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PREFACE

Leukemia and Lymphoma: Detection of Minimal Residual Disease is being
published at a time when the detection of microscopically unobservable disease
in the leukemias and lymphomas is leaving its adolescent stage and entering the
early stages of maturity. Detection of disease at levels almost four orders of
magnitude below detection by light microscopy has now been accomplished and
many of the methods have been shown to provide reproducible results. The
groundwork has thus been laid for future construction of a methodology superior
to the present methods of outcome prediction.  Results of this nature will un-
doubtedly be necessary to justify the expense of future large-scale clinical trials
using the various minimal residual disease (MRD) techniques that have been
developed during the past decade. This places the burden of proof on those
clinical investigators, statisticians, and basic scientists who are convinced that
such measurements have an important role in producing future advances in
treatment outcome.

As editors we have chosen contributors who have been successful in applying
their chosen technique to the particular diseases that are their interests. We have
especially tried to select those authors who were responsible for developments
in the technique they used to make residual disease measurements. For this
reason, we have encouraged them to give their insights into the methodology
used in their research. As a result the reader will find several different descrip-
tions of similar laboratory and analysis techniques, each of which we hope will
prove helpful. We have taken advantage of the expertise of Professor Ludwig
and Dr. Ratei to include a separate chapter on flow cytometry techniques. This
addition should facilitate understanding the chapters on the use of flow cytom-
etry to detect residual disease in the lymphoid and myeloid leukemias. In addi-
tion, one of us (DAJ) has written a rigorous mathematical description of an
approach to the analysis of the predictive capabilities of an MRD detection
system that accompanies a clinical trial. There is also a section of Editor’s Notes
at the end of this volume that contains comments on portions of each chapter. We
hope that these comments will be found helpful to readers.

The chapter by Dr. Dario Campana describes the use of a patient-specific
immunophenotype to identify residual leukemia in patients who are in remis-
sion. He carefully describes the different categories of leukemia-associated
immunophenotypes and shows how they are used to follow patients in remis-
sion. His research has shown that he can detect one leukemia cell among ten
thousand normal marrow cells.



Dr. Geoffrey Neale, a veteran contributor to the study of Childhood Acute
Lymphocytic Leukemia using polymerase chain reaction (PCR)-based meth-
ods, describes the original methods for the detection of residual disease using
PCR. He then progresses to a discussion of the various methods of quantitation
of the level of disease. He completes his chapter with a description of real-time
quantitative PCR (RQ-PCR). Throughout the chapter he gives the outcome of
clinical studies of MRD in patients during remission.

Following Dr. Johnston’s chapter on the analysis of MRD studies, we both
have written a brief discussion on the evaluation of these techniques when used
in clinical trials. In particular we address the question of assessing the predictive
capability of a study that follows patients during and after therapy. We use
simple arithmetic methods of performing these evaluations.

The predictive properties of semiquantitative PCR measurements of MRD
prior to and after allogeneic stem cell transplantation of children with ALL are
described by Moppet et al., who outline their experience with the technique in
this setting. This chapter provides the reader with many possible routes for
future MRD studies of allogeneic transplantation.

Drs. Foroni, Mortuza, and Hoffbrand give a detailed summary of the high
sensitivity monitoring of adult patients with ALL. They review the approaches
used to detect residual leukemia during remission.  They define high and low risk
groups according to the measured response to therapy and also contrast MRD in
adult and childhood ALL.

Professor San Miguel and his colleagues present an extensive discussion of
the immunophenotypes observed in patients with Acute Myeloid Leukemia
(AML) and the frequent occurrence of asynchronous antigen expression in this
disease. This chapter gives an excellent presentation of the methods of confirm-
ing the detection sensitivity of the flow cytometry–based assay. The results of
clinical studies using this method to identify risk groups are presented.

The chapter presented by Drs. Marcucci and Caligiuri discusses the nonran-
dom chromosomal abnormalities in AML that lead to chimeric fusion genes
thought to be leukemia-specific. Reverse transcription PCR (RT-PCR) is ca-
pable of detecting these transcripts with high sensitivity and thereby allows
monitoring of the leukemia during remission. The authors review the results of
clinical studies that detect these fusion transcripts and the use of their data in
stratifying patients during remission according to the risk of relapse. They also
discuss the importance of high sensitivity, as well as the associated hidden risks.

Dr. Lo Coco and Ms. Diverio discuss detection of MRD in Acute Promyelo-
cytic Leukemia (APL), a subtype of AML that is associated with a specific
chromosomal translocation, the t(15;17). The detection of the reverse transcrip-
tion product of this fusion gene using RT-PCR has become an important aspect
of both the diagnosis and monitoring during remission of this leukemia. The
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authors present a comprehensive review of the laboratory and clinical aspects of
this endeavor.

The detection of MRD in Chronic Myelogenous Leukemia (CML) is de-
scribed in the chapter of Drs. Cross and Hochhaus. Their discussion begins with
the molecular genetics of the CML-associated t(9;22) chromosomal transloca-
tion and the BCR-ABL fusion gene. This is followed immediately by a section
on the methods used to detect CML cells and leads to the application of RT-PCR
to detect the BCR-ABL fusion transcript. The presentation of qualitative RT-
PCR to detect the presence of the leukemia-associated transcript is closely fol-
lowed by a thorough discussion of the methods for quantitation of the number
of BCR-ABL transcripts. The chapter concludes with a critical discussion of the
results of BCR-ABL detection in patients with CML. The problems associated
with defining molecular relapse is presented in addition to a brief discussion
about the presence of the BCR-ABL transcript in normal individuals.

Drs. Krackhardt and Gribben describe the detection of the t(14;8), t(11;14),
t(8;14), t(2;5), t(11;18), and the antigen receptor gene rearrangements. They
then present quantitation strategies based upon competitive PCR. They then
apply the PCR technique to detection of these translocations in bone marrow and
peripheral blood of patients with Non-Hodgkin’s Lymphoma who have been
treated with autologous bone marrow stem cell transplantation. The issue of
whether or not “molecular complete remission” is the goal of therapy is pre-
sented in an unambiguous manner.

Tsimberidou et al. summarize the literature regarding the use of real-time and
conventional PCR in patients with Non-Hodgkin’s Lymphoma and t(14;18).
They then  describe real-time PCR, as they apply it in their laboratory, to speci-
mens from patients with follicular lymphoma. They studied peripheral blood
and bone marrow in these patients, as well as peripheral blood from normal
donors. Their technique employs the simultaneous amplification of an internal
beta actin sequence for quantitation and comparison.

Drs. Lee and Cabanillas describe the application of PCR to monitoring fol-
licular lymphoma in patients with all stages of disease during remission. They
use PCR results to define molecular nonresponders and develop a multivariate
analysis of these patients. There was a high complete remission rate for patients
who were molecular responders and a low rate for the non-responders. They
extend this work to patients treated with bone marrow transplantation.

Throughout this book there are several issues that reappear frequently. They
represent uncertainties about MRD that must be resolved before these assays
achieve status as a reliable tool for clinical decision-making. Since these issues
are essentially of equal importance, the following is not in any particular order
of impact: (1) Some investigators have observed persistent low levels of detect-
able disease in patients who remain in clinical remission. This observation is
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closely coupled to the question of the optimal (most cost effective?) detection
sensitivity. It also raises the question of interference by normal background. (2)
The capability of detecting disease at submicroscopic levels has given rise to the
real possibility of new definitions of the clinical terms remission and relapse.

These new definitions might allow improvements in treatment outcomes if
they were properly established. For example, a reliable definition of   molecular
remission applied in cases where it was found persistently could lead to de-
creased treatment morbidity. There are two possible benefits of a reliable defi-
nition of molecular relapse. First, the signal for molecular relapse would,
optimally, appear when the disease level is quite low and, at this level, the
disease may be sensitive to many innovative therapeutic interventions. Second,
prior to clinical relapse the patient is probably better able to tolerate intensive
therapy than after clinical relapse. The actual implementation of these new
criteria would provide an entrée to a completely new area of clinical investiga-
tion that could be very beneficial to patient care. (3) Many authors have noted
that standardization is necessary. This standardization must include not only
laboratory methods, but also the statistical methods used to analyze the data.
This is an absolute requirement for the comparison of data from different insti-
tutions. (4) Finally, the emergence of the RQ-PCR technique as the method of
choice is quite apparent in these chapters and in the recent literature. It seems
probable that this development will facilitate the standardization of detection
and quantitation techniques. We make these observations here so that the reader
may keep them in mind as he/she reads the following chapters. If this book is to
have any impact, it will hopefully inspire its readers to find solutions to the
problems that now face the field.

The editors would like to thank the authors for the variety of their excellent
chapters. More important, we would like to thank them and the many others
working with MRD for the lively and impassioned discussions of MRD and their
willingness to share their technical methods and ideas for the direction, use, and
application of MRD. This has advanced the techniques and applications far
beyond what we could have done working individually.

The editors would also like to thank Walter Pagel for his technical assistance
and encouragement on this project, and Connie Siefert and Candy Schuenenman
for their excellent editorial assistance. And last but most important, we would
like to thank our wives, Maureen and Janice, for their support and patience
throughout this project.

Theodore F. Zipf, PhD, MD

Dennis A. Johnston, PhD
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1

From: Leukemia and Lymphoma: Detection of Minimal Residual Disease
Edited by: T. F. Zipf and D. A. Johnston  © Humana Press Inc., Totowa, NJ

1 Flow-Cytometry Methods
for the Detection
of Residual Leukemia

Richard Ratei and Wolf-Dieter Ludwig

INTRODUCTION

The diagnosis and classification as well as the evaluation of therapy response
and the estimation of residual disease in acute leukemias depend on the detection
and description of the leukemic cell clone. The phenotype can be assessed with
morphology, cytochemistry, immunohistochemistry, fluorescence microscopy,
and flow cytometry. The genotype is studied with cytogenetic and molecular
techniques (e.g., banding techniques, polymerase chain reaction [PCR], or fluo-
rescence in situ hybridization [FISH]) (Table 1).

Usually, these methods have to be applied exclusively and only a few studies
have described methods that detect phenotypic and genotypic features simulta-
neously (1–3). Each of these methods puts a spotlight on the disease according
to its inherent ability to detect a certain feature of the leukemic clone. This is
limited, of course, by the specificity and sensitivity of the method that is applied
for the diagnosis or the detection of minimal residual disease. Each of these
methods describes biological components of the disease that can be assembled
by the clinician to compose a detailed picture for disease monitoring, thus form-
ing the rational ground for the earlier and better distinction of patients with “poor
risk” features, who require a more intensive therapy, from patients with “good
risk” features, who probably do not need any additional treatment to reach a cure
and remain in remission (4–9).

Flow cytometry has been available for almost three decades and has evolved
to a sophisticated and indispensable tool in various fields of biology and medi-
cine, with a significant impact in hematology, especially for the diagnosis and
classification of leukemias (10–12). The intriguing possibility of detecting
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phenotypic features on a single-cell level in large cell populations forms the
rational basis for flow cytometry to be used in the evaluation of minimal residual
leukemia (4,13,14). Recent developments in modern technologies, including
fluidics, lasers, optics, analog and digital electronics, computers, software, fluo-
rochromes, and antibodies have been utilized, so that flow cytometry has evolved
from a one-color, three-parameter technique to a three-color, five-parameter
method (multiparametric flow cytometry, MFC), and, more recently, to the
so-called polychromatic flow cytometry (PFC) featuring 9 colors and 11 param-
eters (15,16). In addition, it gives the clinician a fast, reliable, and sensitive
method for disease monitoring at hand.

This chapter is intended as a technical overview on the flow-cytometric
methodology that is used to diagnose minimal residual disease in acute leuke-
mias. In the chapters by San Miguel et al. (Chapter 8) and Campana (Chapter 2),
the focus is more on the clinical application and evaluation of minimal residual
disease in acute myeloid lymphoblastic and acute leukemias, respectively.

FUNDAMENTAL FLOW CYTOMETRY

In order to understand the technical problems and difficulties that inevitably
come along with the new technological developments of multiparametric flow
cytometry, a short summary of the characteristics of flow cytometers and fluo-
rochromes is necessary (17,18).

Optical System
Almost all commercially available flow cytometers use essentially the same

optical layout with an orthogonal configuration of the three main axes of the
instrument. The sample flow, the laser beam, and the optical axis of scatter light
and fluorescence detection are arranged at right angles to each other. The laser
light has to be focused in the direction of the sample flow, which is usually
achieved with one or two lenses. Thereby, the width of the focus is a compromise
between the need for high sensitivity and for high resolution. High sensitivity

Table 1
Methods for Detecting Phenotypic and Genotypic Features of Leukemic Cells

Phenotype Genotype Phenotype/Genotype

Morphology Cytogenetics “Fiction”
Immunohistochemistry Banding techniques
Fluorescence microscopy Fluorescence

in situ hybridization
(FISH)

Flow cytometry Molecular biology (FISH and immunophenotype)
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requires a narrow focus to concentrate as much light as possible on the sample,
and high resolution calls for a broader focus allowing a larger beam width.

In some instruments, two or three lasers are employed, with the laser beams
closely adjacent but separately focused, so that particles or cells are excited
sequentially with two or three different wavelengths. This arrangement makes it
possible to detect multiple cellular components stained with dyes that are excited
at different wavelengths, but it requires an exact time delay calibration to ensure
that the emitted light signals are recognized as belonging to one and the same cell.

Emitted light is detected at right angles to the laser beam, either through
standard microscope objectives or a specially designed lens. In analogy to the
optics in microscopy, the amount of light or fluorescence collected depends on
the numerical aperture of the lens and the medium from which the light source
originates. With the light source in water, as is the case with most currently used
flow cytometers, the collection efficiency is low; hence, only a small fraction of
the fluorescence is actually detected.

