role of inotropic drugs in the microcirculation during sepsis.

Finally, the combined effect of vasodilators and vasopressors has also been
assessed. In an experimental model of endotoxemia, the effect of L-arginine, a precur-
sor of NO, alone or in combination with norepinephrine or vasopressin was evaluated
using intravital microscopy in the intestinal villi. Interestingly, L-arginine, norepi-
nephrine and vasopressin alone all failed to improve the microcirculation, but the
combination of L-arginine with norepinephrine or vasopressin significantly improved
microcirculatory blood flow [38]. These results, though paradoxical from a mechanis-
tic stance, show that combined administration of vasoconstrictive and vasodilatory
agents may have an additive effect on improving microvascular perfusion during sep-
sis. Again, more microcirculatory research must be performed to clarify this issue.

Conclusion

The microcirculation is the system in which most of the key events of septic shock
pathogenesis take place. Sepsis induces profound changes in the microcirculation,
which involves all the microcirculatory components. This results in the shutdown of
weak microcirculatory units, generating a heterogeneous distribution of blood flow
between and within organ systems, and shunting of oxygen transport from the arte-
rial to the venous compartment. This shunting of oxygen transport is the main path-
ogenic feature of distributive shock.

As the microcirculation is masked from the systemic circulation during septic
shock, secondary to distributive alterations of normal or increased cardiac output,
hemodynamic and oxygen-derived parameters fail to assess this compartment.
However, in recent years, the development of imaging techniques that enable direct
bedside visualization of the microcirculation has allowed monitoring of this com-
partment during the resuscitation and treatment of septic shock. Currently, there is
ample clinical research on these techniques that evaluates the effects of different
treatments in recruiting the microcirculation network.
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Targeted Treatment of Microvascular Dysfunction

J.H. Boyp

Introduction: Microvascular dysfunction is the Root Cause
of Inflammatory Organ Dysfunction

Nearly all critically ill patients requiring advanced life support exhibit systemic
inflammation. Septic shock, the most common disorder in the critically ill, results
from the direct adverse consequences of infection combined with a maladaptive
response resulting in fulminant systemic inflammation. This powerful interaction
results in a mortality rate of up to 50 % for victims of this disease [1-4]. While sep-
tic shock is most often described as ‘warm’ hypotension (particularly lowering dia-
stolic blood pressure) despite initial resuscitation, the patient often exhibits circula-
tory failure demonstrated by mottled extremities and low mixed or central venous
oxygen saturation as a result of inadequate oxygen delivery. A key component of the
shock due to severe sepsis, cardiac impairment, can be demonstrated in 50-100 %
of patients diagnosed with septic shock [5-9]. While diagnosed at the macrovascu-
lar level, cardiac pump failure is itself due to microcirculatory dysfunction and
impaired oxygen extraction in the heart [10]. A daily clinical challenge faced by
those caring for the critically ill is that while the patient presents with circulatory
failure, advanced studies such as echocardiography and measurement of central
venous oxygen tension (ScvO,) actually demonstrate normal or even supra-normal
cardiac output. This picture is often accompanied by an increasing lactate level and
progressive organ dysfunction. It is now believed that this failure to adequately per-
fuse vital organs despite an ostensibly normal macrocirculation is due to dysfunc-
tion of the microcirculation.

Traditional Therapies and Biomarkers have Centered on the
Macrocirculation

Restoring normal physiology in patients suffering from septic shock has been the
cornerstone of therapy. This target has also provided the rationale for the develop-
ment of current biomarkers of disease progression. Intense vasodilation in conjunc-
tion with frequent cardiac dysfunction is treated with fluids, vasopressors and ino-
tropes. The 2008 Surviving Sepsis Guidelines suggest that in hypotensive patients
with a mean arterial pressure (MAP) less than 65 mmHg, first-line therapy includes
intravenous fluids, followed by a vasopressor/mild inotrope such as dopamine or
norepinephrine if required [3]. These agents are titrated to restore the patient’s
blood pressure, and the biomarkers of physiologic success with this treatment
include achieving an ScvO, of = 70 % along with decreasing systemic lactate levels.
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Clinicians have targeted treatments to these biomarkers in the belief that they are
good surrogates for an adequate cardiac output and oxygen delivery. However, tissue
perfusion does not necessarily equate with cardiac output and oxygen delivery, par-
ticularly in the critically ill. An important study demonstrating this fact was per-
formed by LeDoux et al. [11]. Patients suffering from septic shock were enrolled in
this study and were resuscitated to MAPs of 65, 75, and 85 mmHg using fluids and
norepinephrine. Cardiac outputs were measured and correlated with measures of
organ function and global tissue oxygenation. Counter-intuitively, increases in car-
diac output did not result in improved organ function. In patients whose cardiac
output was driven by high doses of norepinephrine, urine output and capillary
blood flow were actually less than in those with a normal cardiac output. Similarly,
capillary PCO, and the gradient between arterial PCO, and gastric intramucosal
PCO, trended upwards in those with augmented output, together suggesting wors-
ened tissue perfusion. While fluid resuscitation alone offers some benefits to micro-
vascular permeability [12, 13], it is clear that in addition to guiding resuscitation
using MAP and cardiac output as targets, one must additionally consider the micro-
circulation.

New Methods of Assessing the Microcirculation

Microvascular dysfunction as a result of septic shock has been well documented in
skeletal muscle [14, 15]. Capillaries, designed to dilate in response to increased oxy-
gen requirements and elevated PCO,, swing instead between stopped or sluggish
blood flow and excessive vasodilation. In regions of high oxygen demand this results
in tissue hypoxia [16]. These fundamental discoveries related to microvascular dys-
function have resulted in exciting new technology able to visualize the microcircula-
tion (Fig. 1). This technique uses polarized light microscopy of sublingual microves-
sels. Using it, investigators found that septic shock results in a dramatic increase in
the heterogeneity of microvascular blood [17]. Survivors, on the other hand, have
much improved microvascular function during the course of treatment compared to
non-survivors [18]. In a study that used the polarized lens to assess microcirculatory
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: Fig. 1. De Backer et al. use direct
5, visualization of the microcirculation
' to generate a semi-quantitative
score (Mean Flow Index, MFI). They
divide the image into four quad-
rants and grade the flow in vessels
under 20 um (absent = 0, intermit-
tent = 1, sluggish = 2, and normal
= 3). The MFI is an average of
these scores over the four quad-
rants. This technique allows a repro-
ducible score to be determined in
real-time with minimal operator
training. From [44]
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flow while resuscitating patients according to the 2008 Surviving Sepsis Guidelines,
organ function and survival correlated with improvements in the microcirculation
[19]. Although this study addressed the feasibility of targeting the microcirculation,
the efficacy of using this approach prospectively has yet to be established. It might
be that the therapies of borderline benefit we discuss in the following sections may
be more beneficial if properly titrated using a direct measure of microcirculatory
flow rather than the current crude measures we employ.

Therapeutic Approaches
Suppression of Intracellular Inflammatory Signaling

Corticosteroids (Fig. 2-2)

Oral and intravenous corticosteroids are medications for which the ability to attenu-
ate the inflammation associated with microcirculatory dysfunction depends
completely on the underlying cause. Corticosteroids are an extremely efficacious
class of medications for intense microcirculatory inflammation as a result of small
vessel vasculitis, allergic inflammation, and other disorders due to classic immune
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COX-2 2 TNFalpha g Nitric Oxide
NF-kB NF-kB
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Fig. 2. Schematic diagram of proposed treatments for microvascular dysfunction. The initial Toll-like recep-
tor (TLR)-mediated recognition of a pathogen-associated molecular pattern (PAMP) results in nuclear trans-
location of the key pro-inflammatory transcription factor, nuclear factor-kappa B (NF-xB). Blocking this
TLR-PAMP interaction has been the aim of treatment with intravenous immunoglobulins (IVIG) and neutral-
izing antibodies, including HA-1A and the Enterbacteriaciae Common Antigen (1), NF-xB is mainly inhib-
ited in the cytosol of the endothelial cell by corticosteroids which block its nuclear translocation (2).
Nuclear translocation of NF-xB results in production of the enzyme, cyclooxygenase (COX)-2 and pro-
inflammatory cytokines, including interleukin (IL)-6 and tumor necrosis factor (TNF)-c.. Ibuprofen (3) inhib-
its the activity of COX-2, which catalyzes the formation of prostacyclin and thromboxane. The pro-inflam-
matory products (TNF-o. most potently) then act locally and systemically via their cellular receptors (TNF
receptor). Inhibition of this interaction has been trialed using antibodies to circulating TNF-o as well as the
TNF receptor (4). TNF via NF-kB results in a profound upregulation of inducible nitric oxide (NO) synthase
and thus to NO mediated vasodilation. The non-specific NO synthase inhibitor, L-NMMA, was used to
inhibit this pathway (5). Systemic inflammation results in decreased circulating protein C, the active form
of which interacts with the endothelial protein C receptor (EPCR) with a resultant net anti-inflammatory
effect. Activated protein C has been used to restore this pathway (6).
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mediated mechanisms. However, the use of steroids remains controversial in micro-
vascular dysfunction induced by septic shock. More than two decades ago, three
large randomized control trials (RCTs) treated patients with high-dose (30 mg/kg
methylprednisolone or equivalent) steroids in patients with septic shock [20-22].
Despite improving blood pressure in the early phase of shock, patients treated with
corticosteroids did not realize a mortality benefit, possible related to an increase in
intensive care unit (ICU)-acquired infections. By using lower doses, it was believed
that the anti-inflammatory benefits of steroids could be maximized while attenuat-
ing the immunosuppression during the delayed compensatory anti-inflammatory
syndrome (CARS) phase of sepsis, so trials were recently performed using lower
doses of steroids in patients with septic shock. A significant improvement in mor-
bidity and mortality led to great enthusiasm and it was thought this might have clar-
ified the way in which intensivists should use steroids in those with septic shock
[23]. However, subsequent studies have not only failed to reproduce these findings,
their results are in fact contradictory [4, 23]. When data from all the major steroid
RCTs is examined, patients with profound shock and the most intense inflammation
are most likely to benefit from therapy with corticosteroids. Unfortunately, due to
the relative weakness of retrospective subgroup analysis, we are unable to draw
definitive conclusions regarding the mortality benefit of steroids in sepsis.

Other inhibitors of cellular inflammation

As corticosteroids have myriad effects within the cell, only some of which lead to
decreased inflammation, more specific therapies have been sought. Once innate
immune receptors are stimulated by invasive pathogens, there is a rapid transloca-
tion of the transcription factor, nuclear factor-kappa B (NF-xB), to the nucleus and
an explosive production of cytokines. This shifts the role of the endothelium to
become inflammatory. This inflammation results in excessive production of nitric
oxide (NO), a molecule which induces vasodilation despite ongoing physiologic sig-
nals indicating the need for augmented vascular tone. With the goal of blocking the
detrimental vasodilatory effects of NO, a NO synthase (NOS) inhibitor, N-mono-
methyl-L-arginine (L-NMMA), was investigated in septic shock (Fig. 2-5). L-NMMA
was found to be a potent drug to reverse the shock state and demonstrated impres-
sive efficacy in animal models of septic shock. In a large RCT of L-NMMA in
patients with septic shock, this effective reversal of shock was again demonstrated,
however despite this the trial was stopped early due to an increased mortality rate in
patients treated with L-NMMA [24]. A number of mechanisms has been proposed to
explain the adverse effects of this drug. As a non-specific inhibitor of all NOS iso-
forms, L-NMMA not only inhibited the inducible NO found as a result of inflamma-
tion, but also the constitutive isoforms responsible for regulation of the microcircu-
lation. There was no direct assessment of the microcirculation in this study so that
this possibility must remain speculative. It has also been speculated that the
increased mortality may have been a result of pulmonary hypertension [24]. Neither
of these proposed mechanisms has been proven.

Ibuprofen is another anti-inflammatory drug with a different mechanism of
action which has been studied in septic shock (Fig. 2-3). Ibuprofen inhibits inflam-
mation via suppression of the prostacyclin and thromboxane signaling pathways,
and, in a large RCT, downregulated the products of prostacyclin and thromboxane,
while decreasing fever and systemic lactate production [25]. Despite this, and per-
haps because these pathways are not central in innate immune signaling, there was
no improvement in organ function or survival.
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Suppression of Circulating Mediators of Inflammation

Pathogens, or more specifically pathogen-associated molecular patterns (PAMPS)
such as endotoxin, trigger an inflammatory response which includes secondary pro-
duction and secretion of cytokines, such as tumor necrosis factor (TNF)-o0 and
interleukin (IL)-6. Interestingly, the PAMPs and cytokines result in a similar physio-
logic response, perhaps due to signaling pathways heavily shared between Toll-like
receptors (TLRs) and cytokine receptors. This response includes vasodilation, hypo-
tension and temperature alteration. Within hours of blood-borne sepsis there are,
therefore, circulating PAMPs and cytokines, both responsible for organ dysfunction.
Because of this there has been a great deal of attention devoted to removing or neu-
tralizing these circulating molecules.

Large scale removal by hemofiltration

Using hemofiltration and hemodialysis as a tool to decrease the circulating levels of
inflammatory mediators has been suggested as a means through which all mediators
could be simultaneously removed. Two recent large RCTs, one published in 2008 [26]
and one 2009 [27] studied whether a higher dose of dialysis may be more beneficial
in critically ill patients. High dose was defined as 35 ml/kg/h hemofiltration and was
compared to lower dose (20 ml/kg/h) in those with renal failure due to systemic
inflammation. Neither study was able to demonstrate a benefit of higher dose treat-
ment. This may in part be due to an underdosing of dialysis (for the purpose of
inflammatory mediator removal) even in the high dose group. In the earlier study
which sparked interest in this technique, the rate of plasma filtration was more than
9 l/hour, in contrast to 2 l/hour in the high dose dialysis group. In this series of 20
patients, the majority had large reductions in vasopressor dose and improvements in
cardiac output and lactate levels [28]. However, due to practicalities surrounding
nursing and other logistics, this very large volume hemofiltration is not amenable to
everyday practice. Therefore, the possibility remains that with technical advances in
hemofiltration devices, systemic removal of inflammatory mediators could have a
place in the therapy of septic shock.

Intravenous immunoglobulin

Pooled intravenous immunoglobulin (IVIG) is thought to bind many PAMPs and
block their interaction with their endothelial receptors (Fig. 2-1). A meta-analysis of
numerous single center trials using IVIG treatment for the treatment of septic shock
suggested that its use may improve mortality [29]. This spurred a large multicenter
RCT to examine the utility of IVIG (isotype G) in septic shock, but this trial did not
find a mortality benefit with treatment [30]. There does remain some hope for this
therapy however, as subgroup analysis suggests that IVIG enriched in IgA and/or
IgM perform better, perhaps due to enhanced PAMP clearance.

Neutralizing antibodies

If one could neutralize circulating PAMPs, the initial inflammatory trigger could be
suppressed (Fig. 2-1). Endotoxin was the first PAMP for which a pharmaceutical
grade antibody was successfully created. This antibody was named HA-1A. In a
study published in 1982, HA-1A treatment generated impressive results, improving
mortality in a single center study of patients with septic shock [31]. This led to a
multicenter RCT, which was unable to reproduce the exciting findings of the smaller
single center study, with HA-1A failing to reduce mortality [32]. Using a slightly dif-
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ferent method of preparing the anti-endotoxin antibody (HA-1A was human derived
while E5 was generated in mice), another large RCT published in 2000 again could
not show any benefit to early administration of anti-endotoxin antibody in patients
with septic shock [33]. The Enterbacteriaciae Common Antigen was also targeted by
a neutralizing antibody and its use in septic shock studied in a multicenter RCT
published in 2003 [34]. Again, treatment did not change mortality.

Secondary production of pro-inflammatory cytokines following PAMP recogni-
tion leads to the next wave of microvascular dysfunction. TNF-q is produced within
hours of infection, its levels correlate with outcome and its administration experi-
mentally mimics the multi-organ dysfunction seen in septic shock. Numerous trials
using neutralizing antibodies to TNF-ot and its receptor (Fig.2-4) were performed
over a ten year period [35-39]. Taken individually, none of these studies resulted in
a treatment-induced survival benefit; however subgroup analysis does suggest that
patients with the most intense inflammatory reaction to infection (as defined by IL-
6 levels > 1000 pg/ml) may benefit from anti-TNF-o agents. Given the retrospective
nature of these data, no firm recommendation can be given at this time, but perhaps
with appropriate stratification according to microvascular dysfunction and systemic
inflammation, patients who will benefit could be identified.

Levels of another pro-inflammatory cytokine, macrophage migration inhibition
factor (MIF), have been shown to correlate with outcome and MIF reversed shock in
animal models [40]. MIF is interesting in that it exerts its effect partly through re-
sensitization of tissues to corticosteroids. A clinical trial with anti-MIF antibodies in
patients with septic shock is underway.

Coagulation

Severe sepsis results in markedly decreased concentrations of circulating protein C
and antithrombin with increased activity of tissue factor. In addition to the small
vessel thrombosis as a result of these abnormalities, there exists an interplay
between coagulation and inflammatory microvascular dysfunction. On the endothe-
lial cell surface, a thrombin-thrombomodulin complex cleaves protein C to produce
activated protein C (APC). This activated protein then binds the endothelial protein
C receptor (EPCR) which goes on to suppress inflammatory cytokines and apoptotic
pathways. Investigators have performed RCTs in septic shock with antithrombin and
APC, attractive targets given their dual roles in coagulation and inflammation.
Treatment with antithrombin in a large RCT in septic shock did not improve mortal-
ity or any measure of organ function measured out to 90 days [41]. Recombinant tis-
sue factor inhibitor similarly failed to confer any survival advantage in another large
RCT [42]. Although the molecular mechanism underlying its efficacy is unclear (i.e.,
whether it can be attributed to anti-inflammatory or coagulation effects), a large
RCT of APC in septic shock demonstrated that this agent was associated with
decreased organ dysfunction and improved survival (Fig. 2-6) [43]. Of great interest
to the clinician is that this benefit was most pronounced in the most severely ill
patients.

Conclusion

As is evident from the preceding sections, the initial promise of many therapies has
faded when studied in large clinical trials. Interestingly, the molecular targets of
therapy have generally been successfully modified with treatment (such as ibupro-
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fen’s effects on reducing prostacyclin and thromboxane activity), despite failure to
modify the mortality rate. Might the dose and timing of therapy be as important as
the efficacy? To date clinicians have struggled with the diagnosis of inflammatory
microvascular dysfunction as well as with subsequent titration of therapy. Physi-
cians have had to rely on indirect measures, such as systemic oxygen delivery and
lactate production, rather than having a specific diagnostic tool. Perhaps by incor-
porating direct visualization of the microcirculation into a treatment algorithm, cli-
nicians will soon be closer to attaining the goal of quenching the inflammatory fire
without fueling the subsequent CARS syndrome and contributing to lethal second-
ary infections.
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Diagnosing Hypovolemia in Critically Il Patients

A. PERNER and U.G. PEDERSEN

Introduction

Hypovolemia is frequent in critically ill patients. There is little doubt that when left
unrecognized and thus untreated hypovolemia will worsen patient outcome [1].
Therefore, it is more than likely that adequate fluid resuscitation could improve the
outcome of a huge number of critically ill patients worldwide. The administration of
fluid is a simple and inexpensive procedure, so one of the barriers for optimal fluid
therapy is likely to lie in the diagnosis of hypovolemia.

Defining Hypovolemia

Hypovolemia can be defined as a state of reduced blood volume. In clinical medi-
cine, however, this definition is less useful, because there are no clinical methods to
quantify blood volume. There is no consensus on the clinical definition of hypovole-
mia, but in broad terms it is a state in which a patient has hypoperfusion, which will
improve with fluid therapy. In clinical studies, hypovolemia is most often defined
pragmatically as the patient with shock in whom stroke volume or cardiac output
increases after a fluid bolus. This is also termed preload, volume or fluid responsive-
ness.

Diagnosing Hypovolemia

When we assess a patient prior to fluid treatment we are performing a diagnostic
test to answer the question ‘does this patient have hypovolemia?” To give a reason-
able answer to this question, we have to know the limitations of the different test
options and apply the appropriate test to the specific patient. We also need to know
the best cut-off point of the diagnostic test and its accuracy for hypovolemia, e.g.,
the positive and negative predictive values. Ideally, the test should be simple and
quick to perform, operator-independent, non-invasive, inexpensive and applicable to
the majority of patients in shock. Both high positive and negative predictive values
are important, because fluid in excess is likely to have negative consequences for the
patient [2]. The need for accurate diagnostic tests for hypovolemia is highlighted by
the observation that only half of the patients included in trials of fluid responsive-
ness responded to the fluid challenge studied [3]. Translated to daily practice, only
half of the patients we treat with resuscitation fluid will improve their cardiovascular
function; the other half may show the side effects of overloading,.
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Static Diagnostic Tests

For 30 years, we used central venous pressure (CVP) and pulmonary artery occlu-
sion pressure (PAOP) to diagnose hypovolemia. These markers of preload have been
an integral part of patient monitoring, which is perhaps why we were late to assess
them as diagnostic tests in clinical trials. When trialed, filling pressures were shown
to have no predictive power for hypovolemia in the majority of patients [4].
Advances in technology allowed clinicians to measure heart volumes and areas,
including those of the right and left ventricles at end-diastole. These static indices of
preload were also shown to have low predictive power for hypovolemia [4]. It is
likely that extreme values of filling pressures or heart volumes/areas have predictive
power for hypovolemia, but the cut-off points for what is a low or what is a high
value have not yet been established.

Within the last ten years, clinical researchers have challenged the static markers
of preload in studies of dynamic tests for the diagnosis of hypovolemia.

Dynamic Diagnostic Tests

These tests involve changes in preload followed by the assessment of potential
changes in markers of stroke volume or cardiac output.

Fluid challenge

The simplest diagnostic test is to administer a fluid bolus of 250 - 500 ml and
observe changes in blood pressure. This technique is often used during the initial
phase of resuscitation, but once severe hypovolemia has been corrected, better
markers of stroke volume or cardiac output are needed. A fluid challenge with the
assessment of cardiac output by thermodilution is still the gold standard diagnostic
test for hypovolemia and the reference method when new tests are being studied.
This method has the obvious drawback that the clinician has to give fluid to assess
whether the patient needs it. As mentioned above, a fluid bolus may be futile in half
of the patients. The tests described below are being developed to avoid this in-built
risk of fluid overloading when diagnosing hypovolemia.