In order to eliminate light from sources other than the cells that pass through
the laser beam, it is necessary to position an opaque screen with a “pinhole” in
the image plane of the detection optics. This aperture has an important function
in reducing the signal-to-noise ratio. After the elimination or reduction of noise
signals, the emitted light is still heterogeneous after passing the pinhole aperture,
containing scattered light of the same wavelength as the laser light and emissions
of the different fluorescences, which are always shifted toward higher wave-
lengths as the scatter light. The right-angle scatter light with the same wavelength
as the laser light is a measure of the granularity of the cell passing through the laser
beam. To separate scattered light from fluorescence, dichroic mirrors are situated
at 45° angles to the light beam behind the pinhole aperture. They reflect the
scatter light onto one detector, whereas the higher-wavelength fluorescence light
is transmitted to other detectors. The separation of colors by dichroic mirrors
does not always prevent the light emitted by fluorochrome from entering the
detector for another fluorochrome. Therefore, additional bandpass filters are
used in front of each detector. Because of spectral overlap, the spillover of
fluorescences into different detectors cannot be eliminated completely and
requires compensation between the different fluorochromes and detectors for the
analysis of samples stained with multiple dyes. Such an arrangement of dichroic
mirrors, specific bandpass filters, and detectors can be extended and stacked
behind each other, so that usually two to four fluorescences excited by one or two
laser beams are measured simultaneously.

Light Sources
Basically, lasers and arc lamps are the possible light sources used in flow

cytometers. The older gas ion lasers are now almost all completely replaced by
the newer diode lasers that, in contemporary instruments, have at least 50 mW
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of power. Usually, the lasers in commercially available flow cytometers used for
the immunophenotyping of hematological neoplasias are air-cooled argon lasers
with a power of 10–50 mW and an emission line that is tuned to 488 nm. Some
flow cytometers are provided with a second laser, which may be another argon
laser or a krypton laser. It is crucial to remember that the fluorescence signal
increases with laser power, but that more than 50 mW of power does not neces-
sarily produce more fluorescence signal. Indeed, most fluorochromes will satu-
rate with higher power, actually reducing relative signal-to-background staining.
Some of the commonly used lasers, dyes, and fluorochrome combinations for the
detection of minimal residual disease (MRD) in acute leukemias are listed in
Table 2.

Detectors
Fluorescence and right-angle light scatter (RALS) are detected by photomul-

tiplier tubes (PMTs). Photomultipliers are current amplifiers that transform pulses
of light into equivalent electrical pulses. They contain a light-sensitive photo-
cathode within a vacuum tube, which, when hit by a photon, releases an electron
with a certain probability (quantum yield).

Flow Chambers
Flow cells are the most critical component of a flow cytometer. They have to

fulfill two tasks: maintenance of laminar flow and hydrodynamic focusing. In a
flow cell, the dispersed sample is directed in a single file along a narrow path that
intersects the laser beam such that single cells are passing the excitation beam
sequentially. This narrow path is obtained by using two concentric laminar-
flow columns. The outer column of diluent is referred to as the sheath column,
where the flow usually travels faster than the inner flow core column contain-
ing the sample. The differential flow rates of the inner and outer columns control

Table 2
Commonly Used Laser Lines and Fluorochrome Combinations

for Multicolor Flow Cytometry

Laser Dye Fluorochrome combination

2 (488 nm + 647 nm) 4 FITC, PE, Cy5.5PE or Cy7PE, APC
FITC, PE, Cy5PE, Cy5.5APC or Cy7PE
FITC, PE, Cy5PE, APC
FITC, PE, TRPE, APC

1 (488 nm) 4 FITC, PE, Cy5PE, Cy5.5PE or Cy7PE
FITC, PE, ECD, Cy5PE

aSee Editors’ comments in the Appendix for further identification of fluorochromes and lasers
and wavelengths.
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the diameter of the core path. Laminar smooth flow has to be maintained to
confine the sample flow to the inner core.

The orifice of the flow chamber is usually of a larger diameter (70–100 µm)
than the excitation beam (30–50 µm). In order to prevent cells from wandering
in and out of the excitation beam, the sample flow has to be focused to ensure that
each cell will travel at the same velocity and that each cell will get the same
amount of exposure from the excitation beam. This process is referred to as
“hydrodynamic focusing” and is achieved by injecting the sample flow into the
middle of the sheath stream. Most of the flow cytometers currently in the clinic
have a closed flow chamber of the “stream-in-cuvet” type, with the laser beam
exciting the sample through the wall of the flow chamber, whereas most sorting
flow cytometers use “stream-in-air” configurations, with the laser beam striking
the sample streams in open air after they have left the flow cell. This usually
results in a higher noise level than closed instruments, but provides the ability to
form droplets that can be charged that allows sorting.

Fluorochromes
For the right choice of a fluorochrome or a fluorochrome combination, several

criteria have to be taken into consideration. First, the expected expression levels
for the markers of interest should be known, thus ensuring that weakly expressed
antigens can be stained with an antibody conjugated to one of the brightest
fluorochromes like PE, Cy5PE or APC, and strongly expressed antigens with
antibodies conjugated to less bright fluorochromes like fluorescein-isothio-
cyanate (FITC). Therefore, weak coexpression of myeloid markers like CD33 or
CD13 on blast cells of acute lymphoblastic leukemias (ALL) can only be iden-
tified if bright fluorochromes are used for aberrant expressed markers in combi-
nation with less bright fluorochromes for the lineage-specific markers like CD3
for T-lineage ALL and CD19 or CD22 for B-lineage ALL.

Another crucial point is made by the spectral overlaps that exist between the
various dyes used in staining. Although hardware or software compensation can
eliminate some of the spectral spillovers, careful combination of fluorochromes
must take into account that bright fluorochromes with a large spectral overlap
used for the detection of strongly expressed antigens can blanket the dim fluo-
rescence of weakly coexpressed markers despite an appropriate compensation
procedure and filters.

Furthermore, fluorochromes have to fulfill several conditions. These include
biological inertness, a prerequisite for a fluorochrome to be used for diagnostic
purposes in flow cytometry because any interaction with cellular components
hampers the specific detection of an antigen. Most currently available fluoro-
chromes do not interact with cellular components, but exceptions have to be kept
in mind, for example, the most common is the background binding of cyanine
tandem dyes like Cy5PE on monocytes and B-cells. Another point that has to be
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kept in mind when using tandem conjugates, especially with Cy5PE , is that the
chemical composition of these molecules differs between manufacturers and
even between lots from the same manufacturer. Thus, a different ratio of donor
and acceptor dye within a tandem conjugate can result in different spectral
behavior, which influences instrument settings and compensation and may
require several different compensation settings for a particular application.

Instrument Setup and Compensation
The instrument setup and the calibration of the flow cytometer for multicolor

immunophenotyping should satisfy three main objectives. First, optimal posi-
tioning of the window of analysis in the sample space must be achieved. The
sample space is defined by the physical properties of the sample (e.g., the cell
characterized by its diameter as measured by forward-angle light scatter [FALS],
its granularity as measured by RALS, and its excitation and emission spectra as
measured by the fluorescence detectors). Amplifier gain or PMT settings have
to be adjusted in such a way that each parameter appears in the appropriate range
of histogram channels for that parameter.

Second, it should be verified that the spectral overlap between the fluoro-
chromes used is correct. Compensation is the process by which spectral overlaps
between different fluorochromes are eliminated or, at least, minimized. This can
be performed by hardware after the signal is detected but before its logarithmic
conversion and/or digitization, or after data collection by using software algo-
rithms. Especially for the monitoring of minimal residual disease (MRD), it is of
utmost importance to know that a certain population cannot be clearly distin-

guished or even disappear from the “window of analysis” because of false
compensation settings. Therefore, the compensation settings should be ascer-
tained by using a sample that matches the “sample space” of the probe as closely
as possible or even use part of the probe material for the compensation setup.

Third, standardized beads or lymphocytes from normal individuals are com-
monly used for setting up a multicolor compensation matrix. However, in the
case of acute myeloid leukemias, these compensation settings often are not
adequate because of the differences in the physical properties of the myeloid
leukemia cells, not only in RALS and FALS but also in its differences because
of background staining and autofluorescence compared to lymphocytes or beads.
For a two-color analysis, the pairwise compensation between the two fluoro-
chromes is sufficient and complete. However, with the introduction of more and
more fluorochromes in a stain, the interactions and spectral overlaps become so
complex and numerous that a fully corrected compensation cannot be achieved
manually anymore. It is beyond the scope of this chapter to outline the different
approaches and algorithms for achieving optimal compensation settings for two-,
three-, or multicolor stainings. The reader is referred to excellent reviews by Stewart
and Stewart (19) and Roederer et al. (http://www.drmr.com/compensation).
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QUALITY CONTROL

The performance of the instrument for fluorescence measurements must be
controlled and documented. Each laboratory participating in MRD studies should
have a quality control program that ascertains the reliability and reproducibility
of the major instrument parameters over time. This is a prerequisite for the
longitudinal analyses aimed at the monitoring of therapy response. Multiple
samples from the same patient have to be analyzed over a period of time, which
can be weeks, months, or years, and the measurements should be undertaken
within established tolerance limits. Quality control measures should include the
examination of the optical alignment, including the efficiency and performance
of the laser tube, the optical filters, and the photomultiplier tubes. Several con-
sensus recommendations on the immunophenotypic analysis of hematological
neoplasias, including validation and control procedures, have been published in
recent years (20–24). These recommendations apply to the diagnosis of acute
leukemias as well as to the detection of MRD and should form the basis for a valid
assessment of minimal residual disease.

SAMPLE CHOICE AND SAMPLE PREPARATION

Bone marrow or, in the case of a leukemia, peripheral blood is used for the
initial diagnosis of the leukemia. With flow cytometry the leukemia-associated
immunophenotype (LAIP) is characterized and the best combination of fluoro-
chromes and antibodies is identified for follow-up investigations. In the initial
samples, the leukemic cell count is usually high and makes up more than 80–
90% of all nucleated cells in the sample, so that, normally, a homogeneous
distribution of blast cells is present independent of the aspiration technique and
the frequency of aspiration during one bone marrow puncture. Follow-up bone
marrow samples might be heterogeneous with regard to the distribution of blast
cells, especially if multiple aspirations during one bone marrow puncture are
undertaken. If the last aspiration available is submitted to the flow-cytometric
MRD laboratory, a nonrepresentative distribution of residual blast cells in bone
marrow blood may occur.

In the case of peripheral blood samples, the constant vascular flow almost
always ensures a homogeneous distribution of blood cells and blast cells
independent of aspiration technique and multiple aspirations during one punc-
ture, unless the blood is drawn inappropriately from an infusion line or directly
behind it, thus diluting the sample. Therefore, peripheral blood samples are
more consistent and homogeneous in their composition and less susceptible to
disturbances of composition than bone marrow samples. In terms of sensitiv-
ity, there are studies using PCR suggesting that peripheral blood samples might
have a sufficient sensitivity compared to bone marrow samples for the moni-
toring of MRD, but no studies have been undertaken comparing the sensitivity
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of MRD detection by flow cytometry in bone marrow and peripheral blood
samples (25,26).

STAINING
For surface staining of whole-blood cell samples, we prefer the stain/lyse/wash

procedure without fixation because this method achieves a better reduction of
background staining than the stain/lyse/no-wash method. Monoclonal antibod-
ies and whole blood are mixed in an appropriate ratio, usually (0.5–1.0) × 106

cells per 10–15 µL of monoclonal antibody. After incubation of the sample–
antibody mixture, the lysis reagent is added and the sample is vortexed and
incubated. Afterward, the sample is centrifuged, the supernatant discarded, and
the cell pellet washed in buffer and, finally, resuspended in buffer again to be
measured immediately.

The simultaneous staining of membrane and intracellular antigens requires
a slightly more elaborate procedure because cells have to be fixed after the
membrane staining. The addition of the lysis reagent can be omitted from the
procedure because the permeabilization reagent added together with the anti-
body for the intracellular antigen sufficiently lyses red blood cells. The addi-
tional washing procedure can lead to a little more loss of cells; thus, it is
advisable to use a higher cell input, especially if a large amount of cells are to
be acquired and analyzed. The staining and fixation procedures alter the light-
scatter properties and even shift fluorochrome intensities, so that different
instrument settings might be necessary for samples with intracellular staining.
Many protocols and reagents for intracellular staining are commercially avail-
able. A careful and meticulous evaluation of reagents and procedures has been
presented recently (27,28).

In the whole-blood staining procedure, elimination of interfering red blood
cells is achieved with a lysing reagent usually containing ammonium chloride,
but debris usually remains in the sample. Another possibility for clearing the
sample of red blood cells and debris is given by density gradient centrifugation.
After isolation of the mononuclear cells from the gradient, subsequent staining
procedures do not differ from the above-described method, except for the omis-
sion of the lysis reagent. With regard to antigen expression as measured by the
percentage of positive cells or fluorescence intensity, measured as mean expres-
sion, we have seen no significant differences for both methods, as illustrated in
Fig. 1. Of course, certain cell populations can be lost during gradient centrifuga-
tion, so that the flow-cytometric data should be compared and controlled by
morphological examination of bone marrow or peripheral blood smears. In this
way, incorrect interpretations because of sample preparation can be avoided in
most cases.

For any staining procedure, the optimal concentration of each antibody has to
be titrated carefully before the set up of a definite antibody panel and for every
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Fig. 1. Analysis of a peripheral blood sample of a patient with acute myeloid leukemia after density gradient centrifugation or whole
blood lysis stained with a three-color panel did not show any great differences, either in the light-scatter properties or in the fluorescence
characteristics.
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combination of antibodies in each tube. Staining properties can be influenced
by a variety of factors, including temperature, pH, ratio of cells and antibodies,
and the fluorochrome combination mixed in a stain. Despite the optimal modu-
lation of all of these factors and the consistent performance, the upgrading of
a two-color stain to a three- or four-color stain can lead to slightly different
staining properties (see Figs. 2 and 3), so that it is mandatory to apply the same
antibodies under the same conditions on initial diagnosis and during follow-up
investigations.

RATIONALE FOR THE CHOICE OF ANTIBODIES
AND COMPILATION OF AN ANTIBODY PANEL

As described in depth in the chapters by Campana and San Miguel, the precise
identification of the leukemic cell depends on the clear distinction of the leuke-
mic and normal immunophenotype (31–33). This presupposes an exact knowl-
edge of the immunophenotypic pattern displayed with a certain antibody panel
not only in normal hematopoiesis but also in conditions of a reconstituting
hematopoiesis, e.g., after chemotherapy or under the influence of growth factors
(e.g., granulocyte colony-stimulating factor [G-CSF]) (23,24,34).