Arterial waveform-derived variables

These tests rely on heart-lung interactions. In the presence of hypovolemia, stroke
volume will change during the changes in preload induced by the cyclic changes in
pleural pressure under positive pressure ventilation [5]. Quantification of the varia-
tions in stroke volume can be made by the continuous assessment of arterial wave-
form-derived variables including systolic pressure (Fig. 1), pulse pressure or pulse
contour or power analyses [6-11].

In a recent meta-analysis, Marik and colleagues aggregated the results of a sys-
tematic review of the use of dynamic changes in arterial waveform-derived variables
during mechanical ventilation to diagnose hypovolemia in critically ill patients [3].
The results of the meta-analysis of the 29 included studies were straightforward. Sys-
tolic pressure variation, pulse pressure variation, and stroke volume variation accu-
rately predicted fluid responsiveness in critically ill patients in sinus rhythm who
were sedated and on controlled ventilation with a tidal volume greater than 7 ml/kg.
The best cut-off point was around 12 % for hypovolemia, with positive and negative
likelihood ratios around 6 and 0.15, respectively. The review confirmed that static
indices of preload, including CVP and end-diastolic volumes/areas, had no predic-
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Fig. 1. Marked changes in the arterial waveform caused by controlled, positive pressure ventilation in a
patient with shock.

tive power for hypovolemia. As mentioned above, only half of the 685 patients in the
analysis responded to the fluid challenge, which again underlines the need for accu-
rate diagnostic tests for hypovolemia in critically ill patients.

The limitation of the meta-analysis lies in the limitations of the included studies.
In general these were small, single center studies; most were performed in patients
in the perioperative period and most were done in cardiac surgical patients. Some
studies were statistically flawed by the inclusion of more datasets from each patient
into the analyses. If data are not independent, observations from the patients with
more assessments may alter the estimate of the diagnostic accuracy depending on
the relationship between the variables in that specific patient. In some studies, data
were only analyzed by correlation analyses, which may be used for associations, but
not for the assessment of diagnostic tests. The study results have to be presented so
that the predictive values of the test for hypovolemia can be calculated. For clini-
cians, the positive and negative predictive values or likelihood-ratios of a specific
cut-off point are of value, because these describe the accuracy when only the test
result is known. It is less relevant to know the sensitivity and specificity of the test,
because these describe the accuracy when the diagnosis is known. Surprisingly few
papers report positive and negative predictive values or likelihood-ratios.

Taken together, the arterial waveform-derived variables have been shown to accu-
rately predict fluid responsiveness in mainly critically ill surgical patients in sinus
rhythm, who are sedated and on controlled ventilation with a tidal volume greater
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than 7 ml/kg. In addition to these prerequisites, right ventricular failure [12] or a
low heart rate to respiratory frequency ratio [13] may result in false positive or neg-
ative results, respectively. The main problem may be that the number of patients
who fulfill the prerequisites for these tests may be limited, at least in emergency
departments and general intensive care units (ICUs). For those patients who do ful-
fill the prerequisites, we need larger multicenter studies in mixed groups of critically
ill patients to confirm the generalizability of these tests as diagnostic tests for hypo-
volemia.

Passive leg raising

The lower limbs hold blood which may be shifted to the central blood volume. A
reversible autotransfusion maneuver by passive leg raising combined with the
assessment of changes in stroke volume has the potential to diagnose hypovolemia
without the risk of volume overloading the patients. This test has been less studied
than those above, but may turn out to be applicable to more patients, at least in
emergency departments and general ICUs. Boulain and co-workers were the first to
describe the correlation between changes in radial artery pulse pressure during pas-
sive leg raising and the change in stroke volume after a subsequent fluid bolus in
mechanically ventilated patients [14].

This initial study was followed up by Monnet and colleagues [15], who assessed
fluid responsiveness in 71 ICU patients, some of whom had spontaneous breathing
activity and irregular cardiac rhythm. The effect of passive leg raising on stroke vol-
ume was assessed as the change in aortic blood flow using esophageal Doppler. As
shown in Figure 2, passive leg raising was performed from the semi-recumbent posi-
tion and the authors found high values of sensitivity and specificity of the test. The
predictive values were not reported, but positive and negative likelihood ratios can
be calculated as 16 and 0.03, respectively. A smaller study partly confirmed these
findings [16], but differences in ventilator settings and method of passive leg raising,
hamper direct comparison with the findings of Monnet and co-workers.
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A crucial aspect in interpreting the hemodynamic response to a passive leg raise is
to have a continuous measure of cardiac output or a surrogate marker. Both trans-
thoracic Doppler ultrasound and echocardiographic measurement of flow or stroke
volume can predict volume responsiveness in mixed medical ICU patients, including
those with spontaneous breathing and arrhythmias [17, 18, 19]. An important point
is that the passive leg raising test using echocardiography is feasible in awake
patients with minimal patient-discomfort in contrast to the use of esophageal Dopp-
ler [18, 19, 20].

Generally an increase in aortic blood flow of between 8 and 15 % has been
reported to be diagnostic for hypovolemia. Fifteen percent may, however, be close to
the combined error in the repeated measurements of aortic flow. Consequently, cli-
nicians should be cautious when interpreting an increase between 8 and 15 % in aor-
tic blood flow after passive leg raising [21].

Moreover, the optimal technique for performing passive leg raising is debated.
Some investigators have used a passive leg raising maneuver starting with the
patient in the supine position while others have started with the patient semi-
recumbent. The former maneuver has been shown to false-negatively classify almost
half the patients as non-responders, because the volume shift from the lower
extremities is likely to be insufficient to result in an increase in preload [22]. When
performing passive leg raising from the semi-recumbent position, the venous blood
from the splanchnic bed as well as that from the lower limbs is shifted upwards by
the gravitational force. To this end, it has been suggested that the ability of the pas-
sive leg raise to recruit a sufficient shift of blood should be controlled using a
marker of cardiac preload, e.g., filling pressure or end-diastolic volume/area [23].

Taken together, passive leg raising with the assessment of cardiac output or a con-
tinuous surrogate marker, is likely to be an accurate and safe diagnostic test for
hypovolemia in mixed ICU patients without the prerequisites of sedation, controlled
ventilation, and sinus rhythm. The method, therefore, has the potential to be more
useful in clinical practice than arterial waveform-derived variables. However, con-
troversies still exist as to whether the passive leg raising maneuver should be per-
formed from the supine or semi-recumbent position and whether a marker of pre-
load should be used to ensure that a sufficient shift of blood volume has occurred.
Once these issues have been solved, the best cut-off values for hypovolemia should
be determined in multicenter studies of patients in shock.

Perspective

Improvements in cardiovascular diagnostics have the potential to improve outcomes
for a large number of patients with shock. The tests described above hold some
promise, but more studies should be performed in emergency departments and gen-
eral ICUs in patients who are likely to have the largest potential benefit. An accurate
diagnosis of hypovolemia is more likely to benefit a patient with septic shock and
impaired cardiac function than a patient after cardiac surgery. Moreover, authors
should adhere to the Standards for Reporting of Diagnostic accuracy (STARD) ini-
tiative [24], so that results can be easily interpreted and aggregated in systematic
reviews.

It may however be difficult to alter the outcome of critically ill patients by diag-
nosing circulatory abnormalities, a problem observed with the use of the pulmonary
artery catheter in ICU patients [25]. Eventually, protocol-based treatment algorithms
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incorporating dynamic diagnostic tests for hypovolemia should be assessed in large
randomized trials of shock patients using patient-centered outcome measures.

Conclusion

As we are still unclear as to which approach represents the ideal diagnostic test for
hypovolemia, strong recommendations cannot be made. For static markers of pre-
load either very low or very high values are likely to have some positive or negative
predictive value, respectively, for hypovolemia. Arterial waveform-derived variables
may guide clinicians in selected groups of patients, who fulfill the prerequisites for
these tests. However, we need larger multicenter studies in mixed groups of critically
ill patients to confirm the generalizability of these as diagnostic tests for hypovole-
mia; this also applies to the passive leg raising test, even though more patients may
qualify for this test. Until results from such studies are available, dynamic tests for
hypovolemia should be used with caution, particularly in settings where they have
been less studied, i.e., the emergency department and the general ICU.
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Measuring Stroke Volume Using Electrical
Impedance Tomography

H. LUEPSCHEN, S. LEONHARDT, and C. PUTENSEN

Introduction

Electrical impedance tomography (EIT) of the lungs is a bedside-available, non-
invasive, and radiation-free medical imaging modality which allows real-time imag-
ing of electrical impedance (i.e., resistance to alternating currents) changes in the
thorax [1]. During breathing, lung tissue, with its relatively high impedance oscilla-
tions, is the main contributor to these changes which has led to a multitude of appli-
cations in monitoring regional lung ventilation [2-5, for review see 6, 7].

In addition to changes caused by ventilation, the detection of cardiac-related
impedance changes in the heart and lung regions has been examined for more than
20 years [8]. Despite these efforts, the non-invasive measurement of stroke volume
by means of impedance measurements is still far from being sufficiently accurate.
However, the prospect of obtaining non-invasive cardiac output measurements right
at the bedside is tantalizing enough to spur an ongoing interest into developing
more sophisticated methods which are accurate and robust enough for clinical
application.

In this article, we will discuss the fundamentals and pitfalls of cardiovascular EIT
measurements by reviewing the recent literature and by illuminating the underlying
physical and physiological processes.

Why do we need Non-invasive Cardiovascular Measurements?

In numerous clinical conditions, including cardiovascular disease, congestive heart
failure, and hypertension, the cardiac stroke volume has a major diagnostic value.
Non-invasive measurement of stroke volume would be a large step forward towards
increased patient safety in standard care. A non-invasive bedside-available monitor-
ing system would be of invaluable help especially for the assessment of the hemody-
namic consequences of lung recruitment and positive end-expiratory pressure
(PEEP) titration maneuvers. When combined with regional information on ventila-
tion and with global respiratory parameters [9-12], treatment could be individually
tailored to the specific patient’s need. In addition to minimizing the static and
dynamic stress and strain of the lung tissue [13], it would also become possible to
closely monitor the burden on the cardiovascular system which would be particu-
larly beneficial for patients suffering from cardiac insufficiency.
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Electrical Impedance Tomography

EIT systems produce cross-sectional images of the electrical impedance distribution
within electrically conducting objects. In the case of thoracic EIT, small harmless
alternating currents (e.g., 5 mA at 50 kHz) are injected through 16 or 32 electrodes
into the thorax. The currents’ pathways through the body mainly depend on the
impedance distribution in a 3D-volume ranging from 3-4 cm above to 3-4 cm
below the cross-sectional area spanned by the electrodes (Fig. 1). The resulting elec-
tric potentials, V;, on the surface are then measured and used to reconstruct the
impedance distribution inside the thorax by solving an ill-posed non-linear prob-
lem, related to the reconstruction of computed tomography (CT) images [7, 14].
Figure 2 shows a typical electrode configuration for a thoracic EIT measurement.

Many algorithms rely on Newton’s iterative method to approximate the best solu-
tion to the inverse problem making additional use of a-priori assumptions, also
called regularization [15, 16]. As thoracic shape and exact electrode placement play
a major role in the distribution of surface potentials when trying to create absolute
impedance images, all clinically available EIT devices use another approach called
dynamic or difference imaging where only relative changes in impedance in relation
to a previous reference measurement are calculated [7]. This approach results in a
much better image quality when compared to absolute measurements. A drawback,
however, is that only regions of the thorax that change their respective impedances
over time are represented in the difference images.

The spatial resolution of EIT systems is comparably low and depends on many
factors such as number of electrodes, contact impedances, and measurement noise.
In a typical adult patient, the resolution is about 2-3 cm in the cross-sectional
plane. Theoretically, the resolution can be increased if more electrodes are used.
However, there exists a tradeoff between signal-to-noise-ratio and electrode size
and distance. In contrast, the temporal resolution is very high and reaches up to

0] .5

304,

Fig. 1. Estimated slice thickness
(approx. 7 cm) for cross-sectional
thoracic electrical impedance
tomography measurements. The
sensitivity at the upper and lower
border will be much smaller than in
the center. Nevertheless, there will
be an interference of respiratory
impedance changes (i.e., noise) in ; -
the heart region which has to be 0o 2 0
carefully filtered before stroke vol- X: right -> left
ume calculation.

Z: diaphr. -> apical
=]

0 %0
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Fig. 2, Magnetic resonance tomog-
raphy cross-section of the human
thorax with schematically drawn
electrodes at one specific current
i ! injection position (alternating cur-
ngs rent |_). For the reconstruction of a
“ X . complete EIT image, the injecting
/ . current pair is circled around the
thorax while subsequently measur-
ing the voltages at the remaining
electrode pairs V,. The current path-
ways depend on the impedance
distribution inside the thorax.
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50 frames per second, so that even the high-frequency cardiac activity can be closely
monitored. Moreover, the high frame rate can be exploited to further improve the
spatial resolution by combining the information of subsequent frames [17].

EIT-based Methods to Measure Stroke Volume

Several methods have been explored to extract cardiac-related electrical impedance
changes from the ventilation-induced changes. The most promising will be briefly
summarized in the following section.

Holding the Breath

The most straight forward method to get rid of the ventilation component of imped-
ance changes is to stop breathing activity for a predefined period of time. In this
way, cardiac-related changes become predominant and easy to detect in the remain-
ing EIT signal. Even during the first attempts to localize cardiac-related changes
with rudimentary EIT hardware, Eyiiboglu et al. [8] were able to see changes well
above the noise level (using an electrocardiogram [EKG]-gated averaging filter, see
next subsection) at a rate of 10 frames per second. Nowadays, the signal-to-noise
ratio and temporal resolution of modern EIT devices has significantly increased, so
that real-time imaging of cardiac-related changes during apnea can even be achieved
without, or at least with much less, filtering. This method has the obvious disadvan-
tage of forcing the patient to stop breathing during a stroke volume measurement.

EKG Gating

Even though modern EIT devices have high signal-to-noise ratios, averaging over
many heart cycles is still an important and widely used method for the extraction of
cardiac-related impedance changes, especially if the patient continues breathing dur-
ing the measurements. Technically, this process is known as “synchronous averag-
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ing” [18] and aims at reducing the noise level by averaging datasets synchronized
with a reference signal (e.g., the R-wave of an EKG). Experience has shown that aver-
aging over N = 100 cardiac cycles will be necessary to sufficiently attenuate the
respiratory component [19]. In terms of noise, this will reduce random noise by a
factor of 10 as the signal-to-noise ratio (SNR) gain for synchronous averaging can be
calculated as (assuming uncorrelated noise with zero mean [20]):

SNR,eraged
Evers =N = 10log,, NdB
SNRnon—averaged \/_ Bio

There are two main disadvantages of EKG-gated averaging: A) if the heart rate is an
exact multiple of the respiratory rate, the extraction may fail; and B) the averaging
process acts as a temporal filter and, therefore, adds a time delay and reduces the
temporal resolution. Figure 3 depicts a typical example of the Fourier spectrum of
EIT signals in the thorax. A low-frequency ventilation signal with distinct higher
harmonics partly overlaps a smaller cardiac signal. During mechanical ventilation,
the higher harmonics are particularly pronounced which leads to an even more dif-
ficult separation.

SN Rgain =

Optimized Separation in the Temporal and Spatial Domains

Assuming that the cardiac and respiratory signals are well separated in frequency
and, for the heart region, additionally in space, or there is some a-priori knowledge,
it is possible to use optimized filtering approaches (if compared, e.g., to the standard
EKG gating) to separate both fractions. Optimally, separation only adds a small time
delay, but avoids reduction of the temporal resolution. Leathard et al. [21] were the
first to propose use of a repeated temporal moving average filter having a rectangu-
lar window with a window width equal to the reciprocal of the heart rate. This
helped to reduce the number of frames used in the subsequent synchronous averag-
ing and, thus, the time delay. However, only after introduction of more sophisticated
signal processing methods, such as principal component analysis and template
matching [22, 23], did it become possible to maintain the full temporal resolution in
order to observe highly dynamic cardiac changes. Deibele et al. [23] presented a cas-
caded multi-step approach that initially creates a set of orthogonal template func-
tions representing the ventilation signal using temporal and spatial information
which are afterwards fitted into the combined signal of ventilation and heart

A
—— Lung Spectrum
----- Heart Spectrum
E
B
Fig. 3. Example of Fourier spectrum of respiratory -
and cardiac activity. Depending on the exact heart
rate, the strong higher harmonics of the lung
spectrum may overlap the cardiac component N I (T m -
making a frequency-based separation difficult. - >
. . lass . equency
During mechanical ventilation the higher har-

monics can be particularly pronounced.
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Fig. 4. Sequence of cardiac related impedance changes in the human thorax starting at end of diastole
(upper left), extracted using a principal component analysis-based approach as described in [23]. The esti-
mated region of the ventricles is marked, but has to be individually detected. High impedance values are
shown in red.

activity. After subtraction of the ventilation signal and a second filtering step an
estimate of the cardiac component can be extracted. In Figure 4, a sequence of car-
diac impedance images of a spontaneously breathing human volunteer is shown. The
extraction is based on the principal component analysis-template approach
described in [23]. One of the remaining challenges lies in the exact determination of
the heart area and subsequent calculation of the stroke volume.

Contrast Agents

As the cardiac-related impedance change usually amounts to only 3-10 % of the
ventilation-induced change [24], contrast agents may be used to better distinguish
both components. For this, it is necessary to alter the electrical conductivity of the
blood by, e.g., intravenously injecting a bolus of hypertonic saline (1 %-10 % solu-
tion) [8]. 0.9 % saline has a conductivity of 1.66 Sm~ whereas blood is less conduc-
tive, with an average of 0.62 Sm™!. When mixing a volume, V,, of conductivity, G,,
with a volume, V,, of conductivity, G,, we can calculate the percentage change in
conductivity from the following formula [25]:

g% = 300 V5/(Vy + Vy) - (0, - 6))
26, + 0, + VL,/(V, + V) - (0, - Gy)

This approach not only has the advantage of increasing the stroke-by-stroke ampli-
tude of cardiac-related impedance change, but additionally creates large superim-
posed thermodilution-like impedance curves in the surrounding tissue. By fitting
gamma curves (modeling the indicator wash-in) to the impedance-time trace, it
may become possible to even derive perfusion maps of the lung [7]. Figure 5
depicts a typical impedance-time curve after intravenous injection of a saline
bolus (the impedance decreases after injection). After recirculation and artifact
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Fig. 5. Impedance-time curve after intravenous
injection of a saline bolus. The area under the -
curve (AUCQ) is proportional to the volume flow, time
i.e, the cardiac output.

correction, cardiac output (cardiac output) is proportional to the area under the
curve (AUC):

cardiac output = CEIT@

where Qg ine is the amount of iodine in the bolus and Cgy is a calibration factor
mainly depending on the state of the lung [26]. Values remain more or less constant
over time as long as no severe ventilatory or hemodynamic changes occur. When
compared to standard thermodilution, the cardiac output calculation is more com-
plicated, mainly due to the low spatial resolution of the EIT imaging modality and,
thus, the superposition of cardiac-related impedance changes in lung and heart.
Apart from that limitation, the use of contrasts agents looks promising regarding
stroke volume quantification, but unfortunately increases the invasiveness of the
intrinsically non-invasive EIT method.

Deriving Stroke Volume from Cardiac Impedance Images

After extraction of the cardiac-related impedance signal, cardiac stroke volume has
to be deduced. Therefore, the exact heart region in the EIT image needs to be deter-
mined. Several methods have been used:

e Hahn et al. [27] applied the so-called filling capacity method, which is based on
estimating the slope of a linear fit of regional versus global impedance change.

e Deibele et al. [23] used the first principal component analysis component of the
cardiac signal.

e Vonk-Noordegraaf et al. [28] combined a filtering and thresholding approach,
similar to that used in [8].

One major problem is the regional overlapping of left and right ventricles, left and
right atria and aorta in the 2D EIT image [19] (Fig. 6). Furthermore, even after spa-
tial filtering, respiratory impedance changes will be found in the heart region,
because A) the slice thickness of EIT measurements is often larger than the heart
size (Fig. 1), and B) the heart will be compressed by the surrounding lung tissue at
the respiratory frequency, particularly during high PEEP ventilation.
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Fig. 6. Regional overlapping of the right and left

ventricles (RV, LV), the right and left atria (RA, LA)
and the aorta (AQ). Due to the examined slice
thickness of EIT measurements (cf. Fig. 1) and the
low spatial resolution there will be a noticeable
influence of respiratory and aortic impedance
changes in the heart region, even after spatial
filtering.

impedance change

Fig. 7. Impedance-time curve of an averaged car-
diac cycle in the heart region of interest (ROI).
time The width, W, and height, H, of the curve are
used to calculate the stroke volume [28].

For the stroke volume derivation, it is possible to simply look at the change in
amplitude during the cardiac cycle, but more sophisticated methods have also been
developed.

Impedance-time Curves

Vonk-Noordegraaf et al. [28] averaged 200 heart cycles and determined the width W
and height H of the averaged impedance-time curve (Fig. 7). Afterwards, they calcu-
lated stroke volume as

Stroke volume = C; - W - VH + Ago; + C,

where Agq; is the pixel area of the heart region of interest, and C, and C, are stroke
volume calibration constants. Furthermore, these authors improved the measure-
ment design by applying an oblique instead of a horizontal plane [29]. Overall, they
found a high correlation between EIT-based and thermodilution stroke volume mea-
surements in 26 patients scheduled for a diagnostic right side heart catheterization
(due to previous infarction or valvular disease). The correlation coefficient was r =
0.86 [28]. Additionally, this group depicted a Bland-Altman plot for a group of 11
healthy patients comparing the EIT measurements with a magnetic resonance imag-
ing (MRI) reference method, finding a mean difference of 0.7 ml and a standard
deviation of 5.4 ml (approx. 10 % of the mean value).
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Parametric EIT

Zlochiver et al. [30], instead, constructed an impedance model of the thorax from
segmented MRI images, simulated the heart region as a 2D ellipsoid, and optimized
the reconstruction based on their model. The ellipsoid’s axes’ length is then used to
estimate the left ventricular volume, Vy, by applying the following equation, known
as the ellipsoid single-plane area-length model:

i(n * Iminor * rmajor)2

3 I.majm' ’

where I, is the shorter and r,,,, is the longer axis. These authors also reported
a high correlation of r = 0.86 between EIT and impedance cardiography measure-
ments in 28 healthy patients.

Stroke volume =

Conclusion

EIT is gradually gaining acceptance as a cheap, non-invasive and bedside-available
monitoring tool for critical care patients, particularly for the surveillance of regional
lung mechanics. Furthermore, as dynamic changes in blood volume cause imped-
ance oscillations in the cardiac frequency range which can be detected by EIT [8,
31], this technique additionally allows for continuous non-invasive monitoring of
stroke volume [28, 30]. It, therefore, becomes necessary to separate higher cardiac
from lower respiratory frequencies, and to combine this with spatial information
about the heart region. Finally, the multivariate temporal and spatial information
has to be mapped into an estimation of the cardiac stroke volume.
The main challenges are:

1. Low signal amplitude of relatively high-frequency cardiac-related impedance
changes close to noise level [21], '

2. Frequency overlapping of respiration-induced impedance oscillations, most nota-
bly if the heart rate is a multiple of the respiratory rate (at high PEEP ventilation,
this is further aggravated due to tidal compression of the heart) [23],

3. Spatial overlapping because of the low spatial resolution of EIT images (especially
in the caudal-cranial direction [19], see Figure 1, and

4. Drift of stroke volume calibration constants over time depending on the amount
of atelectasis, lung edema, and the position as well as the geometry of the heart
[32].

Most challenges have already been satisfactorily met by: A) developing new EIT
hardware with improved signal-to-noise ratios and higher frame rates; B) improving
signal processing algorithms allowing a separation of respiratory and cardiac com-
ponents at full temporal resolution [22, 23]; and C) using different electrode planes
focusing on the position and pitch of the heart [29]. However, the problem of cali-
bration has not been fully addressed yet. Experimental results are encouraging, with
correlation coefficients up to r = 0.86 [28, 30], but the number of examined cases is
still too low and has not been extended to different diseases, such as congestive
heart failure or acute respiratory distress syndrome (ARDS). It is very likely that
changing fluid balances in the thorax will lead to severe drifts in stroke volume cali-
bration constants, similar to those found in pulse contour analysis [33]. The use of
contrast agents may help to increase the accuracy of EIT-based stroke volume mea-
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surements, but likewise invasiveness and will, therefore, not be applicable in all
patients. EIT imaging with hypertonic saline will probably even lead to bedside
monitoring of regional lung perfusion [7], although the precise physiological origins
of cardiac-related impedance changes are still unclear and need further investigation
[34].

Future research should focus on comparing EIT-based stroke volume measure-
ments with established reference methods in critically ill patients and on finding
ways to easily calibrate the device when vascular tone, general hemodynamics, or
fluid balance change distinctly. Minimal invasiveness will be of utmost importance
as accurate invasive methods are well established. Using transthoracic echocardiog-
raphy may help to achieve this goal.

References

1. Barber DC, Brown BH, Freeston IL (1983) Imaging spatial distributions of resistivity using
applied potential tomography. Electron Lett 19: 93-95
2. Frerichs I, Hahn G, Schiffmann H, Berger C, Hellige G (1999) Monitoring regional lung venti-
lation by functional electrical impedance tomography during assisted ventilation. Ann N Y
Acad Sci 873: 493-505
3. Victorino JA, Borges JB, Okamoto VN, et al (2004) Imbalances in regional lung ventilation:
a validation study on electrical impedance tomography. Am ] Respir Crit Care Med 169:
791-800
4. Meier T, Luepschen H, Karsten J, et al (2008) Assessment of regional lung recruitment and
derecruitment during a PEEP trial based on electrical impedance tomography. Intensive Care
Med 34: 543-550
5. Costa ELV, Chaves CN, Gomes S, et al (2008) Real-time detection of pneumothorax using
electrical impedance tomography. Crit Care Med 36: 1230-1238
6. Frerichs I (2000) Electrical impedance tomography (EIT) in applications related to lung and
ventilation: a review of experimental and clinical activities. Physiol Meas 21: R1-R21
7. Costa ELV, Lima RG, Amato MBP (2009) Electrical impedance tomography. Curr Opin Crit
Care 15: 18-24
8. Eyiiboglu BM, Brown BH, Barber DC, Seagar AD (1987) Localisation of cardiac related
impedance changes in the thorax. Clin Phys Physiol Meas 8A: 167-173
9. Wrigge H, Zinserling J, Muders T, et al (2008) Electrical impedance tomography compared
with thoracic computed tomography during a slow inflation maneuver in experimental mod-
els of lung injury. Crit Care Med 36: 903 - 909
10. Beraldo MA, Reske A, Borges JB, et al (2006) PEEP titration by EIT (electrical impedance
tomography): correlation with multislice CT. Am ] Respir Crit Care Med 173: A64 (abst)
11. Luepschen H, Meier T, Grossherr M, et al (2007) Protective ventilation using electrical
impedance tomography. Physiol Meas 28: 5247 - 260
12. Suarez-Sipman F, Bohm SH, Tusman G, et al (2007) Use of dynamic compliance for open lung
positive end-expiratory pressure titration in an experimental study. Crit Care Med 35:
214-221
13. Chiumello D, Carlesso E, Cadringher P, et al (2008) Lung stress and strain during mechanical
ventilation for acute respiratory distress syndrome. Am ] Respir Crit Care Med 178: 346-55
14. Bayford RH (2006) Bioimpedance tomography (electrical impedance tomography). Annu Rev
Biomed Eng 8: 63-91
15. Yorkey TJ, Webster ]G, Tompkins W] (1987) Comparing reconstruction algorithms for elec-
trical impedance tomography. IEEE Trans Biomed Eng 34: 843 - 852
16. Lionheart W, Polydorides N, Borsic A (2009) The reconstruction problem. In: Holder D (ed)
Electrical Impedance Tomography ~ Methods, History and Applications. Institute of Physics
Publishing, Bristol, pp 3-64
17. Adler A, Dai T, Lionheart W (2007) Temporal image reconstruction in electrical impedance
tomography. Physiol Meas 28: S1-S11



Measuring Stroke Volume Using Electrical Impedance Tomography

55

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

Hochmann D, Sadok M (2004) Theory of synchronous averaging. IEEE Aerospace Conference
6: 3636-3653

Eyiiboglu BM, Brown BH, Barber DC (1989) In vivo imaging of cardiac related impedance
changes. IEEE Engineering in medicine and biology magazine 8: 39-45

Lyons, RG (2004) Understanding Digital Signal Processing, 2" edition, Chapter 11, Prentice
Hall PTR, New Jersey

Leathard AD, Brown, BH, Campbell J, et al (1994) A comparison of ventilator and cardiac
related changes in EIT images of normal human lungs and of lungs with pulmonary emboli.
Physiol Meas 15: A137-A146

Krivoshei A, Kukk V, Min M (2008) Decomposition method of an electrical bio-impedance
signal into cardiac and respiratory components. Physiol Meas 29: §15-526

Deibele JM, Luepschen H, Leonhardt S (2008) Dynamic separation of pulmonary and cardiac
changes in electrical impedance tomography. Physiol Meas 29: S1-S14

Patterson RP (1985) Sources of the thoracic cardiogenic electrical impedance signal as deter-
mined by a model. Med Biol Eng Comp 23: 411-417

Brown BH, Leathard A, Sinton A, et al (1992) Blood flow imaging using electrical impedance
tomography. Clin Phys Physiol Meas 13: A175-A179

Dawson P, Cosgrove DO, Grainger RG (1999) Textbook of Contrast Media. ISIS Medical
Media, Oxford, p. 612

Hahn G, Dittmar J, Just A, Hellige G (2008) Improvements in the image quality of ventilatory
tomograms by electrical impedance tomography. Physiol Meas 29: S51-S61
Vonk-Noordegraaf A, Janse A, Marcus, JT, et al (2000) Determination of stroke volume by
means of electrical impedance tomography. Physiol Meas 21: 285-293

Vonk Noordegraaf A, Faes TJ, Marcus JT, et al (1996) Improvement of cardiac imaging in
electrical impedance tomography by means of a new electrode configuration. Physiol Meas
17: 179-188

Zlochiver S, Freimark D, Arad M, et al (2006) Parametric EIT for monitoring cardiac stroke
volume. Phys Meas 27: S139-5146

Frerichs I, Hinz J, Hermann P, et al (2002) Regional lung perfusion as determined by electri-
cal impedance tomography in comparison with electron beam CT imaging. IEEE Trans Med
Imaging 21: 646 -652

Luepschen H, Meier T, Leibecke T, et al (2006) Enhancement of protective ventilation strate-
gies using electrical impedance tomography. IFMBE Proceedings of the World Congress on
Medical Physics and Biomedical Engineering 14, WC2006 (abst)

Bein B, Meybohm P, Cavus E, et al (2007) The reliability of pulse contour-derived cardiac
output during hemorrhage and after vasopressor administration. Anesth Analg 105: 107-113
Smit H]J, Vonk-Noordegraaf A, Marcus JT, et al (2004) Determinants of pulmonary perfusion
measured by electrical impedance tomography. Eur ] Appl Physiol 92: 45-49



56

Direct Arterial Pressure Monitoring: Pattern
Recognition in the Management of Circulatory
Failure

M. NIRMALAN and M.R. PINSKY

Introduction

Direct arterial blood pressure monitoring is frequently undertaken in operating
rooms, critical care units, emergency departments and coronary care units where
rapid alterations in hemodynamic status may occur in response to the underlying
disease and/or treatment. In addition to providing a beat-to beat measurement of
blood pressure, a careful study of the individual components of the arterial pressure
waveform will also enable a more comprehensive assessment of several other hemo-
dynamic parameters that may influence treatment [1-4]. Changes in circulating vol-
ume (or ventricular preload), stroke volume (an important determinant of cardiac
output), volume responsiveness and peripheral vascular resistance (or afterload) are
some of the more important variables that may be inferred from the arterial pres-
sure trace. Understanding the significance of all the components of an arterial pres-
sure waveform is, therefore, an essential skill for hospital doctors involved in the
care of acutely ill patients. In this case-based discussion we will present a series of
arterial pressure recordings that illustrate some of the clinically important concepts.

Case Study 1: Components of an Arterial Pressure Waveform

Figure 1a shows a model arterial trace recorded from a patient with severe athero-
sclerosis presenting for major vascular surgery. The resting pressure within the
artery at the beginning of the cardiac cycle is referred to as the diastolic pressure
and the peak pressure achieved during ventricular contraction is referred to as the
systolic blood pressure. The difference between the systolic and diastolic pressures
gives an estimate of the pressure swings within the arterial system during each car-
diac contraction (or pulse) and hence is referred to as the pulse pressure. The mean
pressure during the entire cycle is known as the mean arterial pressure and in prac-
tice this is approximately equal to the diastolic pressure + 1/3 x pulse pressure. The
peak systolic pressure wave is often followed by a smaller pulse of reflected pressure
wave. Such reflected waves are particularly prominent in patients with a stiff aorta
due to atherosclerosis or chronic hypertension. The peak systolic pressure waves and
reflected waves usually occur during the ventricular ejection phase prior to the clo-
sure of the aortic valve [5]. The presence of significant small vessel disease or
intense vasoconstriction may, however, result in multiple pressure wave reflections
as shown in Figure 1b. In such situations, reflected pressure waves may also be seen
during diastole after the closure of the aortic valve.
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Fig. 1. a Radial arterial pressure recorded in an anesthetized/ventilated patient with severe atherosclerosis.
Note the following: 1. Increased systolic pressure; 2. lower diastolic pressure; 3. wide pulse pressure; 4. sharp
decline in pressure towards the dicrotic notch and 5: additional reflected pressure wave following the systolic
peak. All of the above are typical features caused by a low compliant aorta due to atherosclerosis. b Radial
arterial pressure recording in a patient with significant small vessel disease due to systemic lupus erythema-
tosus (SLE). Note multiple pressure wave reflections (arrows) during the systolic and diastolic periods

The dicrotic notch is a notch or nadir pressure reflecting the fall in aortic pressure
during ventricular relaxation until the closure of the aortic valve. The less compliant
the aorta is, as in patients with severe atherosclerosis, the greater the pressure drop
at the dicrotic notch and vice versa. The timing of the nadir pressure in relation to
the peak aortic pressure is a function of the stroke volume, central aortic compli-
ance and peripheral vascular resistance [5]. The secondary pressure peak that fol-
lows the dicrotic notch represents the ‘ringing’ of the system following no flow clo-
sure of the aortic valve and, as such, the timing of the dicrotic notch and the second-
ary pressure wave are dependent on the time taken for the aortic pressure to exceed
that of the falling ventricular pressure during relaxation [5].

Case Study 2: Hypovolemia

Figure 2 illustrates the typical arterial pressure waveform in an anesthetized/
mechanically ventilated experimental animal with severe hypovolemia and shows
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the effect of fluid resuscitation. The changes in the arterial pressure waveform can
be attributed to an exaggerated ‘Valsalva’ effect associated with positive pressure
ventilation in the presence of hypovolemia. The oscillation in the baseline pressure
and beat-to-beat changes in pulse pressure and ‘area under the curve’ are some of
the first changes that one observes in subjects with even milder degrees of hypovole-
mia.

Case Study 3: Pulse Pressure as a Measure of Stroke Volume

The pressure rise during ventricular ejection is predominantly a function of:

1. The amount of blood ejected with each beat (stroke volume)
2. Central aortic stiffness or ‘compliance’
3. Peripheral run-off of the ejected blood or peripheral vascular resistance.

During relatively short time periods, vascular compliance and peripheral vascular
resistance can be assumed to be constant and under these conditions stroke volume
is the main determinant of pulse pressure [2]. Figure 3a shows the arterial pressure
traces recorded from a patient during volume resuscitation using a rapid infusion of
a plasma substitute (Voluven). The increase in stroke volume associated with plasma
volume expansion is reflected as a corresponding increase in pulse pressure. The
progressive changes in pulse pressure during such a fluid challenge can even be
plotted against time as shown in Figure 3b to produce a bed-side adaptation of the
familiar Frank-Starling curve - which can be extremely informative in assessing vol-
ume responsiveness in high risk patients. Most currently available bedside monitors
may be easily adopted for this purpose. Due to the direct relationship between
stroke volume and pulse pressure [2], hypovolemia is characterized by a reduction
in pulse pressure which is usually associated with a reduced systolic pressure (reduc-
tion in stroke volume) and raised diastolic pressure (vasoconstriction).
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Fig. 3. a Radial arterial pressure waves in patient during a 250 ml fluid challenge over a 10 minute period.
Two representational pressure transients during four stages of the fluid challenge are shown. b The puise
pressure-time relationship plotted off-line to derive a bedside surrogate of a Frank-Starling curve.
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Case Study 4: Effect of Aortic Capacitance on Pulse Pressure

An acute change in central aortic compliance can, however, distort the direct rela-
tionship between stroke volume and pulse pressure alluded to in the previous sec-
tion. This is best illustrated by studying the immediate changes in the shape of the
arterial pressure trace brought about during cross clamping of the abdominal aorta
(Fig. 4) - a necessary step during surgical repair of an abdominal aortic aneurysm.
In this patient, following aortic cross clamping, blood is ejected into a less compliant
compartment. This typically results in a greater increase in systolic pressure. The
additional static energy transferred to the proximal aortic wall during ventricular
ejection enables a greater forward flow of blood during ventricular relaxation and,
therefore, a lower diastolic pressure and wider pulse pressure even in the presence
of a reduced stroke volume. Blood pressure profiles seen in elderly patients with
‘systolic hypertension’ - a well-recognized phenomenon - can be understood
through the above mechanisms. Such patients, with a stiff arterial tree, usually dem-
onstrate a higher systolic, lower diastolic and a wide pulse pressure (Fig. 1). Even in
these subjects, however, although absolute values may be misleading, short term
changes in pulse pressure can be safely extrapolated to track changes in stroke vol-
ume.

Fig. 4. Radial arterial pressure
recordings in an anesthetized e
patient undergoing surgical repair | __ |} .
: . 120
of the abdominal aortic aneurysm.
Five pressure transients showing the C) 100
pulse pressure before (PP- black) £ .
and after (PP*- blue) aortic cross E 80 PR PP
clamping are shown. The increase &
in pulse pressure in this example is 80 o A%,
due to an acute reduction in aortic TR eeemdeden =il
capacitance rather than to an 40
increase in stroke volume.

Case Study 5: Effect of Vasoconstrictor Drugs on Pulse Pressure

The previous case study showed the typical pressure changes when aortic compli-
ance is reduced in the presence of normal peripheral vascular resistance. In clinical
practice, however, reduced vascular compliance is frequently associated with
increased peripheral vascular resistance due to systemic vasoconstriction down to
the level of resistance vessels. These changes are typically seen in patients with gen-
eralized vasoconstriction due to pain, anxiety and other flight/fight/fright condi-
tions associated with excess catecholamine production. Profound vasoconstriction is
usually associated with increased systolic pressure (due to reduced compliance and
reduced peripheral run-off) and raised diastolic (due to vasoconstriction) pressures
as shown in Figure 5. In this example, blood pressure changes associated with a
bolus intravenous injection of 0.5 mg metaraminol (a pure a-agonist agent with pro-
found vasoconstrictor properties) is shown.
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Case Study 6: Effect of Vasoconstriction on the Dicrotic Notch and
Secondary Pressure Waves

The position of the dicrotic notch and the height of the secondary pressure wave are
valuable bedside tools in the assessment of peripheral vascular tone. In the presence
of peripheral vasodilatation, the time required for aortic pressure to exceed ventric-
ular pressure is lengthened, causing delayed closure of the aortic valve and therefore
a delayed dicrotic notch. This phenomenon is frequently seen in patients with severe
sepsis. The extensive vasodilatation induced by severe sepsis typically manifests
as low systolic, low diastolic, normal (or wide) PP, a delayed dicrotic notch and a
flat secondary pressure peak as shown in Figure 6a. Sudden vasoconstriction due
to high dose norepinephrine in this patient restored the position of the dicrotic
notch and the height of the secondary pressure wave (Fig. 6b), but as the vasocon-
striction wears off, the dicrotic notch returns to its delayed position (Fig. 6¢). In spite
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of the complex determinants of the timing of the dicrotic notch and the size of the
secondary pressure wave, in clinical practice, a delayed dicrotic notch associated
with a relatively flat secondary pressure peak is most often confirmatory of reduced
central arterial tone down to the level of the small resistance arterioles and is an
extremely useful discriminator of septic shock.

Case Study 7: Sympathetic Stimulation and Reflected Pressure Waves

As mentioned in the previous case study, the position of the dicrotic notch and the
timing of the secondary reflected pressure wave in relation to the systolic peak are
determined by peripheral vascular resistance. Increased peripheral vasoconstriction
associated with increased sympathetic activity will cause these events to occur early
due to wave reflections from the constricted proximal vascular beds. This well-recog-
nized phenomenon has previously been demonstrated in a laboratory model of hypo-
volemic shock [1]. Similar observations can also be seen in critically ill patients as
illustrated in Figure 7, which shows the arterial waveform changes in a subject with
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Fig. 7. Changes in arterial pressure
300 trace during an episode of sympa-
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maximum which was associated with
wakening of the patient followed by
gradual decline in pressure with the
patient falling asleep spontaneously.
No other intervention was performed
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pressure wave (arrow) during each of
the stages.
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marked sympathetic stimulation associated with acute opiate withdrawal in the inten-
sive care unit (ICU). The patient concerned was sedated in the ICU with large doses
of opiates and benzodiazepines over a prolonged period. On withdrawal of sedation
the patient developed recurrent episodes of acute opiate withdrawal syndrome (‘cold
turkey’ syndrome) associated with waking episodes. Each episode lasted for approxi-
mately 15-20 minutes and settled spontaneously as the patient settled back into sleep.
These episodes were characterized by severe hypertension, tachycardia, tachypnea,
sweating and papillary dilatation-features of sympathetic overactivity. The arterial
pressure waveforms recorded during one of these episodes clearly illustrate the effects
of progressive increase in sympathetic activity (and the resultant generalized vasocon-
striction) on the timing and position of the secondary reflected pressure wave.

Conclusion

The ability to distinguish between the different causes of hemodynamic failure is
important in the management of shock. Arterial pressure waveform analysis is a
simple, minimally invasive tool which is invaluable in these situations. In spite of the
relatively complex mechanisms involved in regulating the shape, timing and the rel-
ative sizes of the individual components, most hemodynamic abnormalities can be
distinguished through simple pattern recognition as illustrated in the above exam-
ples. A detailed study of the arterial pressure waveforms and the underlying physio-
logical principles is highly desirable for all hospital doctors involved in the care of
acutely ill patients.
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Choosing Patient-tailored Hemodynamic
Monitoring
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Introduction

Currently, the number and (worldwide) availability of techniques for hemodynamic
monitoring in the critically ill patient is overwhelming, as nicely summarized else-
where [1-11]. Techniques vary from completely invasive to non-invasive, from
intermittent to continuous, and differ in basic principles, methods, parameters, and
costs, among others. The older a device, the more literature is available, but the lat-
ter may not always help in choosing hemodynamic monitoring tools for depart-
ments or for individual patients, i.e. patient-tailored monitoring.

This chapter is not intended to compare one technique to another, which has
been done abundantly in the literature, but to provide a conceptual framework to
guide therapy of individual patients in various hospital settings by defining the ele-
ments that may help to choose among the available techniques, in the absence of a
clear evidence-based survival benefit of any hemodynamic monitoring tool [12-16].
First, a brief discussion of what is available and of underlying basic principles seems
warranted, since knowledge of possibilities, limitations and pitfalls is required
before responsible choices can be made. We will not address tools to monitor the
microcirculation.

What Do We Have and What Can they Do?

A physical examination remains the cornerstone of assessing patients with hemody-
namic compromise, even though signs and symptoms often poorly predict mea-
sured hemodynamic variables [13, 17]. Nevertheless, clinical signs and symptoms
help to clearly define the clinical problem and its differential diagnosis. As an
adjunct, some type of hemodynamic monitoring is often decided upon, depending
on the clinical severity of disease and the (department of) presentation of the
patient, among other factors. Table 1 briefly summarizes the currently available
equipment for advanced hemodynamic monitoring, beyond that of mean arterial
pressure (MAP) and heart rate/rhythm. As indicated, a wide variety of hemody-
namic parameters can be monitored by the different techniques, in addition to car-
diac output. The parameters pertain to cardiac filling and function and its adequacy
related to tissue needs. In addition, pulmonary variables pertaining to edema and
gas exchange can be assessed with some devices.

There is a large amount of literature concerning the comparability of techniques
and derived parameters, such as (absolute values and changes in) cardiac output and
preload indicators [4-7, 18, 19]. However, the manner in which the comparability
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Table 1. What do we have and what can they do?