A universal common denominator in the pathogenesis of acute leukemias is
that the immunophenotype of the leukemic clone resembles that of their normal
counterparts. However, many immunophenotypic studies with an increasingly
sophisticated approach have shown that this does not always hold true (11,35–
46). Instead, with the use of multiparametric flow cytometry, numerous studies
have shown that it is possible to define certain criteria that can be applied to
characterize a leukemia-associated immunophenotype (LAIP) (see Table 3)
(4,33,38,47–50). Examples of aberrant antigen expressions for acute myeloid
and acute lymphoblastic leukemias are given in the chapters by Campana and
San Miguel et al.

These criteria for the detection of the LAIP are directed by the characteristics
of antigen expression (weak or strong) and fluorochrome properties (e.g., bright-
ness, spectral overlap) that have to be carefully evaluated to compose the best
possible combination of fluorochromes and markers for a reproducible and valid
assay.

Fig. 2. (opposite page) Differences of fluorescences for CD34-FITC, CD2-PE, CD33-
PE/CD33-Cy5PE, and CD45PE/CD45-ECD according to three different staining pro-
cedures. All samples were stained after cells were isolated with Ficoll gradient
centrifugation. Two-color stainings were performed with FITC and PE, three-color
stainings with FITC, PE, and PC5, the four-color stain with FITC, PE, ECD and PC5.
CD45 staining was not included in the three-color analysis.
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Fig. 3. Changes of fluorescence features measured as percentage of expression in all analyzed cells (% expression), fluorescence
intensity (x-mean), and fluorescence distribution (coefficient of variation [cv]). The decrease of % expression of CD33 can be attributed
either to fluorochrome switch (PE to Cy5PE) or to fluorochrome interferences in the four-color stain. Fluorescence intensity (x-mean)
decreases for all fluorochrome–antibody combinations in the three- and four-color stain.
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In Figs. 2 and 3, an example of an acute myeloid leukemia is given to illustrate
the changes in expression (%), fluorescence intensity (x-mean), and coefficient
of variation (CV) according to different staining procedures (two-color, three-
color, and four-color staining). Despite the use of identical antibody clones in the
different stainings, optimal instrument setup and compensation, variations in the
percentage of expression are seen. Especially, for CD33, which is conjugated to
PE in the two-color stain and conjugated to Cy5PE in the three- and four-color
stains, a decrease is noted. The x-mean as a measure for fluorescence intensity
decreases in the multicolor stains despite constant or even higher PMT settings
in the three- and four-color assays.

Thus, the qualities of a multiparameter flow-cytometric analysis have to
accept the disadvantages concerning percentage expression, fluorescence
intensity, and coefficient of variation restricted by the best available antibody
and fluorochrome combination and the best possible instrument setup and
compensation.

HOW MANY COLORS, HOW MANY PARAMETERS?

In the beginning of monoclonal antibody and flow-cytometric technology,
the detection of immunophenotypic features was confined to the use of
unconjugated primary antibodies directed against a specific antigen and a sec-
ond-layer antibody directed against the Fc part of the specific antibody conju-
gated to a certain fluorochrome. This procedure did not allow multiple stainings
on one cell, thus the two light-scatter parameters could only be analyzed in
combination with one fluorescence. With this approach, the exact definition of
subpopulations expressing a distinct phenotype is not possible, although weakly
expressed antigens can be detected more precisely than with direct conjugated
antibodies.

Table 3
Characterization of Leukemia-Associated Immunophenotypes

Criteria Example

Cross-lineage antigen expression Expression of lymphoid antigens on myeloid blast
or vice versa

Asynchronous antigen expression Coexpression of antigens that correspond to
different maturational stages

Antigen overexpression Abnormally high expression of a certain antigens
Abnormal light scatter High FSC and high SSC of lymphoid cells
Differentially expressed antigens Expression of molecules associated with chromosomal

abnormalities, e.g., NG2 molecule (moAb 7.1)
in leukemic cells with 11q23 rearrangements (35)
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With the availability of direct fluorochrome-conjugated monoclonal antibod-
ies, double, triple, and multiple stainings have become increasingly possible.
Thus, with an increasing number of separable fluorochromes applied to a stain,
the number of populations that can be detected increases geometrically accord-
ing to the formula

p = n1x n2 x …xnk

p = nk

where p is the number of possible populations defined, k is the number of fluo-
rochromes used in a stain, and n (n1…, nk) is defined by the number of presumed
conditions separable by each fluorochrome. With the most commonly used and
commercially available flow cytometers, three- or four-color stains are routinely
applied. Expression of a certain antigen is normally assessed on the basis of a
single cutoff level, usually negative if expression is below 20% and positive if
expression is measured above 20%, e.g., the number of presumed conditions is
two, leading to either eight (three-color analysis) or 16 (four-color analysis)
discernible populations (see Table 4).

The simultaneous use of multiple colors tremendously enhances the amount
of information that can be obtained from one stain. Only this multicolor approach
can clearly reveal abnormalities in antigen expression on subpopulations that
could not have been detected from any panel of sequential one- or two-color
analysis (see Figs. 4 and 5). Especially in the diagnosis of MRD, the conclusions
drawn from a series of one- or two-color stains by comparing the percentages of
expression in a bulk population are not sufficient to define a certain LAIP that can
be used to monitor the disease.

Table 4
Number of Population Discernible by Multicolor Systems

No. of fluorochromes

No. of conditions Two-color Three-color Four-color

2   4   8   16
3   9 27 108
4 16 64 256

Fig. 4. (opposite page) The two-color four-parameter analysis allows for the distinction
of four populations. There are two CD34+ populations, one with coexpression of CD56
(red, population C) and one without the coexpression of CD56 (blue, population D). The
bulk of the remaining blast cells in this acute myeloid leukemia are CD56+ without
coexpression of CD34 (yellow, population B).
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Fig. 5. With a four-color six-parameter analysis eight populations are discernible. Although small, they characterize the hetero-
geneity of the leukemic and normal populations. There are four subpopulations of CD34+ cells from which population H and I
certainly constitute the leukemic clone and population J and K probably belong to residual normal precursors.

16
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OUTLOOK

Multiparametric flow cytometry has evolved to a powerful and indispensable
tool for the detection of MRD in acute leukemias. The application requires a
certain knowledge of the characteristics of the individual fluorochromes, fluo-
rochrome–antibody combinations, and marker expressions in different disease
entities and in normal conditions to choose appropriate reagents, reagent com-
binations, and fluorochrome–antibody pairings. New developments in software
and amplifier technology will improve and simplify the instrument setup as well
as compensation algorithms for multiparameter flow cytometry, so that a mul-
titude of reproducible and valid assays can be investigated to provide the clini-
cian with the most important information for disease monitoring and MRD.
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of Minimal Residual Disease
in Children with Acute
Lymphoblastic Leukemia

Dario Campana

INTRODUCTION

A central problem in childhood acute lymphoblastic leukemia (ALL) is the
identification of patients who require more aggressive therapy to avert relapse.
Although clinical (e.g., white blood cell count, age) and biologic (e.g., immuno-
phenotype, ploidy, structural chromosomal abnormalities, and gene rearrange-
ments) parameters can be used for treatment stratification, none of these
prognostic factors is ideal. A proportion of patients with “good risk” features
relapse, whereas others may receive more intensive treatment than is necessary.
Studies of minimal residual disease (MRD) aim at improving estimates of the
total burden of leukemic cells during clinical remission. This information pro-
vides an indicator of the aggressiveness and drug sensitivity of the disease and
helps in the selection of appropriate therapeutic strategies.

Reliable MRD assays would allow not only the early identification of patients
at a higher risk of relapse and detection of impending clinical relapse, but would
also provide a powerful tool for assessing bone marrow or peripheral blood that
has been harvested for autologous hematopoietic stem cell transplantation and
for determining the efficacy of “purging” procedures (1). In addition, MRD
measurements could be used as end points to rapidly compare the effectiveness
of different chemotherapeutic regimens.

The main purpose of MRD assays is to be clinically useful. Therefore, meth-
ods must be robust, reliable, rapid, and suitable for a clinical laboratory. Numer-
ous methods of monitoring MRD in acute leukemia have been developed and are
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discussed extensively in this book. The following sections review the method-
ologic and clinical advances in the detection and measurement of MRD in child-
hood ALL based on immunophenotype.

IMMUNOPHENOTYPIC IDENTIFICATION
OF LEUKEMIA CELLS

Rationale
In general, the immunophenotype of leukemic cells reflect that of their normal

counterparts. The normal equivalents of T-lineage ALL cells are immature
T-cells, which expand in the thymus and are confined to this organ (2). There-
fore, in patients with this subtype of leukemia, detection of MRD in the bone
marrow or in the peripheral blood is relatively straightforward: It consists in
the identification of immunophenotypically immature T-cells (3). For example,
the combination CD3/TdT is expressed by most T-lineage ALL cells and by
developing T-cells in the thymus, but it is never observed among normal peri-
pheral blood or bone marrow cells (4). Other similar thymus-restricted
immunophenotypic combinations can also be used (5). In the case of B-lineage
ALL cells, the normal equivalent cells are the B-cell progenitors, which normally
reside in the bone marrow (6). These cells are particularly abundant in samples
from young children or in bone marrow regenerating after chemotherapy and
bone marrow transplantation (7) and can also be found, albeit in low proportions,
in the peripheral blood (8). Therefore, in patients with this subtype of leukemia,
detection of MRD by immunophenotypic criteria depends on the identification
of molecules differentially expressed in normal and leukemic cells.

Differentially expressed molecules that constitute leukemia-associated
immunophenotypes in B-lineage ALL can be classified in three broad categories.
The first category includes the product of gene fusions that accompany chromo-
somal translocations such as BCR-ABL, E2A-PBX1, MLL-AF4, and TEL-AML1.
The encoded chimeric proteins are genuine tumor-associated markers, and anti-
bodies specific for these tumor markers should be useful for studies of MRD.
Unfortunately, it has been difficult to produce monoclonal antibodies that would
allow reliable detection of these proteins by immunofluorescence, although one
such reagent, which reacts with the E2A-PBX1 chimeric protein, has been
described (9).

A second category is represented by molecules whose expression becomes
dysregulated by the leukemic process. For example, the human homolog of the
rat chondroitin sulfate proteoglycan (NG2), recognized by the antibody 7.1, is
expressed by leukemic lymphoblasts (generally those with 11q23 abnormalities)
but not by normal hematopoietic cells (10,11). Another molecule, CD66c, is
expressed in approximately one-third of B-lineage ALL cases, but it is not
expressed in normal B-cell progenitors (12–15). Because this antibody also reacts
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with myeloid cells, it must be used in combination with reagents that identify
lymphoid progenitors.

A third category of immunophenotypic features that can be used to distinguish
B-lineage ALL cells from normal B-cell progenitors is represented by molecules
that are expressed during normal B-cell development but are relatively
underexpressed or overexpressed in leukemic cells (16–18). For example, nor-
mal CD19+CD34+ B-cell progenitors lack CD21, a marker expressed later during
differentiation, but cells in a proportion of B-lineage ALL cases are CD19+

CD34+CD21+. In addition, a number of quantitative differences in antigen
expression can be used to distinguish leukemic blast cells from subsets of normal
cells with similar phenotypes. Thus, the expression of CD19, CD10, and CD34
in some cases of B-lineage ALL can be more than 10-fold greater than that of
normal B-cell progenitors (16–19). Underexpression of CD45 and CD38 is also
an abnormal feature in some B-lineage ALL cases (16–20). Other markers, such
as CD45RA, CD11a, and CD44 may also be overexpressed or underexpressed
(21). Overexpression of WT1 in ALL (22,23) could also, in principle, be exploited
for MRD studies.

Flow Cytometry
In theory, the availability of antibodies to true tumor antigens (e.g., proteins

product of gene fusions) would allow identification of residual leukemic cells.
Even in this case, however, it seems likely that focusing the analysis on selected
cell subsets identified by other markers would increase the reliability and sensi-
tivity of the assay. Current immunologic strategies for detecting residual disease
rely on combinations of multiple markers; hence, they cannot be performed by
immunohistochemistry. They require immunofluorescence techniques that allow
the simultaneous application of antibodies conjugated to different fluorochromes.
Early MRD studies were performed by fluorescence microscopy (3–24). How-
ever, microscopic screening of a large number of cells is tedious and time-
consuming. The automation of this process by computerized image analysis is
desirable, but we have not yet encountered a sufficiently sensitive and accurate
instrument that we could recommend for reliable MRD detection. Virtually all
laboratories currently prefer flow cytometry, which allows multiparameter analy-
sis, antigen quantitation, and rapid screening of large numbers of cells. Addi-
tional capabilities of flow cytometry, such as cell sorting followed by
fluorescence in situ hybridization (FISH) (25) or simultaneous analysis of phe-
notype and DNA content (26), may also aid MRD studies, but have not been used
extensively for this purpose.

Currently, most laboratories use three-color analysis for MRD studies, includ-
ing antibodies conjugated to FITC, PE, and PerCP. Dual-laser flow cytometers
that allow the detection of other fluorochromes such as antigen-presenting cells
(APC) and permit four-color analysis appear to be ideally suited for these studies.
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In addition, this approach potentially allows a reduction in the number of indi-
vidual test tubes per sample, thus employing reagents and cells more efficiently.

Sensitivity and Precision
The sensitivity of detecting rare cells by flow cytometry is determined by the

degree of difference in the features of the target population as compared to the
remaining cells and by the number of cells that can be counted. As discussed in
this chapter, ALL cells do express markers in combinations that are not found in
normal hematopoietic cells. Thus, the main limitation in sensitivity for all MRD
detection methods is the number of cells that can be analyzed. A marrow sample
taken from a child with acute leukemia in clinical remission typically yields 5 ×
107 or fewer mononuclear cells, and technical constraints may limit the number
of cells available for study to less than 1 × 106. Flow cytometry allows the
detection of 1 target cell in 108 or more cells, providing that a large number of
cells is studied (e.g., 108 or more) and the fluidics system is exhaustively cleansed
(27–30). Because such large samples are rarely available during routine MRD
studies in patients with leukemia, a more reasonable sensitivity for practical
applications is approximately 1 target cell in 104–105 cells.