Equipment

Central venous catheter (many companies)

Pulmonary artery catheter and modifications (some companies)
PiCCO" (Pulsion)

LIDCOPs (LiDCO)

NICO (Novametrix)

Modelflow pulse contour analysis (BMI-TNO)

Nexfin (Bmeye)

Flotrac/Vigileo (Edwards Life Sciences)

Pulse-dye densitometry PDD (Nihon Kohden)
Bioimpedance cardiography (Aesculon, Osypka Medical)
Hemosonic (Arrow)

CardioQ (Deltex Medical)

Ultrasonic cardiac output monitors (Uscom)
Echocardiographs (some companies)

Parameters

Cardiac pressures and volumes

Cardiac output, flow, velocity/time
Dynamic indices

Cardiac anatomy and regional function
Oxygen-related variables

Carbon dioxide-related variables
Vascular diameters

Manufacturers in parentheses.

(or clinically important absence thereof) is judged varies greatly among studies.
Uniformly accepted criteria to assess the clinical relevance of comparability of moni-
toring techniques and parameters are lacking. For instance, comparability of tech-
niques for tracking changes and trends in cardiac output may be more relevant in
clinical practice than the degree of agreement of absolute values, provided that ‘low’
and ‘high’ values can be separated [19]. Moreover, literature on the practical utility
of many of these devices and parameters is scarce, so that negativism regarding their
practical value may predominate [16, 20]. There is, however, some literature to sug-
gest that insertion of a pulmonary artery catheter (PAC) and measuring hemody-
namic variables may influence the clinical appraisal of hemodynamics at the bedside
and may help or prompt the treating physician to change treatment.

Since its introduction in the 1970s, the PAC has indeed become the reference
standard for hemodynamic monitoring and measurement of cardiac output
[13-15]. A substantial knowledge database has been built up since then, in a variety
of institutions, patient populations, and circumstances [16]. However, in the absence
of any rigidly proven survival benefit, the catheter has become discredited in critical
care medicine [12-16]. The lack of apparent benefit may relate, in part, to adverse
effects of insertion, improper use, poor interpretation of hemodynamic data, and
inadequate treatment decisions based on the collected variables, or combinations of
these factors [20]. Conversely, the value of pulmonary artery pressures, pulmonary
artery occlusion pressure (PAOP), mixed venous oxygen saturation (SvO,), and right
heart volumes, some of the variables that can be uniquely assessed at the bedside of
the critically ill patient with help of the PAC and right-sided thermodilution,
remains hotly debated [13-15, 20]. The patient population or circumstance that is
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most likely to benefit from pulmonary artery catheterization is, therefore, still being
actively looked for [13-15, 21, 22].

A second generation hemodynamic monitoring principle includes the less inva-
sive transpulmonary (dye-)thermodilution technique, e.g. PiCCO. This technique
offers the unique possibility of estimating cardiac preload volumes, measurements
of which are not confounded by mechanical ventilation in contrast to pressure and
dynamic indices of preload and fluid responsiveness, and of extravascular lung
water as a direct measure of pulmonary edema and permeability. Dilutional meth-
ods to measure cardiac output include the transpulmonary lithium and indocyanine
green (pulse dye) techniques, allowing peripheral injections and peripheral and, for
pulse dye, non-invasive detection.

Pulse-contour or pulse-power methods, needing relatively frequent recalibration
for optimal performance in tracking changes in cardiac output, are often incorpo-
rated in dilutional cardiac output measurement devices needing arterial access [5,
18]. Some of these methods are truly non-invasive, however. The algorithms used
differ from one method to the other, some perform better than others, and the need
for recalibration upon changes in time or in vascular tone upon treatment continue
to limit their independent applicability [5, 18]. Calibration can also be performed by
ultrasonically obtained aortic diameter for the otherwise well performing Modelflow
method [23]. The algorithm used in the latter method computes the aortic flow
waveform from pulsating arterial blood pressure by simulating a non-linear, self-
adaptive (three-element Windkessel) model of the aortic input impedance. Charac-
teristic impedance and compliance of the aorta non-linearly depend on arterial pres-
sure, and peripheral resistance adapts to changes in blood flow. The degree of non-
linearity depends on the subject’s sex, age, height, and weight.

An arterial waveform analysis without external calibration, the FloTrac/Vigileo
system, is supposed to be relatively independent of vascular tone [9]. Each arterial
waveform detected via an arterial catheter is analyzed with a frequency of 100 Hz.
The arterial waveform is analyzed for 8 different characteristics, including the
upstroke and downslope of the curve. Each curve is analyzed separately and addi-
tional curves are analyzed and compared with former and subsequent curves. From
this analysis, which takes 20 seconds, the average curve is given, by means of the
standard deviation of the given characteristics of the curves. From the given stroke
volume and heart rate, the cardiac output is determined, which is updated every 20
seconds. A filter is embedded in the computer to adjust for excesses in systolic blood
pressures and heart rates. The accuracy of this method has increased with consecu-
tive software versions.

Doppler ultrasound methods estimate cardiac output by measuring aortic blood
flow velocity [10, 11, 24, 25] and multiplying it by the cross-sectional area of the
aorta at the insonation point. The probe is introduced orally or nasally and placed
at the level of the descending aorta. Some systems measure the descending aortic
diameter; others use a monogram to estimate it. Limitations of the technique
include operator-dependency in finding the optimal angle of insonation, turbulent
flow, and changes in relative perfusion of upper and lower body parts via the aorta.
Obviously, echocardiography yields clinically useful information on cardiac anatomy
and (regional) function that is hard to obtain otherwise, in addition to non-unique
parameters, such as cardiac filling and output [26, 27]. The technique is highly
dependent on available expertise and commitment.



Choosing Patient-tailored Hemodynamic Monitoring

67

Factors Affecting Choices

Tables 2-4 describe the issues that may be relevant for decision making, including
theoretical considerations, the hardware involved, and patient-bound factors.
Indeed, demands put on technologies may vary according to need in different hospi-
tal environments and patient populations. We will highlight just some of the consid-
erations mentioned in the Tables. Table 2 essentially notes theoretical considerations,
suggesting that the ideal hemodynamic monitoring tool should be simple, safe, rela-
tively versatile, uniformly applicable and beneficial for survival in each patient sub-
jected to that tool, at low or at least affordable costs. Obviously, no method yet fits
this ‘ideal’ list, and perhaps never will, so some compromise on these issues remains
necessary.

Some hemodynamic optimization strategies, such as fluid management guided by
prediction of fluid responses, early goal-directed therapy, and perioperative hemo-
dynamic optimization or fluid restriction, may help to improve patient outcomes, in
terms of reducing complications, lengths of stay, and prevention of overhydration,
for example, even irrespective of vital status [1, 16, 25, 28 -33]. Devices and parame-
ters to assess fluid responsiveness include transpulmonary dilution-derived cardiac
volumes, esophageal Doppler flow and echocardiographic indices, and dynamic
indices provided by pulse-contour methods [10, 11, 24, 25, 33, 34). In contrast, cen-
tral venous pressure (CVP) monitoring may suffice in successful fluid restriction
policies [32]. The well-known outcome (survival) benefit of early goal-directed ther-
apy in septic shock, with treatment guided by CVP, central venous oxygen saturation
(ScvO,) and MAP, has been confirmed by others, since the landmark paper by Rivers
et al. [35] and this approach is included in current guidelines on the management of
septic shock [1, 31], even though CVP may poorly predict fluid responses [36].
Hence, monitoring tools could be judged on their ability to provide parameters that
help physicians to implement the strategies mentioned, even if these are slightly dif-
ferent from those originally used in demonstrating benefit but apply similar physio-
logic and clinical concepts [1, 15, 30, 37-39]. For example, the benefit of periopera-
tive hemodynamic optimization with help of the PAC [28], transpulmonary/lithium
dilution [29, 30], esophageal Doppler [10, 11, 24, 25], or dynamic indices [38] could
translate into a benefit of optimization of central/mixed venous oxygen saturation
since all are intended to optimize tissue oxygenation [37]. Nevertheless, not all
devices and parameters have been successfully evaluated yet in hemodynamic opti-
mization strategies and these issues continue to be subject to ongoing research and
debate [1, 15, 37, 39, 40]. Thus, we may need to formulate and test hemodynamic
monitoring strategies, rather than to evaluate performance and efficacy of single
devices and parameters. The rationale of these strategies may be enforced if led by
physiological and clinical considerations as well as by epidemiological and economic

Table 2. Theoretical considerations for choosing among hemodynamic monitoring tools

Safety and side effects

Versatility, number, relevance and utility of parameters

Can be utilized by nurses and physicians: Ease of use, user-friendliness, education, learning curve
Possibilities for assessing fluid responsiveness, goal-directed therapy and other resuscitation strate-
gies of proven outcome benefit even if not decreasing mortality

Demonstrated treatment alterations

Acceptable cost-effectiveness
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Table 3. Hardware considerations for choosing among hemodynamic monitoring tools

e Availability
® Expertise: Personal, colleagues, and in the literature
e Ease of use and interpretation; operator-dependency
e Level of integration in monitors

® Uniformity of applicability

e (Continuous vs intermittent

® |nvasive vs non-invasive

® Accuracy/reproducibility of parameters

® Response time to interventions and accurate trending

Table 4. Patient-bound considerations for tailoring hemodynamic monitoring

® (Cardiac rhythm, function, and valvular disease

® Mechanical ventilation: Tidal volume, frequency, positive end-expiratory pressure

® Type, severity and stage of (anticipated) disease warranting hemodynamic monitoring, such as
shock and acute lung injury

® Type of circulatory support and change contemplated therein: Fluids, drugs, devices for circulatory
support

® Vascular access and other anatomic factors (contraindications)

® Tolerance

issues. Finally, effectiveness could be defined in terms of the clinical utility of
devices and parameters that may go beyond their formally reported efficacy.

Hardware considerations (Table 3) include the environment where the hemody-
namic monitoring is used. Different departments may have different facilities,
patient populations and staffing, and pressures on time by emergencies may drive
choices for less invasive techniques that can be applied immediately by most of the
available staff. Non-invasive hemodynamic monitoring devices may also be of help
in departments without facilities for invasive techniques, such as step-down units,
long-term facilities, and stroke units. By virtue of definition, any device that is able
to accurately detect rapid changes in cardiac output upon fluid challenge would suf-
fice in evaluating fluid responsiveness and some methods may be too slow to fulfill
this criterion.

General considerations regarding patient-bound factors (Table 4) include the
notion that the sicker the patient the greater the need for accurate hemodynamic
parameters to be collected to supplement clinical judgment and the greater likeli-
hood that invasive, rather than less invasive, techniques will meet these needs. In the
patient with severe septic shock admitted to the intensive care unit (ICU) for
instance, non-invasive arterial waveform analysis-derived cardiac output measure-
ments are less useful as they are affected by vascular tone and require repeated
recalibration, at least in the initial resuscitation phase. In patients with or at great
risk of pulmonary edema, hemodynamic monitoring by transpulmonary dilution
and measurements of extravascular lung water could be chosen to help to prevent
harmful overhydration and prolonged mechanical ventilation, unless the patient will
anyway need to be intubated and mechanically ventilated. Catheters in the femoral
artery are relatively contraindicated during/after aortic-bifemoral reconstruction,
and transesophagal echocardiography is not feasible during/after esophageal resec-
tion. Esophageal disease may be a contraindication for the use of esophageal Dopp-
ler probes, which are also poorly tolerated in awake, non-intubated patients [10, 20,
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25]. The presence of cardiac disease and mechanical ventilation may also affect
choices. It is likely that a PAC and measurement of PAOP is more helpful in guiding
(fluid) management in the presence of systolic/diastolic cardiac dysfunction than
during hypovolemic shock, for example [21, 34]. In severe left-sided valvular dis-
ease, right-sided measurements of cardiac output are probably preferable to trans-
pulmonary ones, even though the debate on the confounding effect of even minimal
tricuspid regurgitation on these measurements has not yet ended. In the presence of
endocarditis, intracardiac catheters may be relatively contraindicated. In contrast, a
suspected ventricular septal defect may require monitoring with help of a PAC,
echocardiography, or both. In mechanically ventilated patients, filling pressures that
are confounded by airway pressures may be less useful in predicting and guiding
fluid responses than volumetric preload measurements [34, 36], whereas the cur-
rently proposed superiority of dynamic indices [33] can be questioned, as they are
affected by ventilatory frequency and tidal volume. Finally, pulse-contour methods
are sensitive to arrhythmias, aortic valve regurgitation, intra-aortic balloon pum-
ping and peripheral vascular disease.

Conclusions and Perspective

This chapter attempts to provide a conceptual framework for choosing patient-tai-
lored hemodynamic monitoring from available techniques, in an era dominated by
lack of proven survival benefits for any hemodynamic monitoring device. Decisions
for implementing different hemodynamic monitoring devices may improve when
systematically considering the relevant issues, according to a predefined checklist,
for example. This approach may help to end debates on the use of hemodynamic
monitoring equipment from single perspectives only, but obviously choices may dif-
fer from one hospital, unit, patient and physician to another, given the variability in
facilities, clinical presentations, and expertise. One tool may supplement another, so
that it is advisable to gain expertise in more than one method, particularly in train-
ing environments. Health technology assessment institutions and agencies can be of
help in advising on these complex issues and emergency and intensive care medicine
organizations could benefit from their expertise [1, 12, 13, 25, 41]. The underlying
idea, of course, is that helping physicians to direct therapy using numbers rather
than signs and symptoms, and helping the medical community by providing clear
clinical guidelines on hemodynamic monitoring strategies will effectively result in
health care improvements. Perhaps, we also need a new research agenda on these
issues.
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Airway and Ventilation during CPR
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Introduction

The primary components of standard cardiopulmonary resuscitation (CPR) are
chest compressions to circulate blood, defibrillation to convert a ‘shockable’ rhythm
into one that will produce a spontaneous circulation, and ventilation of the lungs to
enable oxygenation of the blood and removal of carbon dioxide (CO,). Effective ven-
tilation of the lungs requires a patent airway, while protection of the lungs from
aspiration of gastric contents requires reliable separation of the gastrointestinal tract
from the airway. Traditionally, the single airway device deemed capable of maintain-
ing airway patency and protecting from aspiration is the tracheal tube. However, the
unique status of tracheal intubation is now being challenged. Tracheal intubation is
associated with several complications and it is possible that it would be better for
healthcare professionals who are not highly skilled in this intervention to use alter-
native airway devices. After primary cardiac arrest, based mainly on animal data,
but also on some low-level human data, ventilation may not be necessary for several
minutes. Recent observational clinical studies suggest that chest compression-only
CPR by bystanders results in the same or better outcomes than bystander CPR that
includes both mouth-to-mouth breathing and chest compressions. There are data
indicating that excessive ventilation is harmful during CPR and, possibly, after
return of spontaneous circulation. This chapter will focus on the evidence support-
ing new strategies for management of the airway and ventilation during CPR.

Regurgitation and Aspiration after Cardiac Arrest

At the onset of cardiac arrest, the esophageal sphincter pressure decreases rapidly
from the normal value of approximately 20 cmH,0 to less than 5 cmH,0O [1],
increasing significantly the risk of regurgitation of gastric contents and subsequent
aspiration. Regurgitation occurs in about one third of out-of-hospital cardiac
arrests, but in at least two thirds of these cases it occurs before arrival of emergency
medical services (EMS) personnel [2, 3]. In a study of 182 patients resuscitated after
out-of-hospital cardiac arrest, the incidence of regurgitation was 20 % [4]. Just
under half of these patients had radiological evidence of aspiration; however, 19 %
of the patients without signs of regurgitation at the scene also had radiological evi-
dence of aspiration. The precise impact of regurgitation and aspiration on long-term
survival is uncertain, but in a multivariate logistic analysis regurgitation was associ-
ated with a reduced odds ratio (OR) of survival (OR = 0.5 [0.28 - 0.89]) [3].
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The Pros and Cons of Tracheal Intubation

It is widely assumed that tracheal intubation improves outcome from cardiac arrest,
but this is unproven. There are several reasons why attempted prehospital intubation
can be harmful, particularly when undertaken by inexperienced individuals [5]. A
recent systematic review of randomized controlled trials (RCTs) comparing tracheal
intubation versus alternative airway management in acutely ill and injured patients
identified just three trials [6]: Two were RCTs of the Combitube versus tracheal intu-
bation for out-of-hospital cardiac arrest [7, 8], which showed no difference in sur-
vival. The third study was a RCT of prehospital tracheal intubation versus manage-
ment of the airway with a bag-mask in children requiring airway management for
cardiac arrest, primary respiratory disorders, and severe injuries [9]. There was no
overall benefit of tracheal intubation; on the contrary, of the children requiring air-
way management for a respiratory problem, those randomized to intubation had a
lower survival rate that those in the bag-mask group. The Ontario Prehospital
Advanced Life Support (OPALS) study documented no increase in survival to hospi-
tal discharge when the skills of tracheal intubation and injection of cardiac drugs
were added to an optimized basic life support-automated external defibrillator (BLS-
AED) system [10].

Advantages of Tracheal Intubation

The potential benefits of placing a cuffed tube in the trachea during CPR include:
Enabling ventilation without interrupting chest compressions [11]; enabling effective
ventilation, particularly when lung and/or chest compliance is poor; minimizing
gastric inflation and, therefore, the risk of regurgitation; and protection against pul-
monary aspiration of gastric contents.

Disadvantages of Tracheal Intubation

A study of first year anesthesiology residents indicated that the learning curve for
tracheal intubation in anesthetized patients required about 60 attempts to achieve
a 90 % success rate [12]. Once competence is achieved, maintaining the skill
requires ongoing practice. Seventy-five percent of paramedics in the UK undertake
just one or no intubations each year [13]. Several studies indicate that in inexperi-
enced hands the success rate is as low as 50 % and complication rates are unaccept-
ably high [5]. The risks of attempting tracheal intubation include: Unrecognized
esophageal intubation - 2.9-16.7 % in several cardiac arrest studies [5]; unrecog-
nized main stem bronchial intubation; unrecognized dislodgement; and interrup-
tion of chest compressions during the procedure. The interruptions in CPR in order
to achieve tracheal intubation may negate any theoretical benefits of securing the
airway. The interruptions in CPR have been quantified recently in a study of preho-
spital intubation by paramedics [14]. Using defibrillators that recorded chest com-
pressions, ventilations and end-tidal CO,, as well as the electrocardiogram (EKG),
data on 100 out-of-hospital resuscitation attempts were analyzed to determine the
interruptions associated with tracheal intubation attempts. The total duration of
the interruptions in CPR associated with tracheal intubation attempts was 110 s
(IQR 54-198 s; range 13-446 s) and in 25 % the interruptions lasted more than 3
min. Tracheal intubation attempts accounted for almost 25 % of all CPR interrup-
tions.
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The high complication rates associated with prehospital intubation are not confined
to paramedics: In a German study of 149 consecutive out-of-hospital tracheal intu-
bations attempted by emergency physicians, intubation of the right main bronchus
occurred in 16 cases (10.7 %) and unrecognized esophageal intubation in 10 (6.7 %)
[15].

Reducing the Risk of Unrecognized Esophageal Intubation

Unrecognized esophageal intubation could be eliminated either by using a method
of confirming tube position that is completely reliable during cardiac arrest, or by
using alternative airway techniques such as one of the supraglottic airway devices
[16].

The use of exhaled CO, detectors reduces the incidence of unrecognized esopha-
geal intubation [17]; however, these are unreliable in low flow states such as cardiac
arrest [18]. Although the esophageal detector device is highly sensitive for the detec-
tion of misplaced tracheal tubes in the esophagus, it has poor sensitivity for con-
firming tracheal placement of a tracheal tube, resulting in the removal of up to 30 %
of correctly placed tubes. Other pitfalls include the detection of CO, from an esoph-
ageal tube in cardiac arrest victims who have received mouth-to-mouth ventilation
[19].

Supraglottic Airway Devices

Several supraglottic airway devices have been evaluated for use during CPR [16]; the
classic laryngeal mask airway (LMA) and the Combitube are the most extensively
studied, but there are also reports on the use of the laryngeal tube. Supraglottic air-
way devices are easier to insert than a tracheal tube and, unlike tracheal intubation,
they can generally be inserted without interrupting chest compressions [20]. None
of the studies on the use of supraglottic airway devices during CPR have been powe-
red adequately to study survival as a primary endpoint; instead, most researchers
have studied insertion and ventilation success rates. Reported rates of successful
ventilation during CPR with the classic LMA are very high for in-hospital studies
(over 90 %) but generally less impressive (70 %) for out-of-hospital cardiac arrest
[5]. The reason for the relatively disappointing results from the LMA in out-of-hos-
pital cardiac arrest is not clear. Anecdotally, some prehospital providers report that
the LMA is more prone than a tracheal tube to dislodgement but this observation is
not supported by data. A Japanese study showed similar arterial blood gases in
patients successfully resuscitated after out-of-hospital cardiac arrest when either an
LMA or bag mask was used [21]. In this study, survival to hospital discharge, which
was a secondary end point, was higher in the LMA group than in the bag-mask
group (13.4 % versus 6.1 %; p = 0.03); however, this was a non-randomized study
and included several confounders. Successful ventilation rates for the Combitube are
in the range 70-90 % and all these studies have been in the out-of-hospital setting.

The laryngeal tube was introduced in 2001; it is known as the King LT airway in
the United States. After just two hours of training, nurses successfully inserted a
laryngeal tube and achieved ventilation in 24 of 30 (80 %) out-of-hospital cardiac
arrests [22]. A disposable version of the laryngeal tube (LT-D) is available and was
inserted successfully by paramedics in 92 out-of-hospital cardiac arrests (85 on the
first attempt and 7 on the second attempt) [23].
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The characteristics of the I-gel and the Supreme LMA (SLMA) suggest that both
these devices may be useful for airway management during CPR. The cuff of the I-
gel is made of thermoplastic elastomer gel (styrene ethylene butadene styrene) and
does not require inflation; the stem of the I-gel incorporates a bite block and a nar-
row esophageal drain tube. It is very easy to insert, requiring only minimal training
and a laryngeal seal pressure of 20-24 cmH,0 can be achieved [24, 25]. Use of the
I-gel during cardiac arrest has been reported but more data on its use in this setting
are awaited [26, 27]. The SLMA is a disposable version of the ProSeal LMA. Studies
in anesthetized patients indicate that it is relatively easy to insert and laryngeal seal
pressures of 24 -28 cmH,0 can be achieved [28-30]. Data on the use of the SLMA
during cardiac arrest are awaited.