To determine the precision of flow-cytometric detection of rare cells, we
prepared mixtures of leukemic and normal cells and compared the results of
multiple measurements of residual leukemia in identical cell preparations. The
results demonstrated that this assay is highly precise: in 23 tests of mixtures
containing 1 leukemic cell in 104 normal cells, results were remarkably similar
(coefficient of variation = 15%); in 22 tests of mixtures containing 1 leukemic
cell in 103 cells, the coefficient of variation was 10% (31).

Methodological Approach
The methodological approach that we use in our laboratory has previously

been described in detail (16). Briefly, we first perform a detailed analysis of the
immunophenotype of the leukemic blasts at diagnosis or at relapse. The results
from the patients’ cells are then compared to previously obtained results of an
identical immunophenotypic analysis of normal bone marrow and peripheral
blood samples. The most distinctive marker combinations in each case are thus
selected. If the immunophenotype of the leukemic cells were not known, one
would have to apply the full range of potentially useful markers for MRD studies
in remission samples. This not only would be expensive and time-consuming,
but it may still fail to identify residual disease.

At the time of MRD analysis, cells are labeled with the selected antibody
combinations, and the light-scattering and immunophenotypic features of
10,000 cells are recorded (16). We then selectively store and examine the infor-
mation for cells that fulfill the predetermined morphologic and immuno-
phenotypic criteria, from a total of over 2 × 105 bone marrow mononuclear cells.
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At least 10–20 dots expressing the leukemia-associated features must be cap-
tured to interpret a cluster of abnormal flow cytometric events.

Selection of Markers
To date, leukemia-specific phenotypes have been searched by systematically

comparing the immunophenotypes of leukemic cells with those of normal bone
marrow cells (16). This approach has identified phenotypic features that are
uniquely associated with leukemic cells and are never expressed during normal
hematopoietic cell development, even during chemotherapy or after bone mar-
row transplantation. Unfortunately, this process is slow and largely based on trial
and error.

We have recently used cDNA arrays to identify immunophenotypic differ-
ences between ALL cells and normal lymphoid progenitors (32). By cDNA array
analysis, 334 of 4132 genes studied were expressed 1.5-fold to 5.8-fold higher
in leukemic cells relative to both normal samples; 238 of these genes were also
overexpressed in the leukemic cell line RS4;11. We selected 9 genes among the
274 overexpressed in at least two leukemic samples and measured expression of
the encoded proteins by flow cytometry. Seven proteins (CD58, creatine kinase
B, ninjurin1, Ref1, calpastatin, HDJ-2, and annexin VI) were expressed in
B-lineage ALL cells at higher levels than in normal CD19+CD10+ B-cell pro-
genitors (p < 0.05 in all comparisons). Because of its abundant and prevalent
overexpression, CD58 was chosen for further analysis. An anti-CD58 antibody
identified residual leukemic cells (0.01–1.13%, median 0.03%) in 9 of 104 bone
marrow samples from children with ALL in clinical remission. MRD estimates
by CD58 staining correlated well with those of polymerase chain reaction (PCR)
amplification of immunoglobulin genes.

The identification of immunophenotypic differences between normal bone
marrow cells and leukemic cells in diagnostic samples is just a starting point.
It is then important to test the expression of the selected markers on normal bone
marrow cells under different conditions. In particular, it is crucial to establish
whether levels of expression remain consistent in leukemic cells of patients
undergoing chemotherapy and in normal cells actively proliferating after chemo-
therapy or bone marrow transplantation. Investigators planning to test samples
after several hours from collection (e.g., those shipped from other centers) should
ensure that the leukemia-associated immunophenotypes are stable. In addition,
experiments with mixtures of leukemic and normal cells are required to test the
sensitivity afforded by the new immunophenotypic combination.

ANTIBODY PANELS

Table 1 summarizes the phenotypic combinations currently used in our labo-
ratory. We use only immunophenotypes that allow us to detect 1 leukemic cell
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in 104 or more normal cells. We use the combination of nuclear TdT with T-cell
markers, such as cytoplasmic or surface CD3 or CD5, in virtually all cases of
T-ALL. In cases with weak or negative TdT expression, we used CD34 instead,
if this marker is found to be expressed at diagnosis. CD19 and HLA-Dr, which
are not usually expressed on T-ALL blasts but are strongly positive on most
normal bone marrow TdT+ cells, can be used to further distinguish normal from
leukemic cells. By this approach, MRD can be studied in virtually all cases of
T-ALL.

Detection of MRD in B-lineage ALL requires a larger panel of antibodies.
We usually identify immature B-cells by the simultaneous expression of CD19,
CD10, and CD34 or TdT. Quantitative differences in antigenic expression
between leukemic and normal cells in the expression of these markers can be
used in approx 30–50% of cases. Other useful markers whose expression may
differ quantitatively in leukemic and normal immature B-cells are CD38, CD45,
CD22, and the recently identified CD58. Qualitative differences between normal
and leukemic cells can be detected by using antibodies to myeloid- and
NK-associated molecules or to molecules expressed by mature normal B-cells.

Table 1
Immunophenotypic Markers Currently Used to Study MRD in Children with ALL

   ALL Frequency
lineage Type of phenotypic abnormality Markers (%)a

B Overexpression CD19/CD34/CD10/TdT 30–50
or under expression CD19/CD34/CD10/CD22 20–30
of markers also expressed CD19/CD34/CD10/CD38 30–50
in normal B-cell progenitors CD19/CD34/CD10/CD45 30–50

CD19/CD34/CD10/CD58 40–60
Expression of markers CD19/CD34/CD10/CD13 10–20

not expressed CD19/CD34/CD10/CD15   5–10
in normal B-cell progenitors CD19/CD34/CD10/CD33   5–10
(aberrant marker) CD19/CD34/CD10/CD65   5–10

CD19/CD34/CD10/CD56   5–10
CD19/CD34/CD10/CD66c 10–20
CD19/CD34/CD10/7.1 3–5

Expression of markers expressed CD19/CD34/CD10/CD21   5–10
at different stages CD19/CD34/TdT/cytopl.µ 10–20
of normal B-cell maturation

T Phenotypes normally confined TdT/CD3 90–95
to the thymus CD34/CD3 30–50

aProportion of childhood ALL cases in which 1 leukemic cell in 104 normal bone marrow cells
can be detected with the listed immunophenotypic combination. Most cases express more than one
combination useful for MRD studies (16).
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CD66c and anti-NG2 (7.1), as mentioned above, are two additional informative
markers. With all of these marker combinations, approx 90% of B-lineage ALL
cases can be studied at the 1 in 104 level of sensitivity.

Flow Cytometry Compared to PCR
Each method of MRD detection has specific advantages and potential pitfalls

(33). For example, immunologic techniques yield a more accurate quantitation
of MRD and can discriminate viable from dying cells, whereas PCR may have
superior sensitivity. In any case, neither immunologic nor molecular techniques
can, at present, be applied to all patients, which is a prerequisite for the introduc-
tion of MRD monitoring in clinical protocols. To determine how well measure-
ments obtained by flow cytometry and PCR amplification of IgH genes were
correlated, we tested serial dilutions of normal and leukemic cells by both meth-
ods (34). We found the two methods to be highly sensitive (10–4 or greater
sensitivity), accurate (r2 was 0.999 for flow cytometry and 0.960 for PCR by
regression analysis), and concordant (r2 = 0.962). We then used both methods to
examine 62 bone marrow samples collected from children with ALL in clinical
remission (34). In 12 samples, both techniques detected MRD levels >10–4. The
percentages of leukemic cells measured by the two methods were highly corre-
lated (r2 = 0.978). Of the remaining 50 samples, 48 had MRD levels <10–4.
Results were discordant in only two of these samples: PCR detected 2 in 104 and
5 in 104 leukemic cells, whereas the results of the flow-cytometric assays were
negative; both patients remain in remission by clinical, flow-cytometric, and
molecular criteria, 22 and 32 mo after remission.

We also compared the results of flow cytometry to those of reverse transcrip-
tion (RT)-PCR amplification of fusion transcripts (BCR-ABL and MLL-AF4;
Coustan-Smith et al., unpublished results). In 25 of 27 bone marrow samples
collected during remission, the methods gave concordant results (10 were MRD+

and 15 were MRD–). Of the two remaining samples, one was negative by flow
cytometry but positive (10–5) by PCR; the other was positive by flow cytometry
but negative by PCR (MRD was detectable by both methods in prior and subse-
quent samples from this patient). These results indicate that measurements of
MRD by our flow-cytometric method and by PCR assay are comparable and that
levels of MRD associated with a higher risk of relapse (i.e., >10–4) can be detected
by either technique.

Potential Sources of Error
Detection of rare events by flow cytometry requires meticulously clean and

precise procedures (16). False-positive results can be caused by sample contami-
nation, dirty reagents, and imperfect cleansing of the fluidics system. False-
positive results can be caused by using antibodies that react nonspecifically.
We strongly recommend the use of isotype-matched nonreactive antibodies as
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controls and careful titration of all antibodies. The sequence in which antibodies
are added to cells and the times of incubation must be rigorously standardized,
because variations in these procedures can alter the intensity of cell labeling.
Variations resulting from changes between different batches of antibodies must
be monitored by frequent staining of normal samples. It goes without saying that
the instrument should be maintained in excellent condition, with frequent cali-
bration and periodic servicing.

A small fraction of patients has a recurrence of acute leukemia whose cellular
features are unlike those determined at diagnosis. In the majority of cases, these
leukemias are unrelated to the original leukemic clone and represent secondary
malignancies, which are often caused by the mutagenic effects of leukemia treat-
ment (35,36). Clearly, secondary leukemias cannot be anticipated by currently
available methods for monitoring MRD. In a proportion of cases, recurrent leu-
kemia has genetic features that confirm its relationship to the original leukemic
clone, but has the phenotype of a different lineage (lineage switch). There have
been reports of leukemias morphologically and immunophenotypically charac-
terized as ALL that relapse as AML, while retaining the karyotypic and molecu-
lar features of the original clone (37–39). Such “lineage switch” relapses may be
detected early by molecular methods such as including PCR amplification of
chromosomal breakpoints or antigen-receptor gene rearrangements, but not by
flow cytometry.

Another cause of false-negative results during monitoring for residual leuke-
mia is clonal evolution during and after treatment, which may cause the disap-
pearance of one or more of the markers detected at diagnosis—a phenomenon
already noted in early studies (40–46). The impact of immunophenotypic changes
on MRD monitoring with multiple markers is related to the number of marker
combinations that can be applied to each patient.

CLINICAL STUDIES OF MRD IN ALL BY FLOW CYTOMETRY

Correlation Between MRD and Treatment Outcome
Immunophenotyping was the first method to be productively used to study

MRD (3). Several earlier studies demonstrated the potential usefulness of this
approach (24,47,48). Despite promising initial results, interest in this approach
was somewhat diverted by the advent of PCR in the late 1980s. Many investiga-
tors, startled by the novelty and elegance of PCR, began regarding almost any
other existing laboratory technique as a relic of another era. However, when we
directly compared the two methods over a decade ago (49), we emerged with the
impression that flow cytometry would remain a valid, informative, and clinically
applicable approach to study MRD. This impression was corroborated by the
consistent improvement in antibody and fluorochrome quality and variety and by
the relentless refinement of flow cytometers and analytical hardware and software.
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Our findings on monitoring residual disease in children with ALL have been
summarized in a recent publication (50). We prospectively studied MRD in
195 children with newly diagnosed ALL in clinical remission. Bone marrow
aspirates (n = 629) were collected at the end of remission induction therapy and
at three intervals thereafter. Detectable MRD (i.e., ≥0.01% leukemic mono-
nuclear cells) at each time-point was associated with a higher relapse rate (p <
0.001); patients with high levels of MRD at the end of the induction phase (≥1%)
or at wk 14 of continuation therapy (≥0.1%) had a particularly poor outcome. The
incidence of relapse among patients with MRD at the end of the induction phase
was 68±16% (SE) if they remained MRD+ (18 patients) through wk 14 of continu-
ation therapy, compared with 7±7% if MRD became undetectable (14 patients)
(p = 0.035). The persistence of MRD until wk 32 was highly predictive of relapse
(all four MRD+ patients relapsed versus two of the eight who converted to unde-
tectable MRD status; p = 0.021).

Residual disease was significantly more frequent in infants and patients ≥10 yr
of age than in children of intermediate ages (p = 0.007). Notably, four of six
infants had ≥0.01% leukemic cells at the end of remission induction. Among
cellular features, rates of detection did not differ significantly in comparisons
based on cell lineage, but there was a strong association between MRD detection
and the Philadelphia chromosome: All eight cases with this abnormality had
positive findings (p < 0.001). This contrasts with MRD positivity in 2 of 15 cases
with a TEL gene rearrangement and 8 of 42 cases with hyperdiploid (>50 chro-
mosomes) B-lineage ALL, both considered favorable prognostic signs (51–55).

The predictive strength of MRD remained significant even after adjusting for
adverse presenting features. It also remained significant in analyses that excluded
patients at very high or very low risk of relapse by St. Jude criteria (56) or that
focused on patients with high risk of relapse by NCI criteria (57). Because per-
sistence of circulating lymphoblasts after the first week of treatment identifies
children with ALL at a higher risk of relapse (58–62), we also determined whether
MRD studies at the end of remission induction would add to the prognostic
information provided by the earlier morphologic assessment of circulating lym-
phoblasts. MRD findings at the end of the induction phase correlated well with
treatment outcome in patients with or without circulating blasts.

Additional findings demonstrating the value of immunologic MRD monitor-
ing in patients with ALL were reported by Farahat et al. (63), who used antibodies
to TdT, CD10, and CD19 to detect MRD in six of nine patients 5–15 wk before
relapse. By contrast, 43 patients who remained in continuous complete remis-
sion, with a median follow-up of 23 mo, were consistently free of MRD by flow
cytometry. In a study of 53 ALL patients (37 B-lineage and 16 T-lineage ALL),
Ciudad et al. (64) used three-color flow cytometry to study MRD. Patients who
had a gradual increase in MRD levels showed a higher relapse rate (90% vs 22%)
and shorter median relapse-free survival than those with stable or decreasing
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MRD levels. The adverse predictive value of MRD was also observed when
children and adults were analyzed separately.

Bone Marrow Versus Peripheral Blood for MRD Studies
Practical and ethical considerations limit the acquisition of sequential bone

marrow samples from children. The use of peripheral blood rather than bone
marrow may provide additional opportunities for MRD studies, but little is known
about the clinical significance of studying MRD in peripheral blood. The existing
studies on the subject have used PCR and produced discordant results. Brisco et al.
used quantified MRD in 35 paired blood and bone marrow samples from
15 children with B-lineage ALL receiving induction therapy and found that the
level of MRD in peripheral blood was approx 10-fold lower than in marrow (65).
Van Rhee et al., in a study of Ph+ ALL, had similar findings in 3 of 18 patients,
while in the remainder, there was no significant difference in MRD detected in
blood and marrow (66). Martin et al. also found that MRD levels in marrow
exceeded those in blood by a factor of 10 or more in six patients (67). However,
more recently, Donovan et al. used PCR amplification of antigen-receptor genes
to compare MRD in 801 paired blood and bone marrow samples obtained from
165 patients; findings in 82% of the pairs were concordant (68).

We studied 90 pairs of bone marrow and peripheral blood samples. Of these,
69 were negative in both marrow and blood and 10 were positive in both. In the
remaining 11 samples, leukemic cells were detected in the bone marrow but not
in peripheral blood. Interestingly, all five patients with T-lineage ALL who had
detectable MRD in the bone marrow had an approximately equal proportion of
leukemic cells in the peripheral blood. By contrast, only 5 of the 16 patients with
B-lineage ALL who had detectable MRD in the bone marrow also had detectable
circulating blast cells (Coustan-Smith et al., unpublished results). Taken together,
the available evidence suggests that the correlation between levels of MRD in the
peripheral blood and bone marrow may vary with the time of measurement, the
subtype of ALL, and, possibly, the type of treatment.

FUTURE PERSPECTIVES

The studies of MRD in childhood ALL reported to date collectively indicate
that measurements of MRD provide a powerful and independent prognostic
indicator of treatment outcome in children with ALL and are likely to have a
consequential impact on the clinical management of these patients. The results
of MRD studies during the early phases of therapy in this disease are consistent
with, and add to, the predictive value of other measurements of early response
to therapy, such as the presence of circulating blast cells at d 7 of therapy (59),
the degree of response to prednisone (61), and the morphologic detection of blast
cells in the bone marrow on d 15 and 21 (69).
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It remains to be decided how MRD assays should be used to guide treatment.
Based on the existing evidence, it seems reasonable to intensify therapy for those
patients who have a slow early response to treatment and have detectable MRD
during clinical remission. Conversely, the excellent clinical outcome of MRD-
negative cases raises the possibility of using MRD assays to identify candidates
for experimenting reductions in treatment intensity. However, it may be argued
that studies of MRD are unlikely to substantially improve clinical strategies in
a disease such as childhood ALL, in which approximately three-fourths of
patients can be cured and for which several risk factors strongly predictive of
outcome are already guiding therapy (70). However, known prognostic factors
are not 100% predictive, and MRD studies might well complement and enhance
their informative value. Moreover, oncologists may be reluctant to abandon
clinical and biologic parameters, such as age, leukocyte counts, and genetic
features, whose relation with treatment response has been repeatedly confirmed,
even within different treatment protocols, and there are only a few informative
(but not nearly as extensive) clinical studies of MRD. Therefore, at present, it
seems prudent to combine MRD with clinical and biologic parameters for a
comprehensive risk assignment in children with ALL.

We still do not know whether early detection of relapse and subsequent changes
in therapeutic strategies will improve cure rates, but there is reason to believe that
this might be the case. First, it is well established that the tumor burden and the
curability of cancer are related. In ALL, for example, a large tumor mass at
diagnosis as demonstrated by high leukocyte counts and high serum lactate
dehydrogenase activity is an indicator of poor prognosis (56). Second, the like-
lihood of the emergence of drug-resistant malignant cells by mutation increases
as the number of cell divisions increases and, hence, relates to the total tumor
burden (71).

The use of MRD studies may benefit treatment of childhood ALL beyond risk
assignment. For example, the utility of autologous transplantation could con-
ceivably be improved by the development of effective techniques for purging the
graft of leukemic cells, coupled with sensitive methods for detection of MRD.
In addition, testing of new treatment approaches, such as tyrosine kinase inhibi-
tors, cytokines, immunotoxins, adoptive T-cells, compounds interfering with
oncogenic molecular aberrations, and inhibitors of angiogenic growth factors,
may necessitate modifying the way in which anticancer treatments have tradi-
tionally been tested. MRD measurements may serve as surrogate end points in
the clinical testing of these novel therapeutic approaches.

One has to recognize that none of the methods developed to date to study MRD
is perfect and that existing techniques have advantages and disadvantages. There-
fore, our approach is to combine two methods in efforts to study all patients.
By using flow cytometry and PCR amplification of antigen-receptor genes
simultaneously, we have been able to study 96 consecutive cases. This approach
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should also prevent false-negative results because of changes in immuno-
phenotype or predominant antigen-receptor gene clone during the course of the
disease.
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PROGNOSTIC VALUE OF MRD IN ALL

Acute lymphoblastic leukemia (ALL) is the most common form of cancer in
children. The main cause of treatment failure, which occurs in approx 20% of
patients, is relapse arising from outgrowth of residual leukemic cells that are
refractory to therapy. ALL is a heterogeneous disease, characterized by stage of
differentiation and by a spectrum of recurrent chromosomal abnormalities (1–5).
Thus, ALL is not a single entity, and uniform therapy is not ideal. Children at high
risk require intensive treatment, whereas others have an excellent prognosis with
less toxic therapies. The question remains: How best to identify the patients with
ALL who are at high risk of relapse?

As the cure rate of ALL now approaches 80%, many clinical and biologic
features once considered important in risk assignment have lost their predictive
value. Clinical features that predict relapse are patient age and leukocyte count.
Patients with the t(9;22) translocation or rearrangement of the MLL locus at
chr11q23 have an overall unfavorable outcome. Some genetic abnormalities,
however, are associated with good prognosis. These include hyperdiploidy (51–
65 chromosomes per cell) and the t(12;21) translocation. None of these features,
however, is 100% predictive (1,2).

To find better predictors of patient outcome, investigators have examined the
in vivo response of leukemic cells during therapy by using sensitive assays
to investigate subclinical levels of leukemic cells (minimal residual disease
[MRD]) in patient samples during clinical remission (6–20). There are four
major conclusions from MRD studies (21). First, quantitative assessment of
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MRD, as opposed to qualitative assessment, is necessary. Second, high levels of
MRD after induction therapy are associated with poor prognosis, whereas low
(<0.01%) or undetectable levels are associated with excellent outcome. Third,
persistence of MRD at two or more time-points during therapy is associated with
a particularly poor prognosis. Fourth, MRD is an independent predictor of patient
outcome.

CLONAL MARKERS FOR MRD ASSESSMENT IN ALL

Fusion Genes
There are two types of clone-specific markers that can be used for MRD

assessment in ALL. These are the breakpoint fusion regions of chromosomal
abnormalities found in ALL and the junction regions of antigen-receptor gene
rearrangements that arise during normal lymphoid development. A large number
of recurrent chromosomal abnormalities have been characterized in ALL (1,4,5).
One example is the SIL-TAL1 fusion gene (TAL-1 deletion) that is found in
leukemic cells, but not in normal cells. This genetic lesion is generated by site-
specific recombination on chromosome 1p32, and the genomic sequence of this
gene fusion can be used as a leukemia-specific target in approx 25% of T-lineage
ALL cases (22–24). Other leukemia-specific lesions, such as the TEL-AML1,
BCR-ABL, E2A-PBX1, and MLL-AF4 fusion genes, arise from chromosomal
translocations. However, in contrast to the SIL-TAL1 fusion, the genomic
breakpoints of these fusion genes are spread over large distances within each
gene locus. This makes it difficult to precisely identify the genomic regions fused
together. Consequently, genomic sequences from these chromosomal transloca-
tions are not amenable for routine MRD assessment. This shortcoming, however,
can be overcome by the observation that although the genomic breakpoints differ
from case to case, the fusion transcripts arising from a particular chromosomal
translocation are virtually identical. Therefore, these fusion transcripts may be
used as leukemia-specific targets for MRD assessment in ALL (25–28).

There are drawbacks, however, in using fusion transcripts for assessment of
MRD. A prerequisite for clinical monitoring is that every patient should be
evaluated for residual leukemic cells. Because well-defined chromosomal trans-
locations are found in only 35–40% of ALL cases (1,4,5), fusion transcripts can
be used to monitor MRD only in the minority of cases. Potential problems also
arise when using RNA as a molecular target. RNA is more susceptible to degra-
dation than DNA, and the possibility exists that the number of mRNA transcripts
per cell might fluctuate during therapy.

Antigen-Receptor Gene Rearrangements
Because of the limited applicability of fusion transcripts, the most common

method for investigating MRD in ALL is polymerase chain reaction (PCR)
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amplification of clone-specific immunoglobulin (Ig) and T-cell receptor (TCR)
gene rearrangements (29). As part of normal development, lymphoid cells rear-
range their antigen-receptor gene segments (V, D, and J regions) to create an
amazingly diverse repertoire of receptors for antigen recognition (30–32). This
process provides a unique genetic “fingerprint” for each lymphoid cell, and this
fingerprint can be used as a monoclonal marker for MRD detection.

Because each lymphoid cell has its own unique fingerprint, the sequence of the
Ig/TCR gene rearrangement present in the leukemic clone must be identified for
each patient. To facilitate this identification, DNA from the diagnostic sample is
amplified using sets of consensus primers to the V-, D-, and J-region gene seg-
ments (33,34). After amplification, the clonal PCR products are sequenced
directly to precisely identify the VDJ-junction region nucleotides. From this
sequence, an oligonucleotide complementary to the unique junction region
sequence is synthesized. This clone-specific oligonucleotide is then used to detect
leukemic cells among normal hematopoietic and lymphoid cells, either as a
hybridization probe or as a primer to specifically amplify the rearrangement of
the leukemic clone (see Fig. 1).

Antigen-receptor gene rearrangements are readily identified in ALL (see Table 1).
Rearrangements of the IgH, Igκ, TCR-δ, and TCR-γ loci are common and at least
one is found in virtually all cases. Notably, cross-lineage rearrangements, such
as TCR-δ and TCR-γ rearrangements in B-precursor ALL, are frequently found
in ALL (35,36). These rearrangements, not detected in mature lymphoid cells,

Fig. 1. Generation of clone-specific markers of lymphoid cells by antigen-receptor gene
rearrangement. During the process of VDJ recombination, V (variable), D (diversity),
and J (joining) regions, normally interspersed along the chromosome, are randomly
joined. This joining is imprecise, and random nucleotides (N nucleotides) are incorpo-
rated among the V, D, and J segments. The diversity of the VDJ junction permits synthesis
of a complementary oligonucleotide that is specific for each lymphoid cell. This oligo-
nucleotide is used as a hybridization probe or an amplification primer for clone-specific
detection.
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increase the probability of finding an Ig/TCR clonal marker. In B-precursor
ALL, the IgH, Igκ, TCR-δ, and TCR-γ are rearranged in 95%, 30%, 55%, and
60% of cases, respectively. In T-lineage ALL, the TCR-δ and TCR-γ loci are
rearranged in 70% and 95% of cases, respectively. Although the TCR-β locus is
frequently rearranged in T-lineage ALL, this locus is rarely used for MRD
assessment because of the high frequency of TCR-γ and TCR-δ rearrangements
and the difficulty in identifying TCR-β rearrangements from genomic DNA.
Overall, the high incidence of Ig/TCR gene rearrangements permits the design
of assays for their detection in approx 90% of ALL cases.

Choosing an Ig/TCR clonal marker is balanced between two issues: the sen-
sitivity of residual disease detection and the likely stability of the gene rearrange-
ment. In general, the junction sequences of the Igκ and TCR-γ gene rearrangements
are less diverse than those of the IgH and TCR-δ loci. This is because Igκ and
TCR-γ rearrangements lack D-region segments and because the VJ junctions
usually contain only a small number of random nucleotides (N nucleotides). This
restricted diversity can prevent the design of assays that distinguish the rear-
rangement found in the leukemic clone from those found in polyclonal cells.

However, rearrangements of the Igκ and TCR-γ loci are favored by some
investigators (17,18) for clinical studies because they are the most stable. Rear-
rangement of the Igκ or TCR-γ loci represent “end points” of VDJ recombina-
tion, and these loci rarely undergo secondary rearrangement during disease
progression (37). In contrast, rearrangements of the IgH and TCR-δ loci fre-
quently undergo continuing gene rearrangement (38–41). In the IgH locus, VH
replacement, as well as VH to DJ joining, can occur (42,43). In the TCR-δ locus,
incomplete rearrangements (V–D, D–D, and D–J) are frequently found in ALL
(35). These partial rearrangements can undergo secondary rearrangement or they
can be deleted (40,44). This process of continuing rearrangement, referred to as
“clonal evolution,” poses problems for MRD assessment because loss of the
clonal marker identified at diagnosis can lead to false-negative results.

Although clonal evolution occurs in approx 30% of ALL (38–41), studies
have shown that at least one of the Ig/TCR gene rearrangements present at diag-
nosis is retained in 90–95% of cases at relapse (42,44). Because of this finding,

Table 1
Incidence of Ig and TCR Gene Rearrangements in Childhood ALL

IgH Igκ TCR-δ TCR-γ TCR-β

B-Precursor ALL 95% 30% 55% 60% 30%
T-Lineage ALL 20%   0% 70% 95% 90%
Total ALL 85% 25% 60% 65% 45%

Source: Data from ref. 35.
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investigators have used a strategy of monitoring MRD by using two independent
gene rearrangements (17,18). This should limit the possibility of false negatives
arising from clonal evolution. Those investigators found that the data from inde-
pendent clonal markers were concordant (17,18). However, this strategy was
applicable to only 28% of cases (17) and 60% of cases (18), respectively. An
alternative strategy to reduce false negatives has been suggested. The most com-
mon mechanisms of clonal evolution occurs via VH replacement (V to VDJ
joining) or VH addition to existing DJ rearrangements (38,41). The molecular
mechanisms of VH replacement and VH addition do not usually alter the nucle-
otides between the D and J regions (42,44,45). Therefore, the design of junction
region oligonucleotides complementary to the stable DJ sequences should fur-
ther reduce the chance of false negative results because of clonal evolution.