Ventilation during CPR

Excessive ventilation rates are common during CPR [31] and the increase in intra-
thoracic pressure reduces coronary perfusion pressure [32]. Many animal cardiac
arrest studies have shown no survival benefit with the addition of ventilation. A lim-
itation of these studies is that the airways of the animals are generally patent, even
when they are supine, which will enable chest compressions alone to generate some
ventilation [33, 34]. Although supine, unconscious humans will generally have an
obstructed airway (unless the airway is supported) in the early stages of cardiac
arrest, gasping will enable significant ventilation and is associated with higher sur-
vival rates. A recent study documented gasping in 33 % of patients who had an
EMS-witnessed cardiac arrest [35]. If airway patency can be assured, chest compres-
sions might generate ventilation in human cardiac arrest; however, at least one clini-
cal study has shown that chest compressions generate only very low tidal ventilation
after prolonged cardiac arrest [36].

Passive Oxygen Insufflation

Investigators from the Sarver Heart Center have introduced the concept of ‘mini-
mally interrupted cardiac resuscitation’ to their EMS [37]: tracheal intubation is
delayed until three cycles of 200 compressions and rhythm analysis have been com-
pleted - during this time an oral airway is inserted and oxygen is given by a non-
rebreather face mask, enabling passive delivery of oxygen during compressions; if
the initial rhythm is ventricular fibrillation, 200 chest compressions are given before
the first shock, followed by 200 post-shock chest compressions; finally, intravenous
epinephrine is given within 10 minutes of EMS arrival. Ventilation is included in the
minimally interrupted cardiac resuscitation strategy but it is de-emphasized in com-
parison with conventional CPR. Compared with historical controls, this group has
reported significantly better survival rates with minimally interrupted cardiac resus-
citation [37]. The contribution of passive oxygen insufflation to these outcomes has
been analyzed retrospectively and reported separately [38, 39] (Fig. 1). After witnes-
sed ventricular fibrillation/ventricular tachycardia out-of-hospital cardiac arrest,
adjusted neurologically intact survival was higher for passive ventilation (39/102;
38.2 %) than for bag-mask ventilation (31/120; 25.8 %) (adjusted odds ratio [OR]
2.5; 95 % CI 1.3-4.6); however, there was no difference in survival in those with
non-shockable rhythms or with unwitnessed ventricular fibrillation/ventricular
tachycardia.
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Mouth-to-mouth Ventilation

Laypersons and healthcare professionals are reluctant to do mouth-to-mouth venti-
lation (rescue breathing), partly because of fears of infection, but also because it is
unpleasant [40]. Mouth-to-mouth ventilation is associated with a significantly
increased risk of regurgitation compared with no CPR or compression-only CPR [2].
By teaching laypeople to perform compression-only CPR, rates of bystander CPR
and survival may be increased. In comparison with conventional CPR, compression-
only CPR is easier to learn.

In at least six studies in which EMS personnel observed and documented the
technique of bystander resuscitation (none, compression-only, or conventional
CPR), similar survival rates were achieved when bystanders delivered compression-
only CPR instead of conventional CPR [41-46]. In all these studies, any CPR was
associated with a higher survival rate compared with no CPR. The American Heart
Association has published an Advisory Statement encouraging bystanders to “at a
minimum - activate their community emergency medical response system (e.g., call
911) and provide high-quality chest compressions by pushing hard and fast in the
center of the chest, minimizing interruptions...” [47]. This statement did not recom-
mend that we abandon completely teaching laypeople how to perform mouth-to-
mouth ventilation but it is difficult to reconcile the need for simplicity while at the
same time addressing the needs of those who have a cardiac arrest that is not from
a cardiac cause. Approximately 65-80 % of out-of-hospital EMS-treated cardiac
arrests are of primary cardiac etiology. Those with asphyxial cardiac arrests or
where response times are long will need early ventilation if they are to have any
chance of surviving [48]. The solution might be to provide citizen CPR training in
two stages: All laypeople are taught compression-only CPR initially; the second stage
would enable some laypeople to be taught mouth-to-mouth ventilation [49]. This
‘hot topic’ will be addressed by the participants at the 2010 Consensus Conference
on CPR Science [50].

Conclusion

Tracheal intubation during CPR should be attempted only by those highly skilled in
the technique; healthcare professionals who are not highly skilled in this interven-
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tion would be better to use a supraglottic airway devices or bag-mask. During CPR,
excessive ventilation is harmful. Passive oxygen insufflation eliminates the negative
hemodynamic effects of positive pressure ventilation but more data are required
before this technique can be adopted for routine use. Chest compression-only CPR
by bystanders may result in the same or better outcomes than bystander CPR that
includes both rescue breathing and chest compressions but this is probably only true
for cardiac arrest of cardiac etiology (sudden, witnessed collapse) and where
response times are short.
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The Role of Gasping in Resuscitation
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Introduction

Gasping is a physiologic entity that, among other conditions, is seen typically in
mammals who have sustained a global ischemic insult such as sudden cardiac arrest
or severe hemorrhagic shock [1-13]. Scientists have defined a gasp formally in
nomenclature consensus processes as “an abrupt, sudden, transient inspiratory
effort” [13] and it has been described in the published literature since 1812 [11]. The
classic gasping that occurs after sudden cardiac arrest is also sometimes referred to
as “agonal breaths” or “agonal respirations” [1, 3-6, 9]. However, the term agonal
breathing may also be used by some when referring to a broader variety of respira-
tory efforts or conditions [12, 14]. Agonal breathing may, therefore, refer to various
kinds of abnormal breathing observed at the time of clinical death, during certain
types of stroke, or in progressive respiratory failure when rapid breathing reverts to
slower and often shallow breaths [6, 11, 12, 14]. Classic gasps, according to strict
definition, however, are usually sudden, abrupt, and much brisker and larger than
normal respiratory efforts [13].

Though somewhat related, the typical gasping that frequently occurs after sudden
cardiopulmonary arrest should be distinguished from ‘death rattles’ often described
in cancer patients or the toxic gasping seen with certain poisonings [15-17]. Classic
gasps (or any other type of agonal breathing) are not found in all cardiac arrest
patients, even when the duration of cardiac arrest is short. This observation may
reflect the underlying etiology of the event, the individual’s specific tolerance to
global anoxia, or some predetermined individual propensity for gasping [1, 3, 5, 6,
7, 9, 18]. For example, gasping is found much more often in out-of-hospital cardiac
arrest patients presenting with scenarios that reflect a shorter period of anoxia, such
as cardiac arrests that have been directly witnessed by bystanders (witnessed
arrests), shorter emergency medical services (EMS) response intervals, and an initial
presenting electrocardiographic (EKG) rhythm of ventricular fibrillation or ventric-
ular tachycardia [1, 6, 7, 9]. Accordingly, it is not surprising that the presence of
gasping in out-of-hospital cardiac arrest is also associated with a higher rate of sur-
vival [7]. The higher survival rate may be a reflection of other co-existing surrogate
variables such as easier ability to resuscitate and restore full circulation in persons
presenting with ventricular fibrillation. However, gasping is also a clear marker that
there is continued activity of critical respiratory system cells including those in the
medulla stimulating the inspiration, those in the spinal cord and phrenic nerves
conducting the impulses, and those in the relevant respiratory musculature. There-
fore, the observation of gasping may also simply mean the individual organism with
the global ischemic insult, be it human or animal, was better developed to tolerate
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anoxia. At the same time, as will be analyzed in the following discussion, gasping
itself may also be an active and independent factor in the ability to achieve success-
ful resuscitation [3, 10, 19-23].

In this chapter, the role of gasping in resuscitation will be considered in both sud-
den cardiac arrest and traumatic hemorrhage circumstances. We will also examine
new ways in which gasping may be used in certain clinical settings to detect cardiac
arrest and thus begin earlier intervention. Finally, we will examine ways in which
gasping might be used to augment resuscitative efforts.

The Frequency of Gasping in Global Ischemic Events

Several studies have indicated that gasping does not occur in every sudden cardiac
death patient [1, 7, 9]. Despite a relatively rapid response and a high frequency of
basic cardiopulmonary resuscitation (CPR) being performed by bystanders in the
community studied, one early investigation found that the rate of “agonal respira-
tions” (as detected by dispatchers) was only 40 % overall and just 55 % in cases in
which the bystander witnessed the cardiac arrest [1]. Though the incidence of ago-
nal breaths for unwitnessed arrest was clearly much lower (16 %), the detection of
gasping in only about half of the witnessed cases would indicate that it is not a uni-
versal event in sudden out-of-hospital cardiac arrest. Likewise, in a more recent sim-
ilar study, though the presence of gasping was significantly higher in cases of wit-
nessed ventricular fibrillation compared to other presenting EKG findings, the fre-
quency was still only 18.4 % [7].

On the other hand, the methodology used in these studies depended largely on
descriptions given to (or sounds heard by) dispatchers over the telephone. It is pos-
sible that direct observations of all patients, starting at the actual moment of cardiac
arrest, would yield a higher frequency of agonal respirations detected. In a just pub-
lished investigation designed specifically to identify agonal breathing in a prospec-
tive fashion, the investigators did indeed find many more cases of gasping, but they
still did not find patients meeting those criteria in all cases of cardiac arrest [9].
Data are lacking regarding the frequency of gasping in moribund trauma patients
such as those who are experiencing fatal or near-fatal hemorrhage. It is not well-
known if gasping is a typical response or if it occurs more frequently in specific sub-
categories of patients as seen in non-traumatic cardiac arrest. In certain animal
models of untreated fatal hemorrhage, gasping is observed uniformly [10]. However,
unlike the sudden onset of ventricular fibrillation with instantaneous cessation of all
circulatory function in an otherwise well-oxygenated organism, in the clinical set-
ting of severe injury, gasping might occur somewhere along a continuum of circula-
tory impairment. Factors may include not only the severity of the circulatory com-
promise and how rapidly it develops, but also comorbid conditions such as trau-
matic brain injury that may directly affect the brainstem or be associated with rele-
vant spinal cord injury.

There are other difficulties in analyzing the true frequencies of gasping in either
traumatic or non-traumatic circulatory demise. One problem is related to how one
defines a gasp or other forms of agonal respiratory effort and another is the obser-
vation that gasping may be confounded by the rapid initiation of therapy [6, 7]. For
example, in severe traumatic injury, if endotracheal tube placement and manual
ventilation is initiated rapidly and done so prior to the onset of full circulatory com-
promise in a hemorrhaging patient, the person’s stimulus to inspire may be sup-
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pressed physiologically by the provision of assisted rescue breathing, particularly
when overzealous ventilation is applied (as commonly occurs).

The Meaning of Gasping in Global Ischemic Events

The finding of agonal respirations in patients with ventricular fibrillation clearly
indicates that they are not, for the most part, the sequelae of a primary respiratory
disturbance, a neurovascular event, or any underlying arterial hypoxia, but rather a
physiological response stimulated primarily by the sudden loss of circulation. While
ventricular fibrillation can indeed occur secondary to an underlying hypoxic event
or other insults, it generally is due to a sudden cardiac dysrhythmia in a person who
has a normal circulation prior to the event, no prior difficulty breathing or signs of
respiratory distress, and rapid recovery to consciousness and often normal breath-
ing when treated immediately [24-26]. The point here is that gasping is a special
event triggered by a sudden loss of circulation to the brain [11, 12].

Nevertheless, the fact that the available data still show an association of gasping
(or any kind of agonal respirations) in only half of the witnessed cases in one study
or less than 20 % of the witnessed cases of ventricular fibrillation in another investi-
gation, indicates that gasping does not routinely occur as a result of a sudden loss of
circulation [1, 7]. Furthermore, in cardiac arrest cases that occurred after EMS
arrival, one recent investigation showed that only a third of cases had ‘gasping’ wit-
nessed by EMS crews [7]. Whether the arrests after EMS arrival represented a differ-
ent physiology or etiology than pre-arrival arrests was not analyzed in the study
and, specifically, there was no delineation of the relative percentage of cases of ven-
tricular fibrillation or other physiological factors in the reported results [7]. It is
known that the clinical course of ventricular fibrillation that occurs after EMS
arrival is associated with poor survival if vital signs have been or become unstable.
However, in those cases of ventricular fibrillation after arrival that are associated
with good systemic circulation (and often only accompanied by chest pain) prior to
a sudden arrest, patients generally fare extremely-well, particularly with the imme-
diate intervention provided by the EMS crews already on-scene [27]. Therefore, the
presentation of gasping in EMS-witnessed arrest may be affected by (or associated
with) these kinds of factors. At the same time, however, immediate interventions
such as rapid defibrillation by EMS crews in these EMS-witnessed events may also
preclude the onset and observation of gasping. Classic gasping may not appear
immediately at the time of collapse from the sudden circulatory arrest, but may start
soon thereafter, and frequently within the first minute [1, 3, 7, 10-12, 14, 21, 28].
Depending on the species, the individual, any concurrent resuscitative efforts, and
the underlying etiology of the circulatory compromise (or anoxic insult), gasping
may continue for just a few minutes or much longer, if it occurs at all [1, 3, 7, 11, 12,
14, 21, 28]. In animals with well-performed CPR and no ventilation, gasping can
continue for many minutes, though these unique respiratory efforts may not be ade-
quate to support oxygenation for as long a period or if paralysis or sedation is
induced (28, 29].

While gasping may persist for many minutes, its duration is variable [1, 3]. It
makes intuitive sense that, as time passes, in a low flow, low perfusion (or no-perfu-
sion) state, the less than normal flow of oxygen to the brainstem, spinal column, and
respiratory apparatus would lead to weaker and fewer gasps [1]. Nonetheless, in the
first few minutes after a cardiac arrest, gasps are not only more likely to occur, but
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they are likely to be larger and stronger in nature at that time. Accordingly, in the
early minutes after a sudden cardiac arrest, the presence of gasping may indeed play
a critical role in resuscitation.

The Unique Physiology of Sudden Circulatory Collapse

Although sudden cardiac arrest rapidly leads to global ischemia, it is not usually the
cause. The bloodstream and most body tissues, including much of the heart itself,
are well-oxygenated when a person suddenly experiences ventricular fibrillation
[30]. The primary disorder is generally a sudden collapse of the circulation second-
ary to an isolated erratic electrical rhythm in the heart’s electrical system, not respi-
ratory insufficiency or a cerebral lesion. With less than adequate circulation pro-
vided by basic CPR techniques, blood flow from the thorax is not as strong and oxy-
gen is not delivered rapidly to the tissues for consumption [31]. As a result, near
normal systemic arterial oxygen saturations may persist for several minutes follow-
ing sudden cardiac arrest such as that occurring with ventricular fibrillation [4, 28,
31, 32]. If anything, in a situation not involving traumatic brain injury or intracere-
bral hemorrhage, the brain may even benefit from hypoventilation (elevations in
PaCQ,) in a low flow state [33].

If there is little need to support systemic arterial oxygenation in the early stages
of cardiac arrest, there is also little need to attempt to rapidly remove CO, from the
body during periods of pulselessness, regardless of etiology [4, 31, 34]. With typical
chest compressions, cardiac output may fall to less than 15 % of baseline and this
hemodynamic compromise will result in a dramatic reduction in total body oxygen
delivery [34-36]. In such severe low flow states, there is, as a result, a complemen-
tary pronounced reduction in total body CO, production. In turn, there is little need
to attempt to remove it as there is much less blood flow returning back to the lungs
to facilitate pulmonary removal of the gas [34, 36]. Even if metabolism of residual
tissue oxygen continued (or even accelerated) in certain organs, such as the heart
and brain, during the immediate first few minutes following sudden circulatory
arrest, many of these cellular activities eventually shut down or dramatically dimin-
ish. Even when there is a temporary persistence of metabolic activity, basic CPR is
not the most optimal form of circulation. As a result of the dramatically diminished
circulation, excess CO, may simply accumulate in those tissues and not be carried
away and returned to the lungs. Overall, total body cardiac output and the return
blood flow back to the lungs still remains severely compromised and excretion of
the CO, cannot occur regardless of respiratory interventions [34, 36].

One could increase end-tidal CO, production (reflective of better blood flow back
to the lungs) perhaps with higher quality and minimally-interrupted chest compres-
sions which will result in an increase in cardiac output and pulmonary blood flow.
However, until there is restoration of near-normal spontaneous circulation, substan-
tially less ventilation will be needed using current methodologies. Nevertheless, it
should still be remembered that whenever new CPR adjuncts are employed that
truly augment total body blood flow, more ventilation may be needed. In essence,
one should keep in mind the general rule of thumb that ventilation should match
perfusion. If total body cardiac output and pulmonary circulation is severely
depressed, there is little perfusion of the lungs and, therefore, clear futility in
attempting to eliminate CO,, particularly because there will be little need to do so
with the concomitant attenuation of total body CO, production.
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Although the need to excrete CO, using standard basic CPR techniques generally
will remain low throughout those low perfusion conditions, systemic arterial oxygen
saturation still requires maintenance of the inflation (or re-inflation) of certain
dependent lung zones subject to alveolar closure [19, 37]. Considering the lung com-
pressing force of vigorous chest compressions and progressive lung deflation due to
absence of spontaneous breathing in many cases, red blood cell oxygen desaturation
eventually becomes a problem. While supplemental oxygen and assisted ventilation
may provide some aid, the extent and number of deflated lung units is the major
concern in terms of maintaining (or restoring) adequate pulmonary oxygenation
(saturation of red blood cells) and systemic arterial oxygen tension [37]. The pivotal
concern for most clinicians is to determine the point at which assisted lung inflation
(i.e., alveolar recruitment) may be required and, when that time comes, what respi-
ratory rate and tidal volume should be delivered [4].

This concern also becomes more pressing because interruption of chest compres-
sions to provide rescue breaths can have serious deleterious effects in terms of
maintaining coronary artery perfusion, the main factor in achieving return of spon-
taneous circulation [31, 32]. This observation has led many investigators to rely on
minimally interrupted chest compressions even to the extent that ventilations are
eliminated altogether, even after the first few minutes following sudden cardiac
arrest ~ or any kind of arrest for that matter [31, 38-40]. In this line of thinking, it
could be argued that on-going, uninterrupted delivery of oxygen to the tissues (by
maintaining uninterrupted chest compressions and no ventilations) is better, even if
it results in a lower oxygen saturation and low arterial oxygen tension. In other
words, constant delivery of some level of oxygen, even if relatively desaturated, is
better than only an intermittent flow of erythrocytes, even when they are 100 % oxy-
gen-saturated. Even if oxygen carrying capacity is higher with intermittent rescue
breaths, total oxygen delivery may be significantly higher if flow is maintained.
Indeed, pulmonary function in terms of arterial oxygenation may actually be more
compromised by overall diminishments in cardiac output, thus defeating the pur-
pose of the rescue breaths [31, 34, 36].

Previously, assisted breathing with mouth-to-mouth ventilation always had been
emphasized as a critical component of traditional bystander CPR training, but some
investigators have pointed out that there are other potential sources of oxygenation
and ventilation during cardiac arrest and the performance of CPR [31]. One mecha-
nism is the thoracic squeeze and recoil process during the chest compressions of
CPR. During chest compressions, air is expelled from the thorax during the down-
stroke phase. Then, to some degree, air is passively inhaled during the elastic recoil
of the chest wall, assuming an open airway is present [29]. This technique may work
to some extent for the purposes of removing CO,, but it may not maintain adequate
oxygenation, particularly in absence of spontaneous respiratory activity.

Therefore, relevant to this conversation is the impact of gasping as a secondary
mechanism of ventilation. Considering that the brainstem, the peripheral nervous
system and respiratory apparatus usually remain oxygenated up until the actual
moment of a sudden cessation of circulation, spontaneous respirations, in the form
of agonal or gasping breaths, commonly occur (as previously described) in both ani-
mals and humans during the early minutes following sudden cardiac arrest [1-14,
31]. Considering that gasping is associated with better survival rates, its presence
probably reflects, at least in part, a shorter or lesser ischemic insult to the brain.
This hypothesis is logical considering the fact that gasps are most often observed in
witnessed collapses and non-asystole presentations [1, 7, 9]. Also, in theory, gasping
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may be preserved for longer periods of time with early, effective and minimally
interrupted basic CPR [28, 31, 40]. This reasonable speculation stems from the
notion that there is more preservation of oxygenation of the brainstem and respira-
tory apparatus with optimal chest compressions, such as that provided in experi-
mental models [19-23]. However, in a recent clinical study of agonal respirations,
the relative proportions of patients who had received bystander CPR was not differ-
ent when comparing those who were gasping and those who were not, regardless of
the relative length of the EMS response intervals. Nevertheless, survival rates for
those receiving bystander CPR was 39 % among gasping patients versus 9 % in the
non-gaspers. But while the gasping may be a surrogate marker for better tolerance
of the ischemic insult among those cases that were witnessed by bystanders and thus
received CPR, there also are a number of animal studies with data that support the
concept that gasping independently, by itself, improves survival chances as well.

Gasping as an Independent Factor for Improving Survival

While these spontaneous gasping ventilations eventually deteriorate due to the less
than optimal perfusion of the brain and respiratory muscles during prolonged CPR
(particularly when continually interrupted for ventilations and other activities), it is
believed that they may still provide relatively effective respirations during the first
few minutes after a sudden cardiac arrest [19-23]. Ironically, when rescue breaths
are not delivered so that chest compressions can remain uninterrupted, the special
mechanics of gasping may actually improve the effectiveness of CPR for several
physiological reasons. First, they can potentially generate a larger and more power-
ful respiratory effort than a normal resting breath with a much stronger inspiratory
effort, at least in the first few minutes following sudden cardiac arrest [2, 3, 10-14,
19]. As a result, in the initial phases following circulatory collapse, this type of respi-
ratory effort can result in larger, more efficient, lung inflations. In turn, such respi-
ratory efforts can better ensure the inflation of dependent lung zones and, with a
greater percentage of each breath going toward alveolar ventilation (and a lesser per-
centage to dead space), more CO, is cleared as compared to typical normal resting
breaths [31, 37].

In addition, these unique and extraordinary inspiratory efforts can often generate
significantly enhanced negative intrathoracic pressures, thus significantly augment-
ing venous return to the heart and, in some cases, diminishing intracranial pressure
as well [10, 19-23]. In fact, in one experimental study, gasping significantly
increased carotid blood flow during untreated cardiac arrest in a pig model of ven-
tricular fibrillation [21]. Accordingly, gasping may have an independent positive
effect that is not directly related to its overt respiration function. In contrast to gasp-
ing, the provision of mouth-to-mouth rescue breaths is a technique that provides
maldistributed and relatively hypoxic gas into the lungs. Perhaps more important, as
a ventilatory mechanism that uses positive pressure to inflate the lungs, assisted res-
cue breaths, either by mouth-to-mouth or a bag-valve device, will raise intrathoracic
pressure and transiently inhibit venous return, particularly in the low flow state of
CPR conditions [41]. Teleologically, gasping may be the best ventilatory response
during the first few minutes following cessation of circulation as it not only will
likely increase oxygenation and ventilation (much larger tidal volume and better
physiological distribution of that volume), but it also improves circulation as well
[21-24, 31, 41].
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Several experimental models have documented that animals can maintain adequate
ventilation (removal of CO,) for as long as twelve minutes following sudden arrest
with ventricular fibrillation when chest compressions only are employed (2, 28, 29].
This observation reinforces the notion that gasping breaths and chest compressions
can maintain an adequate degree of ventilation during cardiac arrest [31]. Likewise,
animal models also demonstrate that adequate oxygenation (red cell saturation) can
be maintained, at least for several minutes with chest compressions-only after sud-
den cardiac arrest, especially if paralytics are not involved [2, 28, 29, 31]. In essence,
gasps may allow for very effective ventilation (removal of CO,) for very long periods
of time. Again, this effect is non-existent (and thus not effective) if paralytics are
involved and perhaps certain sedatives as well [29].

Assisted ventilation would, theoretically, be more of a priority in asphyxial cir-
cumstances because the cardiac arrest is presumably the result of a significant and
progressive interval of tissue hypoxia. Also, there is concern that certain patients
may not be able to gasp or have the ability to overcome a relaxed or even fully-
occluded airway. Nevertheless, one animal study compared six minutes of standard
CPR (including assisted ventilation with a patent airway) to chest compression-only
CPR with a totally occluded airway and found no difference in 24-hour survival
between the two groups [43]. Although arterial blood gases were not as good when
the airway was occluded, hemodynamic parameters remained significantly better
with compression-only CPR. This observation suggests that, despite poorer satura-
tion, overall oxygen delivery to the tissues may be matched by the improved flows
attained with uninterrupted compressions [43]. While this study was not a true
model of a hypoxic etiology because ventricular fibrillation was induced initially
and then the endotracheal tube was clamped, it did demonstrate that compression-
only CPR can be effective for the first few minutes, even if there is no active use of
assisted ventilation in a cardiac arrest precipitated by ventricular fibrillation. More-
over, other experimental models have demonstrated reasonable lung inflation
despite a mostly occluded airway during gasping [44]. As discussed in the following
section, attempting to breathe against an occluded (or even partially occluded) air-
way may actually have significant positive hemodynamic effects that may benefit the
patient during resuscitation.

Improved Airflow, Blood Flow, or Both?

The previous discussion about airway occlusion is very poignant and relevant to the
discussion of the potential benefits of gasping. One question concerning ‘no ventila-
tion CPR’ has been whether or not to attempt to open the airway. With an
obstructed airway, the patient takes a rather abrupt, deep respiratory effort, yet
ambient air cannot easily rush in to equalize the pressure in the chest. In essence,
the thorax creates and sustains a slightly better vacuum (negative intrathoracic pres-
sure) that should result in even more venous return, augmented cardiac output,
heightened aortic pressure and eventually enhanced coronary and cerebral perfu-
sion [10, 19-23]. Ironically, if the blood is still oxygenated after a sudden cardiac
arrest, a partially occluded airway may theoretically enhance resuscitation chances
because it generates more negative intrathoracic pressure and, therefore, enhances
blood flow during CPR conditions.

Occluded airway or not, ventilation is not really needed during the first few min-
utes after cardiac arrest and clinical trials indeed support this concept. In a random-
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ized clinical trial of ‘chest compression only’ instructions provided by emergency
call center dispatchers (versus instructions using the traditional ‘A-B-C’ CPR tech-
nique), the chest compression-only CPR group did well in this early phase of cardiac
arrest when most agonal breaths are expected to be occurring [45]. The study dem-
onstrated a higher rate of performance of CPR by the on-scene laypersons with
chest compressions alone, presumably because more of them were able to follow the
simpler instructions versus traditional instructions that also involve airway estab-
lishment and mouth-to-mouth breathing. In addition, the chest compressions were
not only less interrupted, but they were also started much earlier because the emer-
gency medical dispatchers were able to deliver chest compression-only CPR instruc-
tions over the phone in significantly less time [45]. While these variables may be the
key reasons for the increased survival found in the study, it is also speculated that
the additional physiological benefits of gasping during this early phase of the arrest
likely played an immeasurable, but significant role for many of the survivors [4, 7,
9]. Assimilating all of the available experimental information, one could argue that
with earlier, uninterrupted chest compressions, coronary perfusion pressures remain
in a better range, and, in turn, perfusion of the brain and respiratory apparatus is
better sustained. In turn, this will theoretically prolong the period of gasping and its
additional positive physiological benefits [10, 19-23].

As discussed previously, despite the relatively infrequent rate of agonal respira-
tions (breaths usually greater than 10 seconds apart), this form of ventilation gener-
ates a larger sized tidal volume and its very abrupt nature, provides, in many cases,
more than adequate respiration gas exchange [2, 3]. This observation makes particu-
lar sense when one considers the very low systemic blood flow situation of cardiac
arrest in which very little ventilation (CO, excretion) is generally feasible or needed.
Gasping also involves the more physiological mechanism of creating lung inflation
by ‘pulling’ open many of the dependent lung zones just superior to the diaphragm
in a very specific manner that inflates a very specific inter-laced architecture of lung
matrix. This mode of ventilation is likely to be more efficient and effective than the
tidal volumes that are delivered using mouth-to-mouth ventilation or other positive
pressure techniques that attempt to ‘push’ the lung zones open. Positive pressure
techniques are more likely to maldistribute the delivered tidal volume into zones of
lesser resistance and not the dependent lungs normally pulled open by the dia-
phragm and the other respiratory musculature [31].

Accordingly, gasps, as a form of spontaneous respiratory effort, are probably not
only more efficient in terms of gas exchange, but they are also clearly preferred in
terms of enhancing venous return and circulation as a whole [4, 19-23]. If sustaining
better perfusion of the brainstem and respiratory apparatus can be accomplished by
uninterrupted chest compressions and ‘no (assisted) ventilation’, then gasps may very
well be sustained longer (at least in theory) and, in turn, the enhanced circulation
from gasping may also delay other aspects of cardiovascular deterioration such as that
occurring when the peripheral vasculature begins to lose tone from under-perfusion
[46]. When vascular tone is rapidly lost, coronary perfusion is diminished because of
a declining aortic pressure and resuscitation chances diminish as well.

Using Gasps to Avoid the Detriments of Positive Pressure Breaths

According to the previous discussion, intermittent mouth-to-mouth breaths or any
other rescue breaths using positive pressure may not only inhibit venous return and
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create less effective breaths in terms of gas exchange, they may further diminish crit-
ical blood flow and pressure heads to the peripheral vasculature and the respiratory
apparatus alike. Paradoxically, by stopping to breathe into the patient, a more rapid
deterioration of gasping may occur. In turn, this traditional CPR scenario may lead
overall to less effective gas exchange, less effective circulation, and thus earlier car-
diovascular collapse. Again, recent research indicates that uninterrupted compres-
sions may very well be applicable, even beyond the first few minutes [40]. In
essence, continuous chest compressions may have other indirect effects that go
beyond simple out-thrusts of blood from the thorax and they may actually result in
better and more prolonged respiratory function through the gasping process (when
present).

Accordingly, international standards for dispatchers who provide CPR instruction
over the telephone to bystanders at the scene now emphasize compression-only CPR
in their protocols, particularly in the first few minutes after a sudden cardiac arrest
with no obvious precipitating cause for the arrest [4]. More recently, these same
international consensus groups are also adopting protocols involving the identifica-
tion of agonal breaths to detect cardiac arrest and persons who need initiation of
basic CPR [9]. This approach has also become a topic in recent training materials for
laypersons learning basic CPR techniques.

Better Detection of Cardiac Arrest Using Gasps

Several studies have confirmed that many persons with out-of-hospital cardiac
arrest may not receive CPR by bystanders because the bystanders mistake gasping
for ‘normal’ breathing. Based on studies of conversations between emergency medi-
cal dispatchers and on-scene witnesses, it appears that many bystanders believe that
the patient is showing signs of life because they are ‘breathing’ when, indeed, they
are actually making a gasping effort [9, 47, 48]. As a result, many patients may miss
the opportunity to receive basic CPR while EMS responders are en-route to the
scene not knowing it will be a cardiac arrest (Fig. 1).

Recently, however, techniques have been devised to identify gasping over the tele-
phone, and, in turn, to detect persons who are actually in a state of circulatory arrest
[9]. In the four-month follow-up period after implementation of a new protocol to
detect gasps, 100 more patients were found by dispatchers to meet criteria for not
breathing normally compared to the preceding eight months [9]. In previous investi-
gations evaluating the factors that impeded dispatcher-assisted CPR, investigators
found that the dispatcher-assisted CPR instructions were omitted in 64 % of cases
because the patient was reported as having “signs of life”, most likely attributed to
agonal respirations [7, 47, 49].

In essence, the rapid identification of agonal breaths appears to be a very useful
tool for detecting cardiac arrest and, based on study findings, a highly specific one
as well. In the agonal breath detection study, it was clear that agonal breaths were
always ten or more seconds apart and ‘normal’ (non-gasping) breathing always had
less than a five-second interval between the spontaneous breaths [9]. It was a dra-
matic delineation, making the detection of agonal breaths (versus a ‘normal breath’)
very reliable.
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Fig. 1. As emergency medical ser-
vices crews are responding to an
unconscious person, emergency
medical dispatch offices now have
protocols for rapid identification of
the presence of gasps (agonal respi-
rations) over the telephone. In turn,
these procedures increase the
detection of cardiac arrest at the
scene of an emergency, particularly
when bystanders are unsure of
whether or not to perform basic
cardiopulmonary resuscitation (CPR).
As a result, dispatchers can then
instruct the bystanders how to
initiate chest compressions in a
large number of cases in which the
life-saving technique previously
might not have been performed
prior to arrival of professional
responders.

The Role of Gasping in Trauma Care and Infant Resuscitation

The detrimental hemodynamic effects of intermittent positive pressure breaths may
be even more profound in severe hemorrhage situations and particularly in mori-
bund conditions and states of severe hypovolemia [41]. The use of endotracheal
intubation and delivery of tidal volumes of air, even at ‘normal’ ventilatory rates,
may even lead to iatrogenic demise of the patient [41]. In such very tenuous
patients, if positive pressure breaths could be avoided altogether, it would certainly
be preferred. Accordingly, as in the discussion on cardiac-oriented resuscitation,
gasping could indeed play an important role in resuscitation of the massively bleed-
ing patient or even the patient with severe head injury, not only in terms of avoiding
the deleterious effects of positive pressure breathing, but also to enhance cerebral
blood flow and diminish intracranial pressure [10, 22]. In a rat model of untreated
fatal hemorrhage, not only did all rats gasp and do so with great vigor, but, on aver-
age, they also enhanced cerebral blood in a very compelling manner (> 50 % from
the baseline compared to 4 % of baseline following the hemorrhage) [10]. Even in
trauma, despite the traditional concern over protecting the airway, outcomes may be
better with no applied positive pressure ventilations and allowing gasps to help
improve both respiration and circulation.
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Relevant to infants, a recent review article of both experimental and clinical data
indicated that gasping might be “auto-resuscitative” in infants, noting that almost all
infants with sudden infant death syndrome had documented gasping [50].

Creating Gasps for Those Who Do Not Do So

The positive resuscitative effects of gasping are becoming more and more evident,
but, again, not all patients make these unique respiratory efforts. One consideration
is to artificially create a “super-gasp”, not only for those who do not make gasping
efforts at all, but also to sustain and enhance the gasp effects in those who are
already gasping, through external interventions such as a phrenic nerve stimulator
[51]. Even those who are already gasping might benefit if the stimulator could
induce a stronger gasp in a person whose respiratory efforts are beginning to fade
during resuscitation.

Conclusion

Gasping and other forms of agonal respiratory efforts may not only have positive
prognostic value for those with global ischemic events, but they also likely serve as
an adjunctive resuscitative intervention for both cardiac arrest and severely injured
patients. Gasping is more of a physiologically sound mode of ventilation when com-
pared to the traditional use of positive pressure breathing. Gasps may, therefore,
even be more efficient and effective than traditional mouth-to-mouth rescue breath-
ing and other positive pressure ventilatory techniques. Indeed, recent data demon-
strate that gasping can enhance pulmonary gas exchange (oxygenation and ventila-
tion) as well as circulation by enhancing venous return and, in turn, cardiac output,
aortic pressures, coronary artery perfusion, and cerebral blood flow. Recent studies
designed to identify gasping over the telephone at emergency dispatch offices have
dramatically increased the ability of dispatchers to detect persons with cardiac
arrest. In turn, dispatchers can now prompt earlier performance of chest compres-
sions in a large number of cases in which the life-saving technique might not have
been performed until arrival of professional responders. Such studies may provide
a model for the future relevant training of laypersons, EMS responders and other
medical personnel.

References

1. Clark JJ, Larsen MP, Culley LL, Graves JR, Eisenberg MS (1992) Incidence of agonal respira-
tions in sudden cardiac arrest. Ann Emerg Med 21: 1464 - 1467

2. Noc M, Weil MH, Sun S, Tang W, Bisera J (1994) Spontaneous gasping during cardiopulmo-
nary resuscitation without mechanical ventilation. Am ] Respir Crit Care Med 150: 861 -864

3. Menegazzi JJ, Check BD (1995) Spontaneous agonal respiration in a swine model of out-of-
hospital cardiac arrest. Acad Emerg Med 2: 1053 -1056

4. Roppolo LP, Pepe PE, Cimon N, et al (2005) Modified cardiopulmonary resuscitation (CPR)
instruction protocols for emergency medical dispatchers: rationale and recommendations.
Resuscitation 65: 203-210

5. Rea TD (2005) Agonal respirations during cardiac arrest. Curr Opin Crit Care 11: 188-191

6. Eisenberg MS (2006) Incidence and significance of gasping or agonal respirations in cardiac
arrest patients. Curr Opin Crit Care 12: 204-206



94

L.P. Roppolo, P.E. Pepe, and B.). Bobrow

10.
11.
12.
13.
14.
15.
16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

. Bentley J. Bobrow BJ], Zuercher M, Ewy GA, et al (2008) Gasping during cardiac arrest in

humans is frequent and associated with improved survival. Circulation 118: 2550 - 2554

. Zuercher M, Ewy GA (2009) Gasping during cardiac arrest. Curr Opin Crit Care 15: 185-188
. Roppolo LP, Westfall AH, Pepe PE, Nobel L, Cowan J, Kay JJ. Idris AH (2009) Dispatcher

assessments for agonal breathing improve detection of cardiac arrest. Resuscitation 80:
769-772.

Masaru Suzuki M, Funabiki T, Hori S, Aikawa N (2009) Spontaneous gasping increases cere-
bral blood flow during untreated fatal hemorrhagic shock. Resuscitation 80: 109-112

Le Gallois JJC (1812) Expériences sur le Principe de la Vie. D’Hautel, Paris

Lumsden T (1923) Observations on the respiratory centres in the cat. ] Physiol 57: 153-160
Schaefer H, Tenney SM for the International Union of Physiological Sciences Commitee on
Nomenclature (1973) Glossary on respiration and gas exchange. ] Appl Physiol 34: 549-558
St. John WM (1990) Neurogenesis, control, and functional significance of gasping. ] Appl
Physiol 68: 1305-1315

Morita T, Tsunoda J, Inoue S, Chihara S (2000) Risk factors for death rattle in terminally ill
cancer patients: a prospective exploratory study. Palliative Medicine 14: 19-23

Wee BL, Coleman P, Hillier R, Holgate S (2006) The sound of death rattle I: Are relatives dis-
tressed by hearing this sound? Palliat Med 20: 171-175

Gershanik ], Boecler B, Ensley H, McCloskey S, George W (1982) The gasping syndrome and
benzyl alcohol poisoning. N Engl ] Med 307: 1384-1388

Wigginton JG, Pepe PE, Idris AH (2007) Sex-related differences in response to global ische-
mic insult and treatment. In: Vincent JL (ed) 2007 Yearbook of Intensive Care and Emergency
Medicine. Springer-Verlag, Heidelberg, pp 880 - 888

Yang L, Weil MH, Noc M, Tang W, Turner T, Gazmuri RJ (1994) Spontaneous gasping
increases the ability to resuscitate during experimental cardiopulmonary resuscitation. Crit
Care Med 22: 879-883

Xie J, Weil MH, Sun S, Yu T, Tang W (2004) Spontaneous gasping generates cardiac output
during cardiac arrest. Crit Care Med 32: 238-240

Ristagno G, Tang W, Sun S, Weil MH (2007) Spontaneous gasping produces carotid blood
flow during untreated cardiac arrest. Resuscitation 75: 366 -371

Srinivasan V, Nadkarni VM, Yannopoulos D, et al (2006) Spontaneous gasping decreases
intracranial pressure and improves cerebral perfusion in a pig model of ventricular fibrilla-
tion. Resuscitation 69: 329-334

Manole MD, Hickey RW, Momoi N, et al (2006) Preterminal gasping during hypoxic cardiac
arrest increases cardiac function in immature rats. Pediatr Res 60: 174-179.

Cummins RO, Ornato JP, Thies WH, Pepe PE (1991) Improving survival from sudden cardiac
arrest: the ”chain of survival” concept. Circulation 83: 1832-1847

Nichol G, Rumsfeld ], Eigel B, et al (2008) Essential features of designating out-of-hospital
cardiac arrest as a reportable event. Circulation 117: 2299-2308

Caffrey SL, Willoughby PJ, Pepe, PE, Becker LB (2002) Public use of automated defibrillators.
N Engl ] Med 347: 1242-1247

Pepe PE (1990) Current standard and future directions of advanced cardiopulmonary resus-
citation. In: Vincent JL (ed) Update in Emergency and Intensive Care Medicine. Springer-Ver-
lag, Berlin, pp 565-585

Chandra NC, Gruben KG, Tsitlik JE, et al (1994) Observations of ventilation during resuscita-
tion in a canine model. Circulation 90: 3070-3075

Idris AH, Banner MJ, Wenzel V, Fuerst RS, Becker LB, Melker R] (1994) Ventilation caused by
external chest compression is unable to sustain effective gas exchange during CPR: a compar-
ison with mechanical ventilation. Resuscitation 28: 143 -150

Lerman B (2000) Ventricular arrhythmias and sudden death. In: Goldman L, Bennett JC (eds)
Cecil’s Textbook of Medicine, 20th edn. WB Saunders, Philadelphia, pp 241 -248

Becker LB, Berg RA, Pepe PE, et al (1997) A reappraisal of mouth-to-mouth ventilation dur-
ing bystander-initiated cardiopulmonary resuscitation. Circulation 96: 2102-2112

Berg RA, Kern KB, Hilwig RW, et al (1997) Assisted ventilation does not improve outcome in
a porcine model of single-rescuer bystander cardiopulmonary resuscitation. Circulation 95:
1635-1641

Idris AH, Luber S, Minei JP, Madden C, Brown RJ, Pepe PE (2006) Lower ventilation rates



The Role of Gasping in Resuscitation

95

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

improve tissue oxygenation and perfusion during hemorrhagic shock. Circulation 114 (Suppl
II): 11-1209-1210 (abst)

Idris AH, Florete Jr. O, Melker R], Chandra NC (1996) The physiology of ventilation, oxygen-
ation, and carbon dioxide elimination during cardiac arrest. In: Paradis NA, Halperin HR,
Nowak RM (eds) Cardiac Arrest: The Science and Practice of Resuscitation Medicine, 1% edn.
Williams & Wilkins, Baltimore, pp 391-392

Koehler RC, Chandra N, Guerci AD, et al (1983) Augmentation of cerebral perfusion by
simultaneous chest compression and lung inflation with abdominal binding after cardiac
arrest in dogs. Circulation 67: 266 -275

Pepe PE, Culver BH (1985) Independently measured oxygen consumption during reduction
of oxygen delivery by positive end-expiratory pressure. Am Rev Respir Dis 132: 788792
Pepe PE (2001) Acute respiratory insufficiency. In: Harwood-Nuss AL, Linden CH, Lutten RC,
Shepherd SM, Wolfson AB (eds) The Clinical Practice of Emergency Medicine, 3¢ edn. Lip-
pincott-Raven Publishers, Philadelphia, pp 657 -663

Abella BS, Aufderheide TP, Eigle B, et al (2008) Reducing barriers for implementation of
bystander-initiated cardiopulmonary resuscitation. Circulation 117: 704-709

Soar ], Nolan JP (2008) Cardiopulmonary resuscitation for out of hospital cardiac arrest:
American Heart Association advocates chest compression without ventilation. BMJ 336:
782-783

Bobrow BJ, Clark LL, Ewy GA, et al (2008) Minimally interrupted cardiac resuscitation by
emergency medical services providers for out-of-hospital cardiac arrest. JAMA 229: 1158 -
1165

Roppolo LP, Wigginton ]G, Pepe PE (2004) Emergency ventilatory management as a detri-
mental factor in resuscitation practices and clinical research efforts In: Vincent JL (ed) 2004
Intensive Care and Emergency Medicine, Springer-Verlag, Berlin, pp 139-151

Berg RA (2000) Role of mouth-to-mouth rescue breathing in bystander cardiopulmonary
resuscitation for asphyxial cardiac arrest. Crit Care Med 28: 193-195

Kern KB, Hilwig RW, Berg RA, Ewy GA (1998) Efficacy of chest compression-only BLS CPR
in the presence of an occluded airway. Resuscitation 39: 179-188

Thuot E, Lemaire D, Dorion D, Létourneau P, Praud JP (2001) Active glottal closure during
anoxic gasping in lambs. Respir Physiol 128: 205-218

Hallstrom A, Cobb L, Johnson E, Copass M (2000) Cardiopulmonary resuscitation by chest
compression alone or with mouth-to-mouth ventilation. N Engl ] Med 342: 15461553

Lee SK, Vaaganes P, Safar P, Stezoski SW, Scanlon M (1989) Effect of cardiac arrest time on
cortical cerebral blood flow during subsequent standard external cardiopulmonary resuscita-
tion in rabbits. Resuscitation 17: 105-117

Bang A, Herlitz ], Martinell S (2003) Interaction between emergency medical dispatcher and
caller in suspected out-of-hospital cardiac arrest calls with focus on agonal breathing: A
review of 100 tape recordings of true cardiac arrest cases. Resuscitation 56: 2534

Clark JJ, Culley L, Eisenberg M, Henwood DK (1994) Accuracy of determining cardiac arrest
by emergency medical dispatchers. Ann Emerg Med 23: 1022 -1026

Hauff SR, Rea TD, Culley LL, Kerry F, Becker L, Eisenberg MS (2003). Factors impeding dis-
patcher-assisted telephone cardiopulmonary resuscitation. Ann Emerg Med 42: 731-737
Manole MD, Hickey RW (2006) Preterminal gasping and effects on the cardiac function. Crit
Care Med 34 (suppl): $438-441

Samniah N, Voelckel WG, Zielinski TM, et al (2003) Feasibility and effects of transcutaneous
phrenic nerve stimulation combined with an inspiratory impedance threshold in a pig model
of hemorrhagic shock. Crit Care Med 31: 1197-1202



96

Recent Concepts in Burn Resuscitation

D.J. DriEs and W.J. MOHR

Introduction

The burn-injured patient is unique in resuscitation requirements, metabolic stress,
pattern of complications, and determinants of outcome [1]. This chapter highlights
the literature focused on those aspects of care which are unique to burn centers and
the burn-injured patient and contribute in important ways to outcome.