QUANTIFICATION OF CLONAL MARKERS BY PCR

Once a clonal Ig/TCR target has been identified, a PCR assay is developed for
quantifying leukemic cells harboring that gene rearrangement. This is not a
simple task because of the exponential amplification of targets that occurs during
the PCR. Although it is relatively easy to quantify the amount of product after
amplification, it is far more difficult to calculate the number of targets that gave
rise to that product. This is especially problematic when the starting number is
very low or very high. Under these conditions, PCR quantification can result in
large errors resulting from inefficient amplification of the target sequence. Thus,
over the past decade, investigators have used various approaches to quantify
MRD by PCR. Of these methods, three have been used the most and they are
summarized below. As indicated, each of these methods has inherent advantages
and drawbacks. The disadvantages associated with the “classical” methods might
soon be overcome by recent improvements in MRD assessment using real-time
quantitative PCR. An outline of this method and its application to assessment of
MRD in childhood ALL is also described.

Classical Methods of MRD Detection by PCR
COMPARATIVE HYBRIDIZATION

This semiquantitative method has been used in the majority of MRD studies
(8,9,11,13,15,18,46–51). In this method, the oligonucleotide complementary to
the junction region is used as a radiolabeled hybridization probe to detect the
clone-specific gene rearrangement. For quantification of MRD, DNA from an
unknown sample is amplified using the set of consensus primers that identified
the gene rearrangement at diagnosis. Polyclonal DNA (negative controls) and a
set of standards, made by serial dilution of the diagnostic DNA, are amplified
using the same primers in separate reaction tubes. After amplification, aliquots
from each reaction are blotted and hybridized to the clone-specific junction
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region probe. The level of MRD is estimated by comparing the hybridization
signal of the unknown sample to those of the standards. Thus, the standards serve
two purposes. They establish the sensitivity of detection for each assay and they
provide reference values for quantifying the number of leukemic cells in the
unknown sample.

Although this method is relatively simple to perform in most research labo-
ratories, it is also the most time-consuming, taking 2–3 d to complete. Data from
this method are semiquantitative because it is difficult, if not impossible, to
establish PCR conditions where targets over a 5-log range are amplified equally
and where PCR products do not reach a plateau. The sensitivity of this method
is quite variable, ranging from 10–6 to 10–3, although the majority of assays (18)
have a sensitivity of detection at least 10–4. This variability can be attributed
to several factors. One factor is the efficiency of hybridization of the junc-
tion region probe. This will vary from patient to patient because no two junction
probes are the same. Another factor is the composition of the junction region
probe. Probes containing mostly germ-line sequences can not provide sensitive
discrimination of the leukemic gene rearrangement from those found in
nonleukemic polyclonal cells. Yet another factor is the design of the PCR ampli-
fication. By using consensus primers that amplify both the leukemic and
nonleukemic gene rearrangements, the efficiency of leukemic target amplifica-
tion can vary considerably at low target doses.

COMPETITIVE PCR
Competitive PCR has also been used extensively in MRD studies of childhood

ALL (7,17,52–54). In this method, an unknown sample is amplified in a PCR
reaction containing an internal standard of known amount. The internal standard
has identical V- and J-region sequences to those of the leukemic gene rearrange-
ment (7). Thus, in the PCR, the internal standard is a competitor and it is ampli-
fied at the same time as the leukemic target. In order to be used as an internal
standard, the competitor must be distinguishable from the leukemic gene rear-
rangement either by size or by hybridization with a junction region probe. Fol-
lowing amplification, the initial copy number of the leukemic target is calculated
by comparing the signal of the unknown sample with the signal of the internal
competitor. Similar to comparative hybridization, the sensitivity of MRD detec-
tion using competitive PCR varies among patients. In one report (7), the sensi-
tivity ranged between 1 × 10–5 and 2.5 × 10–4, whereas another study by the same
researchers (17) had a median sensitivity of 5 × 10–5.

Because the ratio of competitor to leukemic target can vary dramatically in an
unknown sample, a calibration curve is required to correlate the signal of the
unknown with that of the competitor. In this method (7), standards containing
different amounts of the diagnostic leukemia DNA and a fixed amount of com-
petitor are prepared. After amplification, the ratio of the leukemic signal to the
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competitor signal is plotted against the number of leukemic targets. This calibration
curve is then used to calculate the number of leukemic cells in the unknown sample.

Several conditions must be met for competitive PCR to provide accurate
results. First, the efficiency of amplification must be the same for the leukemic
target and the competitor target. This efficiency must be constant over a wide
range of starting concentrations. Second, the number of PCR cycles must be
calibrated carefully to ensure that the signal of each product in the reaction does
not reach a plateau during amplification. Third, detection of the competitor sig-
nal must have the same efficiency as the detection of the leukemic target. This
problem is readily avoided when using ethidium bromide staining or fluores-
cence detection. However, when using junction region probes to visualize reac-
tion products, the use of standards is recommended to overcome different
hybridization efficiencies arising from oligonucleotide probes of different
lengths and/or composition.

LIMITING DILUTION

This technique has been used in many MRD studies (6,12,14,55–57). In this
method, the junction region oligonucleotide is used as an amplification primer,
and amplification is optimized using two rounds of PCR to provide an “all-
or-none” readout. Amplification conditions are established so that as little as a
single copy of the leukemic gene rearrangement will generate a PCR product that
can be visualized on a gel stained with ethidium bromide. In the first round,
samples are amplified by using two consensus primers (e.g., V- and J-region
primers) or by using one consensus primer and one patient-specific primer.
Following this preamplification, the first reaction is diluted and then reamplified
using one consensus primer in combination with a nested patient-specific primer.
The net result of this process is that a reaction containing one or more leukemic
genomes will be positive, whereas a reaction that contains polyclonal or nonleu-
kemic DNA will be negative when analyzed on an agarose or acrylamide gel.
Accurate quantification is achieved by performing multiple replicates of serial
dilutions of the unknown sample. At the limiting dilution, where replicate assays
are either positive or negative, the MRD level is calculated from the fraction of
negative assays by using Poisson statistics (58).

There are several advantages to using limiting dilution for MRD assessment.
These include (1) an end point that does not require quantitation or radioactivity,
(2) a uniform sensitivity of detection (approx 10–6) that is unsurpassed by other
techniques (59), and (3) MRD levels quantified in the absence of standards and
with statistical confidence. However, there is a major drawback to this method.
It is very laborious because of the preparation of sample dilutions and the analysis
of multiple replicates by using two rounds of PCR. This is mitigated somewhat
in that this process need only be performed once at the original development of
the patient’s PCR test.
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Real-Time Quantitative PCR
As described above, the “classical” PCR methods are too time-consuming or

laborious for routine quantification of MRD. Recent advances in quantitative
PCR technology, however, promise to eliminate those problems. Of the available
automated methods, real-time quantitative PCR (RQ-PCR) using TaqMan probes
(60) appears to have the greatest potential (see Fig. 2). TaqMan technology
requires a reporter probe, containing a fluorescent dye and a quencher, to hybrid-
ize between two amplification primers. This probe is cleaved during the ampli-
fication only when the primers direct amplification to the target sequence. When
the TaqMan probe is hydrolyzed, the fluorescent dye is separated from the
quencher and an increase in fluorescence is detected in the reaction. The increase
in fluorescence is proportional to the amount of product synthesized in the PCR.
Thus, the TaqMan probe provides both the sensitivity and the specificity required
for MRD assessment. A set of standards, made from serial dilutions of diagnostic
DNA, is used for quantification purposes. By monitoring the accumulation of
fluorescence in “real time,” data from the standards and the unknown sample are

Fig. 2. Schematic depiction of RQ-PCR using TaqMan probes. The TaqMan probe
hybridizes to sequences between the two amplification primers (top panel). During syn-
thesis of the new DNA strand, the TaqMan probe is displaced (middle panel) and cleaved
(bottom panel). Cleavage of the probe separates the reporter dye (R) from the quencher
(Q), resulting in increased fluorescence in the reaction (bottom panel).
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obtained from the exponential phase of the reaction, and the initial target amount
is extrapolated from the standard curve.

TaqMan probes can be designed to detect Ig/TCR gene rearrangements at
three possible locations (see Fig. 3). First, the probe can be synthesized comple-
mentary to the unique junction region (see Fig. 3A). This approach has been used
with some success (61). However, as in comparative hybridization methods, the
sensitivity of junction region TaqMan probes can vary (61). A further complica-
tion is that unique junction region probes would be required for every patient.
This would add considerable time and expense to the routine monitoring of
MRD. The second potential location of the TaqMan probe is within the V region
(see Fig. 3B). In this case, the specificity of leukemic cell detection comes from
using the junction region oligonucleotide as an amplification primer. Initial stud-
ies have reported considerable success using this strategy (62–64). However,
there are potential pitfalls in using TaqMan probes directed to the V region and
the junction region. As described earlier, clonal evolution of the Ig/TCR gene
rearrangement can cause the loss of V-region and VD sequences. Therefore,
TaqMan probes to these regions could generate false negative results.

The third location for TaqMan probes is the J region (see Fig. 3C). This
approach is particularly advantageous for quantification of IgH rearrangements
(65,66). There are only 6 JH regions as compared to approx 50 VH regions and,
therefore, only a limited number of TaqMan probes need be synthesized. The
sequence homology between the JH regions permits a further reduction in the
number of TaqMan probes needed for quantification of IgH gene rearrange-
ments. Another advantage of JH-region probes is that clonal evolution is less

Fig. 3. Three possible locations of TaqMan probes for detection of Ig/TCR gene rear-
rangements. TaqMan probes may be complementary to the VDJ junction (A), the V
region (B), or the J region (C). Amplification primers in each scenario are indicated by
half arrows.
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likely to result in false-negative results. When VH replacement or VH to DJ
joining occurs, the DJ portion of the rearrangement usually remains intact. There-
fore, leukemia-specific primers designed in the DJ portion of the rearrangement
will still detect the original leukemic clone. A further benefit is that J-region
probes permit design of assays for detection of partial IgH gene rearrangements.

Several studies have reported successful use of TaqMan technology for quan-
tification of leukemic cells in ALL (61–67). Few studies, however, have inves-
tigated the sensitivity of RQ-PCR assays relative to other methods (61,67). Our
experience (67) using RQ-PCR to detect the TAL-1 deletion in T-lineage ALL
shows that extremely sensitive detection of leukemic cells (10–5 or better) is
possible using TaqMan probes. In addition, we found that limiting dilution data
and RQ-PCR data were highly concordant (67).

We are currently evaluating a small number of JH-region probes for RQ-PCR
detection of MRD in B-precursor ALL. In our hands, these probes routinely
detect a single copy of the leukemic genome among 105 normal genomes. Thus,
by using multiple replicates, the sensitivity of RQ-PCR detection can be equiva-

Fig. 4. Concordance between RQ-PCR data and limiting dilution data in B-precursor
ALL. Twenty-four samples from 14 patients were analyzed by RQ-PCR and by limiting
dilution. Seven samples had undetectable leukemic cells by both methods.
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lent to that of limiting dilution—the most sensitive MRD technique (see Fig. 4;
Neale et al., unpublished data). Overall, these findings strongly indicate that RQ-
PCR will soon replace previous time-consuming or laborious MRD assays.

SUMMARY

The prognostic value of MRD assessment during therapy has recently been
established in several large prospective studies. These studies have shown the
value of quantitative, as opposed to qualitative, evaluation of MRD levels. How-
ever, a major obstacle to the routine MRD assessment in clinical studies has been
the lack of rapid and accurate methods for detection of residual leukemic cells.
Now, new RQ-PCR technology promises to improve MRD detection and to
accelerate the availability of routine MRD evaluation in clinical studies. Rapid
and accurate monitoring of MRD will permit the opportunity for timely thera-
peutic intervention in those patients who have persistent leukemia.
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4 Statistical Considerations
in the Analysis
of Minimal Residual Disease

Dennis A. Johnston and Theodore F. Zipf

INTRODUCTION

This chapter presents statistical considerations used by many researchers and
clinicians in the determination of minimal residual disease (MRD) in patients.
Our developments were applied to polymerase chain reaction (PCR)-based mea-
surement of MRD in patients with childhood acute lymphoblastic leukemia
(ALL), but the methods and considerations are applicable to the other methods
of determining MRD and to other disease diagnoses.

The methods discussed here are not new and have been borrowed from other
fields, from vitamin research (1,2) to economics (3). They are presented here in
hopes of providing a framework for analysis and discussion of where the meth-
ods development can and needs to go from here.

There are at least three considerations that must be made when developing a
new technique, such as MRD: (1) sensitivity, variability, and calibration of the
technique; (2) verification that the technique can dependably distinguish the
“target” groups; and (3) ability of the technique to predict the group into which
an individual will eventually fall.

Sensitivity, Variability, and Calibration
The first step in defining a new technique as it was in the development of MRD

techniques, is to determine the sensitivity to change in the disease, including the
minimal distinguishable level of the technique. Also, the variability on repeat
samples as well as the variability from patient to patient needs to be determined.
In the case of MRD, the method estimates the number of residual tumor cells in
the bone marrow (BM) or peripheral blood (PB) without necessarily trying to
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count all of the tumor cells in the sample but rather based on counting the number
of positive cells marked by a particular technique. The technique intends, either
upon amplification or marking, to produce a “signal” that represents the current
status of the patient. The variability from sample to sample even while just
counting is a major concern. If the signal represents the number of cells by using
the intensity of an actual signal, the correspondence between the magnitude of
the signal and the number of cells must be determined, as well as the variability
from sample to sample. This is known as calibration. The residual error from the
calibration is a measure of the variability pooled from all sources. This is dis-
cussed in the next section.