Contemporary discussion of burn resuscitation begins with the Parkland formula
proposed by Baxter and coworkers in the 1960s [2]. Reviews of recent experience
with burn resuscitation suggest that treatment objectives and fluids administered in
the approach recommended by the Parkland group are frequently exceeded [3].
What is contemporary thinking about initial fluid administration in the setting of
burn injury? The American Burn Association (ABA) has recently presented a state-
ment which begins to answer this question [4]. The Parkland Burn Center recently
published a report on the use of the Parkland formula in the institution where it
originated [5]. The military, faced with the complex logistics of austere conditions
and long distance transport, has instituted a number of new treatment strategies
and is beginning to examine outcomes. North American burn centers, including our
own, are revising treatment protocols to reduce resuscitation volume with encourag-
ing initial results.

Resuscitation Perspectives

Fluid administration in the setting of burn injury, monitoring of efficacy, and con-
sensus recommendations are included in recent work published in the Journal of
Burn Care & Research [6]. Blumetti and coworkers from the University of Texas
Southwestern in Dallas provide a 35 year retrospective and commentary on the pre-
sent state of the Parkland formula [7]. This standard for burn resuscitation has
recently been criticized in multiple studies and in a recent editorial review by Saffle,
pointing out that patients frequently receive greater amounts of fluid than predicted
[8]. Saffle presents an example of resuscitation excess from his experience and sug-
gests a resuscitation program incorporating feedback, communication requirements,
and clinical targets (Fig. 1). The accuracy and practicality of the Parkland formula
are open to question.

Blumetti et al. conducted a retrospective analysis of burn patients treated at Park-
land Memorial Hospital Burn Center during a 15 year period from 1991 to 2005 [7].
Included were adults with burns covering > 19 % total body surface area (TBSA). In
this adult group, adequate fluid resuscitation was defined as a urine output of 0.5 to
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Fig. 1. Protocol for fluid resuscitation of adult burn patients. In response to requests from nursing, this pro-
tocol was developed to permit nursing staff to manage fluid resuscitation of acute burn patients. Initial
fluid rates are calculated by the Parkland formula. Nurses begin hourly infusion, measure urine output and
adjust fluids according to patient response. Development of unstable vital signs, inadequate response to
fluids or persistently high fluid requirements prompts a call to the physician. A pathway to begin colloid
replacement exists for patients who display increasing fluid requirements or develop evidence of torso

compartment syndrome. From [8] with permission
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1.0 ml/kg/h. Overresuscitation was defined as a urine output > 1.0 ml/kg/h. In a
review of nearly 500 patients, 43 % received adequate resuscitation based on urine
output criteria; 48 % were overresuscitated. There were no differences in complica-
tion rates or mortality according to over- versus adequate resuscitation. Patients
were evaluated for inhalation injury with bronchoscopy. Contrary to reports from
other centers, the amount of fluid required for adequate resuscitation based on tar-
get urine output was not different in patients with inhalation injury as opposed to
those without this insult. Although Ivy and colleagues [9] demonstrated that
intra-abdominal hypertension and abdominal compartment syndrome commonly
occurred in burn patients with volume resuscitation in excess of 250 ml/kg, the
Parkland data reported here noted a 1 % incidence of abdominal compartment syn-
drome even in burns exceeding 40 % TBSA where resuscitation volumes exceeded
250 ml/kg. In summary, even in the home of the Parkland formula, actual burn
resuscitation frequently does not meet the standard set forth by this clinical strategy.
Patients commonly received higher fluid volumes than predicted by the Parkland
formula. The Parkland team recommended an emphasis on calculated formula vol-
umes only as a guide to initial resuscitation and the use of careful titration to urine
output as the most important intervention.

Can Metabolic Markers Guide Resuscitation and Help Predict
Outcomes?

The United States Army Institute of Surgical Research at Fort Sam Houston, Texas,
examined the value of arterial blood gas data in addition to standard parameters
considered predictive of burn outcome such as: Total burn size, patient age, and
presence of inhalation injury [10]. Driven by recent concern regarding efficacy of
traditional formula-based burn resuscitation, this group sought to examine the value
of arterial blood gas data in determining outcome after burn resuscitation. In 162
patients, all of whom were receiving percussive ventilation, these authors sought to
determine whether metabolic acidosis during the first two days after burn injury, as
measured by arterial-base excess, was associated with increased mortality. A second
objective was to determine whether a decrease in oxygenation during the first two
days after burn injury was associated with increased mortality. Oxygenation as mea-
sured by the alveolar-arterial gradient (AaDO,) could be affected by the presence of
inhalation injury or pulmonary edema in the setting of excessive burn resuscitation.
Incremental logistic regression analysis was performed to examine the additional
information provided by oxygenation data and base excess in these patients.

In the group of patients studied, the mean TBSA burn was 37.2 % and the mean
age of study patients was approximately 42 years. Thirty-four percent of patients did
not survive to hospital discharge. When epidemiologic data were examined, non-
survivors were older, had larger TBSA burns and a greater incidence of inhalation
injury than survivors. Infection was the leading cause of death in hospital account-
ing for 47 % of mortality. Resuscitation failure, however, accounted for 20 % of
deaths. Thirteen percent of patients ultimately had care withdrawn due to the mag-
nitude of the injury.

The principle finding in this study was that mean arterial base excess (nega-
tively), and mean alveolar AaDO, (positively), averaged during the first two days
after burn, were independently associated with the rate of mortality after burn
injury along with burn size, patient age, and the presence of inhalation injury. When
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incremental predictive accuracy of a regression model including acid base and oxy-
genation data was examined, however, inclusion of arterial blood gas variables did
not improve predictive accuracy.

These data parallel the literature concerning the utility of base excess and lactate
during resuscitation of patients with nonthermal trauma [11-13]. Studies in
patients without burn injury confirm that lower base excess is associated with
reduced mean arterial pressure (MAP) and increased fluid resuscitation volume. A
worsening base excess during resuscitation was associated with ongoing hemor-
rhage, increased mortality and severity of injury. While a close relationship between
base excess and lactate has been assumed during shock and resuscitation, recent
studies suggest that lactate levels obtained during resuscitation out perform base
excess in prediction of outcome and that lactate levels sometimes bear little relation-
ship to the base excess. This is because in the setting of shock and resuscitation,
changes in base excess may reflect processes other than lactic acidosis. Such pro-
cesses may include impairment of renal function, changes in protein and phosphate
buffer systems, and hyperchloremic acidosis secondary to large volume saline resus-
citation.

Other authors have suggested that a series of values for either base excess or lac-
tate obtained over the course of resuscitation provides more powerful prediction of
mortality than a single, initial determination [13]. In this retrospective work, arte-
rial blood gas data were obtained at variable time points after injury. Thus, the
impact of trends in either oxygenation or base excess cannot be evaluated. Despite
the lack of association between mean base excess and survival in this study, we con-
tinue to follow base excess closely during burn resuscitation and consider a value
less than -6 as suggestive of end organ ischemia. Patients with persistent low base
excess should be viewed as candidates for efforts to improve perfusion. Alveolar
arterial oxygen gradient is also a weak predictor of mortality. Mortality in the set-
ting of relative hypoxia may relate to effects of smoke inhalation, development of
acute lung injury (ALI) secondary to resuscitation or a synergistic impact of admin-
istered fluids on lungs injured by exposure to products of combustion.

Surrogate parameters for adequacy of resuscitation were discussed in additional
reports from civilian centers in the United States. Jeng and coworkers focused on
wound perfusion as a key factor promoting progression of burn depth and ques-
tioned whether parameters, such as tissue and gastric PCO,, could provide more
immediate data on efficiency of resuscitation than measurement of urine output and
MAP [14]. Four patients with severe life-threatening burns (median 58 % TBSA) and
shock were enrolled in this study. All patients were adults with percent TBSA burns
> 40 %. Time between burn injury and arrival at the burn center was < 2 hours and
patients were admitted directly to the burn center with admission mean arterial
pressure < 70 mmHg. Patients with concomitant electrical injury, trauma or lack of
consent within 24 hours were excluded. Patients were resuscitated to maintain oxy-
genation (> 90 % saturation), urine output (30-50 ml/hr) and MAP (> 70 mmHg).
In these patients with large burns, crystalloid volumes used in the first 24 hours
were very high, averaging 16.8 ml/kg/% TBSA burn, vastly exceeding the Parkland
formula predictions. Even with this massive fluid administration, cyclic changes
were noted in burn wound pH, PCO,, Pa0,, gastric PCO,, gastric PO,, arterial pH or
base deficit. When the resuscitation parameters described above were compared to
laser Doppler imaging, a standard used in this study to evaluate burn perfusion,
changes in gastric PCO,, burn wound pH and burn wound PCO, mimicked the
changes in laser Doppler-measured burn perfusion. Tissue resuscitation parameters
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showed statistically significant changes in perfusion 4 hours after the start of resus-
citation while urine output did not change until 2 hours later. Remarkably, when
burn wound perfusion was improved by interventions based on tissue parameters,
the change did not translate into a measureable variation in hourly urine output.
Use of tissue tonometry at both gastric and burn wound sites provided more rapid
recognition of changes in resuscitation effectiveness. It is important to note that the
impact of these interventions on outcome cannot be demonstrated in this limited
data set.

Batchinsky and coworkers at the U.S. Army Institute of Surgical Research with col-
laboration from the University of Turku in Finland investigated heart rate variability
and its relationship to cardiovascular regulation after burn injury [15]. Investigators
have noted, in other settings of cardiovascular stress, that loss of R to R interval com-
plexity is seen. These investigators demonstrated abnormally low R to R interval
complexity during early post-burn resuscitation in a series of 13 patients with mean
TBSA burns of 36 %. All of these patients survived resuscitation. Progress through
resuscitation was associated with improvement in R to R interval complexity and
improved end organ support. Nonlinear and frequency domain electrocardiogram
(EKG) analysis was employed. These results mimic those of other investigators study-
ing trauma resuscitation, particularly the group from Vanderbilt University [16].

Military Resuscitation Experience (Tables 1 and 2)

Burns are frequent in military conflicts, comprising 10 % of casualties. Of these,
nearly 20 % of burns are categorized as severe (involving > 20 % TBSA) and require
marked intravenous resuscitation [17, 18]. Twenty-first century conflict presents
unique challenges associated with global evacuation of burned soldiers, frequently
during the first 24 to 48 hours after burn injury as acute resuscitation is ongoing.
The presence of smoke inhalation injury, occurring in 5 % to 15 % of patients with
severe burns also increases fluid requirements. Frequently, the critical first days of
burn resuscitation of war wounded are managed by physicians and nurses who are
not specialized in burn care with priorities focused on stabilization and evacuation
to sites for definitive treatment. Providing guidance and standardizing practice
became a challenge leading to the evolution of a consistent military approach to
burn resuscitation.

Delayed or inadequate resuscitation is well known to produce suboptimal tissue
perfusion with end organ failure and, in severe cases, death. Fluid resuscitation after
severe burns is intended to replace loss of intravascular volume sufficient to main-
tain tissue perfusion during the 48-hour period of increased capillary leak and rela-
tive hypovolemia, but at the lowest physiologic cost. Patients with severe burns, par-
ticularly if combined with extensive soft tissue trauma, inhalation injury or electri-
cal insults will require administration of increased amounts of fluids to prevent burn
shock. In some cases, resuscitation failure will occur due to limits in cardiovascular
reserve and adverse host response.

Growing attention has been paid in the military to the consequences of over
resuscitation. This parallels work which has been widely disseminated in the civilian
sector of the international burn community. The military now describes resuscita-
tion morbidity as a constellation of complications including abdominal compart-
ment syndrome, airway edema causing obstruction, extremity compartment syn-
dromes, and pulmonary edema. Resuscitation volumes approximating 16 liters dur-
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Table 1. Recommendations for difficult fluid resuscitation. From [18] with permission

At 12-18 h postburn, calculate the projected 24 h resuscitation if fluid rates are kept con-
stant. If the projected 24 h resuscitation requirement exceeds 6 mi/kg/% TBSA, then the fol-
lowing steps are recommended:

1. Initiate 5 % albumin early as described previously in the Emergency War Surgery Handbook.

2. Check bladder pressures every 4 h.

3. If urine output (UOP) < 30 mi/h, strongly consider the placement of a pulmonary artery (PA) cathe-
ter to guide resuscitation with specific pulmonary capillary wedge pressure (PCWP) and mixed I II
venous saturation (Sv0,) goals. (Goal PCWP 10-12, SvO, 65 %—70 %). If PA catheter placement is
not practical, then consider monitoring central venous pressures (CVP) from a subclavian or internal
jugular line along with central venous (Scv0,) saturations. (Goal CVP 8-10, Scv0, 60 %—65 %).

a) If CVP or PCWP not at goal, then increase fluid rate.

b) If CVP or PCWP at goal, then consider vasopressin 0.04 units/min to augment mean arterial
pressure (MAP) (and thus UOP) or dobutamine 5 mcg/kg/min (titrate until Sv0, or Scv0, at
goal). Max dose of dobutamine is 20 mcg/kg/min.

) If both CVP or PCWP and Sv0, or ScvO, at goal, then stop increasing fluids (EVEN if UOP < 30 ml/
hr). The patient should be considered hemodynamically optimized and the oliguria is likely a
result of established renal insult. Some degree of renal failure should be tolerated and
expected. Continued increases in fluid administration despite optimal hemodynamic parameters
will only result in “resuscitation morbidity; that is oftentimes more detrimental than renal failure.

4, If the patient becomes hypotensive along with oliguria (UOP < 30 mi/hr), then follow the hypoten-
sion guidelines.

5. Every attempt should be made to minimize fluid administration while maintaining organ perfusion.
If UOP > 50 ml/hr, then decrease the fluid rate by 20 %.

After 24 h, lactated Ringer’s infusion should be titrated down to maintenance levels and

albumin continued until the 48 h mark.

Table 2. Hypotension guidelines. From [18] with permission

The optimal minimum blood pressure for a burn patient must be individualized. Some
patients will maintain adequate organ perfusion (and thus have adequate urine output
[UOP]) at MAPs less than 70 mmHg. True hypotension must be correlated with UOP. If the
MAP is not adequate (generally < 55 mmHg) to maintain the UOP goal of at least 30 m/h,
then the following steps are recommended:

1. Start with vasopressin 0.04 units/min drip (Do Not Titrate).

2. Monitor central venous pressure (CVP) (Goal 8-10).

3. If CVP not at goal, then increase fluid rate.

4. If CVP at goal, then add Levophed (norepinephrine) 2—-20 mcg/min.

5. If additional pressors are needed, consider the placement of a pulmonary artery (PA) catheter to
guide resuscitation with specific pulmonary capillary wedge pressure (PCWP) and SvO, goals (Goal
PCWP 10-12, SvO2 65 %—70 %). These patients may be volume depleted, but a missed injury
should be suspected.

a) If PCWP not at goal, then increase fluid rate.

b) If PCWP at goal, then consider dobutamine 5 mcg/kg/min (titrate until SvO, at goal). Max dose
of dobutatmine is 20 mcg/kg/min.

) If hypotension persists, look for missed injury.

d) Consider adding epinephrine or neosynephrine as a last resort.

6. If the patient is exhibiting catecholamine-resistant shock, consider the following diagnoses.

a) Missed injury and ongoing blood loss.

b) Acidemia. If pH <7.20, then adjust ventilator settings to optimize ventilation (Target PCO,
30-35). If despite optimal ventilation, patient still has a pH < 7.20, consider sodium bicarbon-
ate administration.

¢) Adrenal insufficiency. Check a random cortisol and start hydrocortisone 100 mg every 8 hours.

d) Hypocalcemia. Maintain ionized calcium > 1.1.
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ing a 12 hour period in a 70 kg man appear to reach the threshold for development
of abdominal compartment syndrome [19]. Multiorgan consequences of abdominal
compartment syndrome have been well described. Renal failure, intestinal ischemia,
respiratory compromise, and death follow if appropriate treatment is not initiated in
a timely fashion. Even adequate treatment of abdominal compartment syndrome is
frequently accompanied by significant morbidity. Mortality for decompressive lapa-
rotomy for abdominal compartment syndrome in burn injured patients has been
reported to be 60-100 % [9, 17, 20].

A number of solutions designed to address the resuscitation problem in burn
injury may be considered for civilian practice, particularly where significant time and
distance is involved in referral of the patient. Guidelines created for management of
hemorrhagic shock in the field use easily accessible clinical endpoints such as menta-
tion and palpable radial pulses to decrease or stop infusion of intravenous fluids.
While a standard pre-hospital guideline for severe burns (> 20 % TBSA) has not been
developed, paramedics in the field are instructed to obtain peripheral access and ini-
tiate resuscitation with lactated Ringer’s solution using similar endpoints. Some mili-
tary units carry colloid solutions such as hetastarch in place of crystalloids in an
attempt to reduce the weight of intravenous fluid transported while maintaining the
ability to replace lost volume in injured soldiers. As hetastarch is a large molecular
weight colloid, it may have advantages under conditions of increased microvascular
permeability as seen in burn injuries. In the field, colloids may be both an excellent
solution to packing constraints imposed by battlefield conditions, as well as an effec-
tive resuscitation fluid sparing excessive volume infusion.

Current military protocols establish field and transport parameters for use of vaso-
pressin, dobutamine, and norepinephrine for situations in which the burn injured,
multiple trauma patient may develop hypotension or decreased urine output despite
adequate fluid administration. Before implementation of these guidelines, 13 % of sol-
diers with > 20 % TBSA burns underwent decompressive laparotomies for abdominal
compartment syndrome prior to reaching definitive care in the United States. With
implementation of this standard approach to burn/shock resuscitation, decompressive
laparotomy for abdominal compartment syndrome has been essentially eliminated
[18]. Examination of these burn resuscitation protocols reveals more aggressive imple-
mentation of vasoactive drugs, previously unheard of in surgical resuscitation. In
more recent experience with the standard burn resuscitation protocol, documented
use of vasoactive drugs (48 % in the protocol group and 34 % in the control group)
was associated with a significant increase in survival (OR, 6.309; CI 1.466-27.137;
p =0.013). As Chung and coworkers write, “fluid begets more fluid” [21]. Conserva-
tive fluid administration may reduce the risk of resuscitation failure [21-23].

Nurse-driven Resuscitation

In our institution, we define the goals of initial resuscitation for our burn patients as
adequate volume administration to prevent acute renal failure, maintain tissue per-
fusion, and avoid complications of abdominal or extremity compartment syn-
dromes. Three obstacles preventing us from controlling fluid administration were
inconsistent reduction of intravenous fluid rates when adequate urine output was
present, frequent use of boluses of crystalloids, and the practice of waiting 24 hours
after burn injury to employ colloids. A nurse-driven resuscitation protocol was
developed to address these issues (Fig. 2). With computerized order sets, this proto-
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col provides guidelines for nurses at the bedside to use in titration of initial burn
resuscitation.

The nurse-driven resuscitation protocol was implemented in June 2007 as a point
of care change in our burn center. The Parkland formula was employed to identify
initial intravenous fluid administration rate. The rate of intravenous fluid adminis-
tration is adjusted according to protocol using hourly urine output, which we con-
sider the best endpoint of resuscitation presently available. No crystalloid boluses
are administered. Colloid administration is initiated once total crystalloid infusion
reaches 100 ml/kg (approximately 40 % of the identified threshold for abdominal
compartment syndrome in adult burn patients) or at 24 hours after burn injury to
prevent over resuscitation. Adults with >20 % TBSA burns and children with
> 15 % TBSA burns were retrospectively reviewed for 24 months prior to and 20
months after initiation of the nurse-driven resuscitation protocol. Patients who died
prior to 72 hours after burn injury and those arriving at the burn center greater
than 24 hours after injury were excluded.

In our initial study period, 56 patients were evaluated (38 in the non-protocol or
control group and 18 in the nurse-driven resuscitation protocol group). There were
13 pediatric patients (11 in the protocol group and 2 in the nurse-driven resuscita-
tion protocol group). The majority of the patients suffered flame injuries (79 %).
Other patients suffered scald (17 %) and electrical (4 %) injuries. With implementa-
tion of nurse-driven resuscitation protocol, a 37 % decrease in the amount of fluid
given in the first 24 hours was seen [24]. Among patients with inhalation injury,
there was a decrease in total 24 hour fluid resuscitation volume and a reduction in
average hospital charges per day. There were nine deaths in the non-protocol group
and none in the nurse-driven resuscitation protocol group. Four of the deaths were
attributed to multiple organ failure while two patients had support withdrawn. Hos-
pital length of stay and charges, ventilator utilization, incidence of compartment
syndromes and maintenance of renal function all trended toward improvement in
the nurse-driven resuscitation protocol group. While these data are preliminary, we
note that the nurse-driven resuscitation protocol has been widely and enthusiasti-
cally accepted by burn center staff and it provides a means by which resuscitation is
consistently administered at the bedside. Our preliminary experience, similar to that
in the military, suggests that lower volume, carefully titrated fluid administration
may be associated with improved outcomes.

Consensus Statements

A consensus statement has been released from the American Burn Association
regarding burn/shock resuscitation [6]. Notably, no ‘standards’ for the approach to
the resuscitation of burn injured patients exist from contemporary data. A number
of ‘guidelines’ are supported by evidence of lesser strength.

Based on the strength of present evidence, there is no consensus regarding opti-
mal fluid composition, rate of fluid administration, and the role of colloid. No resus-
citation parameters specific to individual patient fluid needs are better than routine
hemodynamic endpoints and adequate urine output. In any fluid program
employed, practitioners must be compulsive in providing adequate fluids but avoid-
ing excessive resuscitation.