The second step is to use the technique to measure residual disease in patients.
The purpose here is to test and see if there are differences in the patient groups
associated with the process of interest. With MRD, the interest is to see if there
are differences between early-relapsing patients and those that remain in remis-
sion, either after therapy as the patient goes into remission or after bone marrow
transplantation (BMT) to measure the reduction and possible return of the cancer
clone as measured by MRD. The test can be merely a comparison of levels of
residual disease compared between the groups of relapsing patients and those in
long-term remission. Usually, either a continuous analysis of variance is per-
formed or a threshold is defined and a chi-square or logistic regression analysis
(e.g., positive MRD versus negative MRD at the number of cells tested and the
sensitivity of the MRD technique) performed. Alternatively, survival analysis or
Cox model proportion hazard analysis may be employed to test the length of
remission versus level of MRD. These tests determine whether the population of
early-relapse patients has a different level of MRD from those in long-term
remission. If there is a separation of the patients groups, then MRD may be
considered to be useful in distinguishing them. These statistical tests are dis-
cussed in the third section of this chapter.

The third step is to use the MRD to predict those patients who will relapse
early. Often the results of the second step are considered as having a possible
predictive value. If the threshold divides the patients into the desired groups
(e.g., relapsing patients above the threshold and remission patients below the
threshold), it can be used to predict the patient outcome. However, the tests are
often statistically “significant” when there is still a substantial overlap in the two
populations. If there is an overlap, two types of classification error occur. If the
patients are to be further treated based on their classification as predicted to
relapse (treated with a different therapeutic regimen or BMT) or predicted to
continue in remission (no change in treatment), then these become two types of
treatment errors. The first is that a patient predicted to relapse actually would not
relapse and is, thus, exposed to the additional therapy needlessly. The other is that
a patient classified as a long-term remission is destined to relapse and miss
possibly live-saving therapy. The degree of overlap in the test is measured by
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calculating the sensitivity and specificity of the prediction. This sensitivity is a
measure of the classification error and is not the same as the sensitivity of the
MRD measurement. If the sensitivity or specificity of the test are low, the error
in treatment is high. In the fourth section of this chapter, we present some alter-
native methods of predicting patient outcome when the threshold method has an
unacceptably low sensitivity or specificity.

DISEASE RESPONSE CURVE BY LIMITED DILUTION

In this section, we show our method of calibration of PCR-based markers.
Although much of the method is specific to PCR, the limited dilution assay
method (4) to obtain the response of the MRD technique and associate it to
the proportion of positive cells based on samples of known numbers of cells
(as measured in amount of DNA) is applicable to other techniques. Here, we
present a generalized version of the limited dilution assay (5,22). For other
techniques, the exact form of the calibration curve may differ as a function of
both the sensitivity of the technique and the response—in particular, in the upper
(shoulder) and lower (heel) portions of the dose-response curve generated by the
calibration.

Development of Known Dilutions

Bone marrow samples from newly diagnosed leukemia patients who have the
appropriate disease-associated genetic markers are used for the calibration. Each
patient specimen used for calibration has >95% blasts and can be diluted in a
10-fold manner. The DNA is extracted from the mononuclear cells in the speci-
men and the number of cells is based on the total amount of DNA determined by
spectrophotometry. Aliquots representing dilutions from 10 µg to 10 pg are
prepared and these then divided into 10 aliquots per dilution. Nonleukemia cell
DNA is added to each aliquot to bring the amount of DNA in each reaction to a
total of 1 µg. The fraction of positive aliquots is the response, yi, to the number
of cells, xi, in the ith calibration sample. In our hands, the relationship between
the response and the number of cells was a typical sigmoid curve, as shown in
Fig. 1. The expected log-linear relationship as it approaches saturation (shoulder
of the curve) or the minimum detectable level (heel of the curve) is lost and,
therefore, the rate of change in the observed signal with the change in number of
cells flattens out. The lower end (heel) of the sigmoidal shape of the curve is a
result of the fact that the number of potential positive cells is at least 107 cells and
the minimum detectable level of the PCR techniques is about 25 cells in 106 cells
(2.5 × 10–6 or about 15 pg DNA). As the fraction of actually positive cells nears
this lower limit, the change in detection signal also decreases. A similar effect
occurs on the upper end of the curve (shoulder) as the number of positive cells
approaches 100% of the cells and saturates the signal. In many analyses, the heel
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and shoulder regions are ignored and the body of the curve is used in the analysis
as an approximate straight line producing a linear calibration curve. In the case
of MRD, the heel and shoulder regions comprise too great a portion of the curve
to ignore. By including the heel of the curve, we can add one to two orders of
magnitude to the range of the test.

Development of a Nonlinear Calibration Method
Because the curve of MRD PCR response versus actual numbers of leukemic

cells is not linear, the inverse prediction method of linear limiting dilution assay
proposed by Taswell (4) cannot be used directly. If the analysis was limited to the
log-linear range, the standard method of Taswell could be used (22). We general-
ized the method of Taswell (5) that was based on the inverse prediction method of
Fieller (1,2,6–8). The relationship of PCR response was fit to the number of cells
using a nonlinear model. We tried several models, including the exponential model

f(x; A, a, b) = A(1 – e–ax) + b

and the second-order rational function (second-order Michaelis–Menton) model

f(x; a
0
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Fig. 1. The calibration of the PCR response curve using a second-order rational polyno-
mial (Michaelis–Menton) function.
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using the NLR procedure in SPSS (SPSS, Inc, Chicago, IL). Both models include
a minimal detectable level (b or a0, respectively) and a saturation level (A + b or
a2/b2, respectively). Both fit well and provided both estimates of the model
parameters θ = (A, a, b) or θ = (a

0
, a

1
, a

2
, b

1
, b

2
) and their respective asymptotic

variance–covariance matrix Σ.
To use the estimated model, for any value of PCR response, y0, of an unknown

sample, either estimated equation can be solved explicitly for the estimated
number of cells, x0, in the sample. More generally, either can be solved approxi-
mately to any degree of required accuracy by using a simple bisection technique
(9, pp. 98, 261–262) only having the function and the estimated parameters. The
method works for monotonic functions such as the ones used here for MRD and
requires that the solution, x0, be bracketed by estimated values, say, x1 and x2, and
the corresponding functional values f(x1) and f(x2) calculated. The interval is
bisected by calculating the midpoint and xm = (x1 + x2)/2 and f(xm). The value of
y0 falls in the first half of the interval (f(x1), f(xm)) or the second half of the interval
(f(xm), f(x2)) or exactly at xm. If at xm, the process stops. Otherwise, the upper or
lower value of the outside interval is replaced with xm, and the bisection proceeds
until the difference between the lower and upper values of the interval is below
a threshold. At that point, x0 is assigned the midpoint of the final interval.

As fixed numbers of cells are possible for each sample using the 10-fold
dilution method, a chart of response versus estimated number of positive cells
can be provided for the assay. To determine the variability and the 95% confi-
dence interval (called a fiducial interval by Fieller because the number of positive
cells in the calibration assay is a fixed, not random, number), a generalization of
Fieller’s theorem to nonlinear models was developed. With either model, the
estimated parameters of the model, designated as the vector θ, are approximately
and asymptotically normally distributed with true mean θ and variance–covari-
ance matrix Σ (10). Σ is estimated by the nonlinear regression (e.g., NLR in SPSS)
by the unbiased estimator matrix in the output, designated as Σ. A Monte
Carlo simulation is performed that calculates estimators θ

j
 from a multivariate nor-

mal distribution with mean θ and variance–covariance matrix Σ [θ
j
 ~ MVN (θ, Σ)]

for j = 1, …, n using an eigenvector transformation Σ to transform to a diagonal
matrix and then simulate independent normally distributed random variables,
correlating them to match Σ, producing the set of simulated solutions (θ

j
, j = 1,

…, n). For each simulated θ
j
, the inverse x0,j at y0 is calculated by bisection. The

n must be sufficiently large that the order statistics needed to estimate the fiducial
limits are defined. For example, n must be at least 200 to estimate two-sided
95% fiducial limits [at percentiles 2.5% (x0,(5)) and 97.5% (x0,(195)), where the
parentheses denotes the order statistics of the set of simulated solutions {x0,j

,
j = 1, …, n}]. This was accomplished using a custom program written in FOR-
TRAN for the nonlinear regression estimates calculated by SPSS (access
www.odin.mdacc.tmc.edu for a copy of the program).
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DATA ANALYSIS CONSIDERATIONS OF MRD DATA

In this section, we will illustrate the characteristics of MRD data obtained by
the above methods. The data presented are from a study described in Roberts
(11). This study followed a subset of several Children’s Cancer Group (CCG)
protocols. Although other studies have more patients (12–14), in this study the
individual patient has a substantial number of follow-up bone marrows so that we
can describe a range of outcomes and still see individual responses. We will
describe the results of 69 patients who had serial follow-up. All patients achieved
remission as defined by an end-induction bone marrow specimen with <5%
blasts. Sixty-two patients remained in remission. Figure 2 is a scattergram of the
CCG patients in continued remission with the serial determinations connected.
The abscissa units are months after diagnosis, with a logarithm transformed bone
marrow PCR [log10(BM – PCR)] for the ordinate. Observe that within a few
months of diagnosis, log10(BM – PCR) decreased. In some cases, the values
initially decrease, then increase and decrease again. In others, the values decrease,
remain low, then increase followed by a decline. The case represented with solid-
angled triangles never decreases below 10–4. Figure 3 is a scattergram of patients
who relapsed. These data include the data point prior to the diagnosis of relapse.
Several of the patients show a decrease initially followed by a rapid rise, but
others show a decrease in log10(BM – PCR), followed by an increase to relapse

Fig. 2. CCG continued-remission patients.
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(e.g., reverse open triangles) or a constant level of log10(BM – PCR) (e.g., open
circles).

Population Analysis
Standard methods of analysis would suggest that the population of patients in

continued remission be compared with the population of patients that relapse,
comparing log10(BM – PCR) levels. This is accomplished typically by a com-
parison of means either at each time of interest or looking at an interval of
interest. Table 1 gives the means and standard deviations of the two groups at
several times during the first year. After the log10(BM – PCR) readings at 1 mo,
the relapse patients have higher levels than the continued-remission patients
through 1 yr. Beyond 1 yr, the trend continues but with a reduced number of
patients in both groups. Two results bear further comment. The standard
deviations of the relapse patients increase over time and are higher than the
continued-remission patients from 6 mo on. The standard deviations of the
continued-remission patients decrease over time. Both of these conditions are
expected. The other result is that the means of the relapse patients decrease to mo
6 and then increase while the continued-remission patients decrease. This too is
expected. Using both time interval and remission status in a two-factor analysis
of variance analyzing log10(BM – PCR), both remission status (p < 0.001) and
time interval (p < 0.001) were highly significant, with a significant interaction

Fig. 3. CCG relapse patients.
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(p = 0.013) showing that the rates of change over time for continued-remission
patients is different from that for relapse patients.

Prediction of Patient Relapse
The ultimate intent and purpose of the PCR technique must be to predict early

failure and eventual relapse of the patient, where relapse of the patient is defined
clinically as a bone marrow with greater than 5% blast cells. Because the PCR
technique estimates the proportion of cells from the leukemic clone, this estimate
in some form or another should be predictive of eventual failure. Figure 4 shows
the typical plot of mean ± standard error (SE) at 1, 3, 6, 9, and 12 mo following
therapy. For the patients who relapsed, the penultimate bone marrow is the last
marrow plotted. The conclusions of the previous section can be confirmed visu-
ally: The BM – PCR for continued remission patients continues to decrease with
time, whereas the patients that will eventually relapse remain at an average of
about 10–3, although the SE grows with time (fewer data points at each time). The
plot would, however, suggest that a threshold level of 10–4 or 10–3 at 3 mo after
the start of treatment would separate the patients who will relapse from those that
will continue in remission. This suggestion of the separation of relapse and
continued remission is overemphasized by the fact that there are fewer patients
in the relapse group and many more in the remission group. A more correct plot
to visually see if there is patient overlap would be either a mean ± standard
deviation plot (see Fig. 5) or a box-plot (see Fig. 6), where the median is repre-
sented by the heavy bar in the middle of the box, the extent of the box includes
the middle 50% of the patients in the group, and the whiskers above and below
the box indicate the range. If there are data beyond 1.5 times the inter-quartile

Table 1
Descriptive Statistics for the CCG Patient Example

log
10

(BM – PCR)

Relapse Continued remission t-Test

Interval Mean ±  SD N Mean ±  SD N p-Value

  1 mo –2.96 ± 1.05 7 –3.45 ± 1.09 58 0.265
  3 mo –2.95 ± 1.72 6 –4.24 ± 0.92 55 0.005
  6 mo –3.67 ± 1.44 7 –4.67 ± 0.89 45 0.014a

  9 mo –3.04 ± 1.88 6 –4.89 ± 0.83 50 <0.001a

12 mo –2.57 ± 2.53 6 –5.17 ± 0.59 44 <0.001a

aA t-test is a two-tailed pooled t-test with significant F-ratio of variances indicating that
the standard deviation of the relapse patients is greater than that of the remission patients.
The separate variance estimate t-test is not significant, partially as a result of an imbalance of
sample size in the two groups.
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61

Fig. 5. Means ± standard deviation of CCG patients by interval after diagnosis and relapse
status.

Fig. 4. Means ± standard error of CCG patients by interval after diagnosis and relapse
status.
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range, then the whiskers indicate 1.5 times the interquartile range, with circles
and asterisks indicating data beyond 1.5 times and 3 times the interquartile range,
respectively. Relapse threshold levels at 10–4 and 10–3 have been proposed by
several authors at various times after induction therapy (7, 14, and 28 d after
completion of initial therapy being the most proposed) (10,12,14). Tables 2 and
3 present the results of these threshold levels on the CCG data presented here.
Because of the small number of patients, the Fisher’s exact test of association is
used instead of the customary chi-square approximate test. Neither Tables 2 nor
3 shows a significant association (p = 0.099 and p = 0.091, respectively), but

Fig. 6. Box-plot of CCG patients by interval after diagnosis and relapse status.