Three additional points of clarification regarding burn resuscitation should be
made. First, many patients, particularly with < 20 % TBSA burns may be candidates
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for oral resuscitation as an intact gastrointestinal tract is tolerant of large amounts
of fluid administration. Enteral resuscitation should be considered, particularly
when resources are limited, an austere setting is encountered and the patient is able
to tolerate oral intake. Second, invasive hemodynamic monitors, including central
venous catheters and pulmonary artery catheters, have been employed to optimize
burn resuscitation in a variety of prospective and retrospective studies. Patients with
invasive central hemodynamic monitors tended to have far more fluid administered
without improvement in outcome. While invasive monitoring may be indicated for
patients with special comorbidity or patients who fail to respond to resuscitation
prescriptions, a blanket statement in favor of this approach cannot be made. Third,
antioxidant therapies show promise in reduction of burn resuscitation fluid require-
ments and edema formation in a variety of preclinical trials. Unfortunately, patient
data are limited and multicenter prospective validation has not been attempted.

Conclusion

Historical reservations about under-resuscitation have led to a clear trend toward
over-resuscitation in the setting of burn injury. Multiple civilian and military groups
are investigating resuscitation protocols which, for the first time, make use of vaso-
active drugs as well as limiting crystalloids and providing earlier administration of
colloids to support early (48 hours) resuscitation following burn injury. While con-
clusive data are not yet available, there is no evidence of increased complications
with tighter control on resuscitation and preliminary data support improved organ
system outcome.

A variety of metabolic parameters has been investigated to further guide the
resuscitation process. Retrospective reviews of blood gas data fail to disclose better
prognostic information than is contained in traditional parameters such as burn
size, age, and the presence/absence of inhalation injury. An intriguing global mea-
sure of resuscitation success is heart rate variability which is under investigation by
a number of groups. Tissue specific parameters such as wound pH and PCO, may be
more sensitive than urine output and changes in vital signs to indicate effectiveness
of resuscitation. At present, however, use of tissue tonometry at burn wound sites
has not been demonstrated to guide resuscitation more effectively than simple
changes in vital signs and urine output.
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Intra-aortic Balloon Counterpulsation
in Cardiogenic Shock

K. WERDAN, M. Russ, and M. BUERKE

Introduction

What can we expect from the implementation of an intra-aortic balloon counter-
pulsation pump (IABP) in a patient with shock (Fig. 1)? The conventional indication
for IABP is cardiogenic shock of ischemic etiology. With the IABP in place in the
thoracic aorta, inflation of the balloon in diastole and active deflation in systole
induces higher perfusion pressures in the brain and the coronary arteries in dias-
tole and unloads the diseased heart by reducing left ventricular afterload in systole.
Of special relevance is the volume shifting of about 40 ml per beat by the IABP,
increasing left ventricular ejection fraction and thereby cardiac output in the range
of at best 1 I/min.

Fig. 1. Patient with myocardial infarction complicated by cardiogenic shock. After treatment with primary
percutaneous coronary intervention the patient is still under adjunctive therapy with the intra-aortic bal-
loon counterpulsation (IABP). Written permission obtained from the patient
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What do the Guidelines tell Us and What about ‘Real Life’?

The European STEMI (ST elevation myocardial infarction) guideline [1] states that
IABP should be used in patients with myocardial infarction complicated by cardio-
genic shock, with a recommendation level of grade I and an evidence level of grade
C, for bridging till an interventional/surgical coronary intervention can take place.
In patients with mechanical complications of myocardial infarction - ventricular
septal defect and in most cases of acute mitral insufficiency - an IABP is also indi-
cated to stabilize hemodynamic status.

The American STEMI guideline [2] recommends the use of IABP a) in STEMI
patients with hypotension (systolic blood pressure less than 90 mmHg or 30 mmHg
below baseline mean arterial pressure [MAP] who do not respond to other interven-
tions (I/B); in STEMI patients with low output states (I/B); c) in STEMI patients as
a stabilizing measure for angiography and prompt revascularization when cardio-
genic shock is not quickly reversed with pharmacological therapy (I/B); d) in addi-
tion to medical therapy in STEMI patients with recurrent ischemic-type chest dis-
comfort and signs of hemodynamic instability, poor left ventricular function, or a
large area of myocardium at risk, as additional support to the urgently needed revas-
cularization procedure (I/C); e) in STEMI patients with refractory polymorphic ven-
tricular tachycardia to reduce myocardial ischemia (IIa/B); f) in STEMI patients with
refractory pulmonary congestion (IIb/C); g) in STEMI patients with mechanical
complications (acute mitral insufficiency due to papillary muscle rupture, ventricu-
lar septal rupture) for preoperative hemodynamic stabilization.

An TABP benchmark registry [3] presents the ‘real life’ of IABP applications and
complications and includes a total of 5,495 patients with acute myocardial infarction.
In 250 institutions worldwide, IABP implementations were documented between June
1996 and August 2001. In patients with myocardial infarction, cardiogenic shock was
the most frequent indication (27.3 %), followed by hemodynamic support (27.2 %)
during percutaneous coronary interventions (PCI), and support before high risk car-
diac surgery (11.2 %), the latter indication - as shown recently [4] - shifting high-risk
patients undergoing coronary bypass grafting into a lower-risk category. In 11.7 % of
cases, mechanical complications following myocardial infarction were the indication,
and in 10 %, refractory unstable post-infarction angina. Total mortality in patients
with myocardial infarction was 20 %, and in patients with myocardial infarction com-
plicated by cardiogenic shock it was 30.7 %. Severe complications of IABP insertion
were seen in 2.7 % of cases, during a mean duration of IABP application of 3 days. Pre-
mature temination of IABP treatment was necessary in only 2.1 % of the patients.

Does Hemodynamic Improvement Improve Prognosis
in Infarction-triggered Cardiogenic Shock?

In 5-10 % of all patients with myocardial infarction, cardiogenic shock develops in
the acute phase, with a high mortality of at least 50 %, predominantly (80 %) as a
result of left heart failure [5]. There is no doubt that cardiac pump failure due to cor-
onary occlusion plays the dominant role in the early phase of shock. However, in
prolonged shock states, development of multiple organ failure (MOF) due to
impaired organ perfusion and due to the systemic inflammatory response syndrome
(SIRS) determines the unfavorable prognosis. The relative importance of each of
these components - cardiac impairment and failure, MOF and SIRS - becomes evi-
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Fig. 2, The "IABP Shock” Trial [6]: What determines prognosis? Forty patients with myocardial infarction
complicated by cardiogenic shock and treated with percutaneous coronary intervention (PCl) were prospec-
tively randomized to receive or not additional hemodynamic support with IABP. In this figure, serial bio-
marker monitoring is presented for the 27 survivors (S) and for the 13 non-survivors (N-S) during the first
96 hours after having started treatment. APACHE |l score represents severity of disease, cardiac index repre-
sents heart function, plasma B-type natriuretic peptide (BNP) represents pump failure, and serum interleu-
kin (IL)-6 represents systemic inflammation. The values for APACHE Il and for IL-6 were significantly differ-
ent at all time points (p< 0.05) and cardiac index differed significantly at 24 hours (p< 0.05). BNP levels,
however, were not different between the groups. Modified from [6] with permission.

dent when we look for the respective biomarkers in surviving versus non-surviving
patients with myocardial infarction complicated by cardiogenic shock (Fig.2; [6]).
Surprisingly, cardiac index was higher in survivors only at 24 hours, and brain natri-
uretic peptide (BNP) levels did not differ at all. In contrast, serum interleukin (IL)-6
levels were significantly higher in survivors during the total period (96 hours). The
most impressive difference between survivors and non-survivors was seen with the
APACHE 1I score: Non-survivors had much higher initial values (29.9 +2.9), and the
values even increased by 0.7 points to 30.6 + 3.6 over the next 96 hours; in contrast,
survivors had lower initial score values (18.1 £ 1.7), which further fell by 4.2 points
to 13.9 £ 1.6. The fall in APACHE II score of > 4 points/96 hours in survivors reflects
a considerable improvement in severity of MOEF, with, as consequence, an improved
prognosis. These findings are similar to those shown in a prospective manner in the
Score-Based Immunoglobulin Therapy of Sepsis (SBITS) trial for patients with
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severe sepsis and septic shock (APACHE II change from day 0 to day 4 in survivors
(n = 385) was - 5.9 and in non-survivors (n = 238) was + 0.4 [7]).

Receiver operating characteristic (ROC) curves calculated for the initial bio-
marker values demonstrate the relative accuracy of these variables: APACHE II score
0.850; cardiac index 0.771; IL-6 0.769; BNP 0.502. Therefore, prognosis in patients
with myocardial infarction complicated by cardiogenic shock is determined not only
by hemodynamic impairment but also by systemic inflammation and even more by
the severity of disease and development of MOF.

Effects of IABP on Hemodynamics, Systemic Inflammation and MOF
in Infarction-triggered Cardiogenic Shock

As shown in Fig. 2, and discussed earlier, the prognosis of infarction-triggered car-
diogenic shock is not only dependent on impaired hemodynamics, but also on
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Fig. 3. The "IABP Shock” Trial [6]: Effects of adjunctive IABP therapy. Patients with myocardial infarction
complicated by cardiogenic shock and treated by primary PCl were randomly assigned to receive (IABP,
n=19) or not (& IABP, n= 21) adjunctive support with IABP. In this figure, serial biomarker monitoring
is presented during the first 96 hours after having started treatment. APACHE Il score represents severity
of disease, cardiac index represents heart function, plasma B-type natriuretic peptide (BNP) represents
pump failure, and serum interleukin (IL)-6 represents systemic inflammation. Of all biomarker measure-
ments, only BNP plasma levels at 48 and at 72 hours were significantly different between the groups
(p <0.05). Modified from [6] with permission.
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shock-triggered systemic inflammation and the development of MOF. The question
is whether IABP implementation can improve not only hemodynamics, but also this
systemic inflammatory process finally resulting in MOFE. This question was assessed
by the prospective, randomized, monocenter, unblinded IABP Shock Trial [6], where
we looked for the effects of early IABP therapy in 45 patients with infarction-trig-
gered cardiogenic shock, all treated initially with primary PCI. The primary end-
point of the study was the effect of IABP on severity of disease (MOF) within the ini-
tial 96 hours, as measured by serial APACHE II scoring; secondary endpoints were
the effects of IABP on cardiac output, BNP and IL-6 (Fig.3). Complete data were
available for 19 patients treated with IABP (IABP group) and for 21 patients without
IABP (non-IABP group). Thirty-day mortality was 36.8 % in the IABP group and
28.6 % in the non-IABP group (p=n.s). The severity of disease (APACHE II score)
was not improved in the IABP- compared to the non-IABP-group within the initial
96 hours, neither was cardiac index nor systemic inflammation (serum IL-6 levels).
Only plasma BNP levels, at 48 and 72 hours, were significantly (p< 0.05) lower in the
IABP patients.

What do these results tell us? In this randomized prospective trial — representa-
tive of a one-year population of patients with infarction-triggered cardiogenic shock
treated in a medical intensive care unit (ICU) - we were unable to demonstrate a rel-
evant beneficial effect of the adjunctive use of IABP. Although this trial was small,
we can nevertheless conclude that the numbers needed to treat must be high con-
cerning a possible benefit of IABP in these well-defined patients with infarction-
triggered cardiogenic shock treated by primary PCI.

What Does a Meta-Analysis Tell Us?

In contrast to the numerous data from registries and non-controlled trials concern-
ing the effects of IABP in infarction-triggered cardiogenic shock, the number of con-
trolled trials with mortality as an endpoint are rare. A recently published meta-anal-
ysis [8] has summarized the available data:

In two separate meta-analyses, the authors looked for the effects of IABP on mor-
tality in high-risk patients with STEMI (meta-analysis I) and in patients with STEMI
complicated by cardiogenic shock (meta-analysis II). In meta-analysis I (Fig.4)
seven randomized trials (1,009 STEMI patients) were analyzed. Use of IABP in these
patients did not reduce 30-day mortality or improve left ventricular ejection frac-
tion; however patients treated with IABP had significantly higher complication rates,
including strokes (+ 2 %) and bleeding (+ 6 %) (Fig.4). Meta-analysis II (Fig. 5)
included 9 cohorts of STEMI patients with cardiogenic shock (N = 10,529). In those
patients treated with systemic thrombolysis, IABP was associated with an 18 %
(95 % confidence interval 16-20 %; p < 0.001) decrease in 30-day mortality, albeit
with significantly higher revascularization rates compared to patients without sup-
port. Contrariwise, in patients treated with primary PCI, IABP was associated with
a 6 % increase (95 % confidence interval 3-10 %; p < 0.0008) in 30-day mortality.

This meta-analysis [8] yielded unexpected results. Consequently, we should
rethink our concept of adjunctive IABP therapy in patients with myocardial infarc-
tion complicated by cardiogenic shock. First, we have to accept that in STEMI
patients in general the use of IABP neither reduces 30-day mortality nor improves
left ventricular ejection fraction, but increases the risk of stroke and of bleeding.
Therefore, IABP cannot be recommended in general for high risk STEMI patients
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Fig. 4. Meta-analysis of randomized clinical trials of intraaortic balloon counterpulsation (IABP) therapy in
patients with ST elevation myocardial infarction (STEMI). All meta-analyses show effect estimates for the
individual trials, for each type of reperfusion therapy, and for the overall analysis. The size of each square
is proportional to the weight of the individual trial. In panel a, the risk difference in 30-day mortality is
shown; in panel b, the mean difference in left ventricular ejection fraction (LVEF); in panel cthe risk differ-
ence in stroke; and in panel d, the risk difference in rate of major bleeding. PCl: percutaneous coronary
intervention. Modified from [8] with permission.

without cardiogenic shock. Second, in patients with cardiogenic shock complicating
STEMI, analysis is hampered by bias and confounding. What can be said is that the
available observational data support IABP therapy adjunctive to thrombolysis. In
contrast, observational data do not support IABP therapy adjunctive to primary
PCIL. To resolve these issues, we urgently need a multicenter, prospective, random-
ized IABP trial with mortality as an endpoint. Organization of such a study has been
initiated in Germany and hopefully it will start in 2010.
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Beyond IABP: Do We Have Better Alternatives for the Treatment
of Cardiogenic Shock?

A large number of surgically and percutaneously implantable left ventricular assist
devices (LVAD) are available, providing better hemodynamic support for the patient
than does IABP [9]. But improving hemodynamics is not everything! Coupling
improvement in hemodynamics to a better prognosis is what is needed. So, the
question arises as to whether this goal can be met by any of the short-term cardio-
vascular assist devices:

Impella® Pump

In a prospective randomized trial, 26 STEMI patients with cardiogenic shock and PCI
intervention were treated adjunctively either with an Impella pump or with IABP [10].
Although cardiac index (primary endpoint) rose significantly more in the Impella
group than in the IABP group (0.49 + 0.46 vs. 0.11 £ 0.31 /min/m?, p = 0.02), 30-day
mortality (one of the secondary endpoints) was identical in the two groups (46 %).

Extracorporeal Membrane Oxygenation (ECMO)

Eighty-one patients with refractory cardiogenic shock were treated adjunctively with
pump-driven ECMO [11]. Hospital mortality was 42 %. At least one serious ECMO-
related complication occurred in 57 % of patients. Independent predictors of ICU-
mortality were: Device insertion under cardiac massage (odds ratio [OR] 22.68); 24
h urine output <500 ml (OR 6.52); prothrombin activity <50 % (OR 3.93), and
female sex (OR 3.89). Quality of life one year after shock was less than that of
matched healthy controls, but higher than that reported for patients on chronic
hemodialysis, with advanced heart failure or after recovery from acute respiratory
distress syndrome (ARDS). One third (16/44) of the patients had suffered from
infarction-triggered cardiogenic shock; their 1-year-mortality was 31 %. A relatively
simple, easy-to-apply pumpless ECMO device is the iLA Novalung [12].
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Tandem Heart®

This device can pump up to 4 I/min. In 42 patients with infarction-triggered cardio-
genic shock and primary PCI a Tandem Heart® or an IABP were used adjunctively
in a randomized manner [13]. Hemodynamic improvement was much better in the
Tandem Heart group than in the IABP group - e.g., cardiac output increase by 1.0
I/min from 3.5 to 4.5 vs increase by 0.3 /min from 3.0 to 3.3 - but the 30-day-mor-
tality was not significantly different (43 vs 45 %; p = 0.86). However, complications
were considerably higher in the Tandem Heart® group (severe bleedings: n = 19 vs
n =8, p = 0.002; limb ischemia n=7 vs n =0, p = 0.09).

Assisted Extracorporeal Life-support in Adults with In-hospital Cardiac Arrest

Extracorporeal life-support as an adjunct to cardiac resuscitation has been associ-
ated with encouraging outcomes in patients with cardiac arrest. An important trial
is that by Chen et al [14], which compared conventional cardiopulmonary resuscita-
tion (CPR) and assisted extracorporeal life-support in adults with in-hospital cardiac
arrest. From 975 resuscitated patients, 113 were enrolled in the conventional CPR
group and 59 in the assisted extracorporeal CPR group. Patients in the assisted
extracorporeal group had a significantly better outcome than those in the conven-
tional CPR group in terms of hospital-survival (RR 0.51; 95 % confidence interval
0.35-0.74; p< 0.0001), 30-day mortality (RR 0.47; 0.28-0.77; p =0.003), and one-
year survival (RR 0.53; 0.33-0.83; p = 0.006).

These results [14] are very impressive, although the logistics and technology nec-
essary are ambitious! A portable miniature version of extracorporeal life support is
the Lifebridge® system [15] which can be brought to the patient for resuscitation.
However, no randomized trial data are yet available for this specific system.

IABP versus Percutaneous LVAD in Cardiogenic Shock: A Meta-analysis

In comparing IABP and percutaneous LVAD in cardiogenic shock, effects on hemo-
dynamic status and prognosis need to be evaluated, as has been done in a recent
meta-analysis [16]. Three controlled trials compared the effects of IABP with LVAD
systems (two trials using Impella® and one using the Tandem Heart®) in a total of
53 LVAD patients and of 47 IABP patients. The increase in cardiac index was greater
in the LVAD patients than in the IABP group (+ 0.35 I/min/m?); MAP increased to a
greater extent (+ 12.8 mmHg) and pulmonary artery occlusion pressure (PAOP)
decreased more (- 5.3 mmHg). However, 30-day-mortality in the LVAD group was
not significantly different from 30-day mortality in the IABP group (RR 1.06). Con-
cerning side effects, the incidence of limb ischemia was not significantly different;
however, bleeding occurred 2.35-fold more often in the LVAD group.

We Should Change the Guidelines for IABP Use in Infarction-triggered
Cardiogenic Shock!

In view of the data from the described meta-analysis [8], we believe we really do not
have enough evidence to give a class I recommendation for the adjunctive use of
IABP in all STEMI patients with cardiogenic shock, as has been made by the Euro-
pean [1] and the American [2] Cardiological Societies (see above). A German-Aus-
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trian expert team are developing a guideline for infarction-triggered cardiogenic
shock (Werdan et al., unpublished data] and took this meta-analysis into account to
make the following recommendations:

@ Adjunctive IABP therapy is indicated in cases of primary systemic thrombolysis
in patients with infarction-triggered cardiogenic shock.

e Adjunctive IABP use can be considered in cases of primary PCI in patients
with infarction-triggered cardiogenic shock; whether this will be helpful, is
unclear.

® If an emergency PCI is not possible and the patient with infarction-triggered
cardiogenic shock is treated with systemic thrombolysis, then an IABP should
be inserted for hemodynamic stabilization and the patient should be trans-
ported to a PCI center.

e When a mechanical complication of myocardial infarction occurs - ventricular
septal defect and acute severe mitral insufficiency - then IABP should be
inserted for hemodynamic stablilization before the patient is transferred to
cardiac surgery.

e Percutaneous LVAD can undoubtedly improve hemodynamics more than IABP.
However, it has not yet been shown that this hemodynamic improvement
results in a better prognosis. Therefore, no general recommendation for LVAD
in refractory cardiogenic shock should be given (although this is the case in the
European STEMI guidelines [1]); the decision to use a percutaneous LVAD
should be made on an individual basis.

® In-hospital cardiac arrest has a very unfavorable prognosis. Assisted extracor-
poreal life-support may represent a real progress in resuscitating these patients,
although the logistics and the technology are ambitious!

Intra-aortic Balloon Counterpulsation in Septic Shock?

In severe sepsis and septic shock, every second death is due to refractory cardiovas-
cular shock [17]. Most intensivists would attribute this cardiovascular shock primar-
ily to refractory vascular shock and not to myocardial depression: Septic shock typi-
cally presents as a hyperynamic, high cardiac output, low systemic vascular resis-
tance (SVR) state. However, one quarter of adult patients and even more children
with fluid refractory septic shock have a hypodynamic cardiovascular profile [18].
Furthermore, one would assume that the dramatic reduction in afterload seen in
septic shock may trigger an even higher cardiac output than that seen under normal
afterload conditions. With this in mind, it becomes obvious that ‘septic cardiomyop-
athy’ contributes more to the septic shock state than is often suggested: 40 % of
patients have a cardiac output corresponding to only 6080 % of the expected value,
and in a further 40 % of the patients, cardiac output is even worse [19, 20]. Conse-
quently, supporting the heart not only by inotropes but also by mechanical assist
devices, like IABP, could be helpful to rapidly improve the deleterious shock state.
In an experimental model of septic shock, use of IABP as an adjunctive measure
was studied thoroughly [18]. In this hypodynamic, mechanically ventilated canine
sepsis model triggered by intrabronchial Staphylococcus aureus challenge, IABP
therapy showed some beneficial effects: In the animals receiving the highest bacte-
rial dose, IABP improved survival time by 23 hours - but not survival - and lowered
SVR index as well as norepinephrine requirements. On the negative side was the
increase in blood urea nitrogen and creatinine. The authors [18] claim that because
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of their findings in this animal model, a randomized controlled trial of IABP ther-
apy may be indicated in carefully selected patients with low cardiac output septic
shock and a high risk of death. As cardiac function is similarly depressed in patients
with Gram-positive and Gram-negative septic shock [21], this finding could apply to
a broad spectrum of septic patients.

But what can we really expect from the use of an IABP in a patient with hypody-
namic septic shock [22]? We have the results of Solomon and colleagues [18] on
Gram-positive septic shock in dogs that showed some beneficial effects. In newborn
lambs infected with group B streptococci, septic shock was improved by IABP as indi-
cated by an increase in cardiac output and a decrease <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>