Table 2
log

10
(BM – PCR) with a Threshold of –3 at 3 mo Compared to Actual Patient Status

Patient outcome

Relapse Continued remission Total

log
10

(BM – PCR)
> –3 2   5   7
≤ –3 3 50 53

Total 5 55 60

Note: Fisher’s exact test of association: p = 0.099.
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would if the number of patients were doubled with the same proportions (p =
0.017 and p = 0.0128, respectively). Note that if the 10–4 threshold is used to
predict relapse, then 21 patients out of 55 that have remained in remission (38.2%)
would have been classified as relapse patients that did not relapse and 1 patient
out of 5 (20%) that actually relapsed would have been missed by the criterion.
More will be said about this in the next section.

Another method that is often used is to calculate the time to relapse in the form
of survival curves comparing the groups above and below the threshold. Although
the patient size in this study is small for this method, the resultant Kaplan–Meier
curves are shown in Fig. 7 using BM – PCR > 10–4 at approx 3 mo as the predictor

Fig. 7. Kaplan–Meier plot of relapse-free interval using the 10–4 threshold.

Table 3
log

10
(BM – PCR) with a Threshold of –4 at 3 mo Compared to Actual Patient Status

Patient outcome

Relapse Continued remission Total

log
10

(BM – PCR)
> –4 4 21 25
≤ –4 1 34 35

Total 5 55 60

Note: Fisher’s exact test of association: p = 0.091.
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of relapse. The patient count is slightly different in this analysis because several
patients without 3 mo BM – PCR, but with bracketing values both below 10–4,
were included as continued remission patients and one patient who relapsed at
90 d was included as a relapse that was not included in the previous analysis. The
relapse-free interval of the BM – PCR > 10–4 group is significantly less (p =
0.0353) than the BM – PCR ≤ 10–4 group. As in the table method above, we would
have classified 4 patients who had continuous remission as going to relapse out
of 57 total patients (7.0%), whereas 3 out of the 7 relapsing patients (42.9%)
would have been missed.

PREDICTIONS OF INDIVIDUAL PATIENT RELAPSE

Sensitivity, Specificity, and the Decision Table
The decision table technique is used on everything from medical decision

making to stock market and business predictions. Tables 3 and 4 are examples
of contingency or decision tables. The analysis of these tables is used to deter-
mine the ability of a particular test to predict outcome. In our case, we want to
use MRD to predict the occurrence of relapse in patients with acute leukemia.
The structure of the problem is simple: There is an outcome (e.g., clinical relapse
by a certain time after treatment and/or the determination that the patient is
“disease free” or in remission) that is known on a set of patients. Parameters
(e.g., MRD) have been taken that are thought to be predictive in some form for
relapse or continued remission of the patients. A decision table is constructed,
similar to Tables 2 and 3 using the prediction. If we restrict the parameters to two
levels, the table looks like Table 4. The ability to predict relapse is termed the
sensitivity and the ability of the parameter to predict continued remission is
termed the specificity (15). Clearly, these definitions can be reversed, although
sensitivity is usually reserved for the “positive condition,” which, in this case,
would be relapse. Sensitivity and specificity are defined in terms of Table 1 as

Sensitivity = s = A
A + C

Table 4
General 2 × 2 Decision Table with Parameters at Two Levels

True diagnosis

Relapse Remission Total

Decision
Relapse A B A + B
Remission C D C + D

Total A + C B + D n
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Specificity = f = D
B + D

Sensitivity is then the estimated probability of deciding relapse when the
patient truly relapsed. Specificity is then the estimated probability of deciding
continued remission when the patient truly continues in remission. Accuracy of
the prediction is given as

Positive accuracy = v = A
A + B

Negative accuracy = g = D
C + D

These are often called the positive predictive value (PPV) and the negative
predictive value (NPV), respectively. For an ideal classification, s = f = 1 and
there are no patients who are misclassified. However, as in Table 2, s = 0.4 and
f = 0.909, or as in Table 3, s = 0.80 and f = 0.618. Whenever classification criteria
are based on a continuous measure, as they are in the case of MRD, if the thresh-
old point is changed, the sensitivity and specificity will change with one increas-
ing and the other decreasing, depending on the direction of the change. In this
case, moving the threshold from 10–3 to 10–4 increases the number of correctly
classified as relapsing (1/5 to 4/5) but decreases the number correctly classified
as remaining in remission (50/55 to 34/55); this is because the two populations,
relapse and remission, are overlapping in MRD. This overlap is a feature of a
classification based on a single threshold at a single time. The so-called optimum
threshold can be calculated by minimizing a “cost or risk” function. If the patients
classified as relapse were to be treated with additional therapy and those classi-
fied as remission were to be followed without additional treatment, we may wish
to choose how the consequences of this decision are to be controlled. If we wish
to minimize the number that would be treated unnecessarily, of the two thresh-
olds we would choose 10–3. If we wanted to minimize the number of relapse
patients to be missed for additional treatment, of the two thresholds we would
choose 10–4. One purpose of this study would then be to establish a rule for future
patients in the same diagnostic/treatment circumstance. Other thresholds can be
established based on more complicated error criteria such as minimizing the
dollar cost of therapy while treating the most patients who would relapse or
minimizing the hazard of adverse outcome if the follow-on therapy had an
increased risk of mortality or other adverse outcome.

We can set two thresholds, say above 10–3, 10–3–10–4, and below 10–4. For our
example, this yields Table 5. Here we can classify above 10–3 as relapse with
sensitivity of 0.40 and below 10–4 as remission with specificity 0.618, but have
the 18 patients between 10–4 and 10–3 as unclassified. We have several options



66 Johnston and Zipf

at this point: We could definitely decide that those above 10–3 will relapse, those
below 10–4 will stay in remission while no decision is made on those between 10–4

and 10–3. This is the realm of so-called “fuzzy decision theory” (16).
Another alternative is to add an additional evaluation point to the analysis.

Several studies have reported using more than a single evaluation time, obtaining
bone marrow aspirates at several distinct times (12–14). Consider Table 5 from
ref. 14 as an example of the situation adapted for our purposes as Table 6. At each
time-point, the entries are divided into four groups according to MRD: (1) ≥10–2,
(2) 10–3, (3) ≤10–4 but measurable, and (4) negative. This yields a 4 × 4 table with
3 empty cells and 5 cells with fewer than 5 patients, even though there are
129 patients total. This is typical of such a table where the times are not well
separated and the patients are consistent over the time interval. The entries in
Table 6 are the number of relapses divided by the number of cases in the cell of
the table. Van Dongen collapses the table into five regions as designated in
Table 6 with boxes and a letter to the right of the table. Table 7 gives a summary
of the regions. There are three regions (B, D, E) that have approx 22% relapses

Table 5
Two Thresholds in MRD

True diagnosis

Relapse Remission Total

log
10

(BM – PCR)
> –3 2   5   7
–3 to –4 2 16 18
< –4 1 34 35

Total 5 55 60

Table 6
Two Time-Point Measurements of MRD

Degree of MRD at time 1

Degree of MRD at time 2 ≥ 10–2 10–3 ≤ 10–4 Negative Total

≥ 10–2   8/8 1/1 C — — 9/9
10–3   3/5 3/5 0/2 — E 6/12
≤ 10–4   1/3 2/11 D 2/6 0/1 5/21
Negative   1/2 1/13 5/17 B 1/55 A 8/87

Total 13/18 7/30 7/25 1/56 28/129

Source: Adapted from ref. 20.
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within the region whereas group A (negative, negative) has the lowest percent
relapses (1.18%) while Group C (≥10–2, ≥10–2) has the highest percent. Groups
such as A and C are expected. The middle group is intermediate, very much like
the 10–4 to 10–3 group in the above CCG study. We can then calculate Table 8,
summarizing these results. If groups B–E are combined and the sensitivity and
specificity are calculated, s = 0.964 and f = 0.535. If A, B, D, and E are combined,
s = 0.536 and f = 0.96.

With van Dongen’s analysis, there were 2 times with 4 levels at each time,
yielding 16 cells with 2 numbers in each cell (number relapses, number remis-
sions) for a total of 32 numbers. In general, if there are t times and l levels at each
time, there will be 2 × lt numbers, which means that most of the cells will be empty
or a very large number of patients will have to be in the study. If more than two
times are desired, the clinician/researcher must limit the number of levels to two
or three. For t = 2, 2 levels implies 8 numbers and 3 levels implies 18 numbers.
For t = 3, two levels implies 16 numbers and 3 levels implies 54 numbers.

Practical Alternatives

There appears to be too much overlap of remission and relapse in the distri-
butions of MRD using just one time-point because at least one of the sensitivities

Table 8
Regional Analysis Combining Regions B, D, and E

True diagnosis of relapse

Groups Relapse Remission Total

C 15     4   19
B, D, E 12   43   55
A   1   54   55
Total 28 101 129

Table 7
Regional Analysis of Table 6

Group Total sample Relative % relapses in group Percent of total relapses

A   1/55 2.818% 1/28 = 3.57%
B   7/32 21.9% 25%
C 15/19 78.9% 53.5%
D   3/14 21.4% 10.7%
E 2/9 22.2%   7.1%
Total   28/129 21.7%
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and specificies are close to 50%. Although we would not like to establish what
an acceptable sensitivity/specificity combination should be for MRD, in general,
or even pediatric leukemia, in particular, we do believe that the level achieved
by our efforts and those around the world are not good enough to yield acceptable
levels. Just observing Figs. 2 and 3 shows visual heterogeneity in the response
of MRD in individual patients. This may be the result of either the heterogeneity
of the patients or the lack of leukemic clone specificity of the particular MRD
marker employed, or both.

Because the threshold or level method becomes impractical for more than two
times with more than two levels, other methods must be proposed to predict
patient relapse. We will illustrate our efforts to find an acceptable alternative in
the next few subsections.

Autoregressive Methods

We first presented the autoregressive method approach in the article by Rob-
erts (11). The basic principle in these methods is to let the previous patient data
predict the future value of the MRD and then compare the actual value to
the prediction. If the observation was significantly higher than the prediction, the
patient showed an increase in MRD levels and, potentially, this is a precursor to
relapse. We will illustrate the prediction method first and then suggest scenarios
for prediction and possible early intervention.

Let the ordered set {tj; j = 1, …, i} denote the times of measurement of a
particular patient up to the current time i and {yj; j = 1, …, i} denote the corre-
sponding log10(BM – PCR) values. We use log10(BM – PCR) instead of BM –
PCR to stabilize the variance, as the calibration data have an exponential com-
ponent involved. The approach is to use the first i log10(BM – PCR) values to
predict the (i + 1) st log10(BM – PCR) value and then compare to the actual
observed value at ti + 1.

The simplest method of prediction is that of the weighted moving average.
Much as it is calculated for stocks, use

y
mv,i + 1

 = w
j
y

j∑
j = 1

i

where the weights {wj} sum to 1. Also, the sum is usually truncated at a reduced
number of terms, say τ. The sample variance of y

mv,i + 1
 is

s
mv,i + 1
2  = w

j
2s

j
2∑

j = i – τ + 1

i
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where s
j
2 is the sample variance of yj. From our calibration studies, we have found

that the logarithmic transformation stabilizes the variance, making all of the
variances of yj approximately equal and the distribution of the yj’s approximately
normally distributed. We estimated that the stabilized variance is approx 0.125
log units squared, making the standard deviation approx 0.25 log units. However,
the variance of yi + 1 is approximately s

j
2, making

t = 
y

i + 1
 – y

mv,i + 1

s
i
2 + s

mv,i + 1
2

approximately distributed as the t-distribution with τ degrees of freedom. For the
one-sided test to determine if yi + 1 is above ymv,i + 1, use the one-sided critical value
of the t-distribution at significance α. Thus, the alarm rule to signal a significant
increase in log10(BM – PCR) is as follows: If t is greater than the one-sided
critical value of the t-distribution with τ degrees of freedom, then there has been
a significant increase in log10(BM – PCR). One of the disadvantages of the
method is that it works best in steady-state situations, where the mean of each yj
is estimated by y

mv,i + 1
. If the weights are weighted toward the ith observation, the

influence will be primarily that of the last observation, minimizing the effect of
the whole series {yj; j = 1, …, i}. The other problem is that the moving-average
method works most efficiently if the {tj; j = 1, …, i + 1} are equally spaced, a
situation often violated in clinical practice. The {wj} can be adjusted to account
for unevenness.

Linear Regression Models
An alternative to simple moving-average models is a moving linear regres-

sion. In this case, use the model

yi + 1 = a + bti + 1

where a and b are estimated using the model at time i with τ data points minimiz-
ing the sum of squares

Q = (y
j
 – (a + bt

j
))2∑

j = i – τ + 1

i

using the usual linear regression approach obtaining a and b, respectively.
Then, yi + 1 is estimated by

y
i + 1

 = a + bt
i + 1

and compared to yi + 1 using
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t = 
y

i + 1
 – y

i + 1

s
t
2 + s

y,t
2   1

τ

2

 + 
(t

i + 1
 – t

i
)
2

Σ (tj
 – t

i
)
2

where s
y.t
2  is the error mean square of the linear regression and t

i
 is the mean of the

τ times in the regression. The expression is approximately t-distributed with τ – 1
degrees of freedom. The alarm rule for the autoregressive linear model is more
complicated than the moving-average model. One such rule would have three
possibilities. The first is if t is greater than the one-sided critical value with τ – 2
degrees of freedom, then yi + 1 is significantly above the line. However, this is not
necessarily a problem if the slope is significantly negative, so test if b is signifi-
cantly less than 0. If not, then yi + 1 could be significant or just leveling off
(at minimum perhaps or other steady-state value and the data points on the line
are still decreasing). A visual determination of which situation is the case or the
use of the moving average as a secondary test is suggested.

Secondary, if t is not greater than the one-sided critical value, but the slope is
significantly greater than 0, then the data points are still increasing and yi + 1
should be considered as significantly increased. The third possibility is if
t is significantly below the negative one-sided critical value but the slope is
significantly greater than 0, then yi + 1 is leveling off or decreasing, in which case
yi + 1 should not be considered as increasing.

The principal advantage of the moving linear regressive model over the
autoregressive model of the previous subsection is that the model accounts for
simple trends in the log10(BM – PCR) that are modeled by the slope. We have
seen that the population of patients is very heterogeneous, especially those who
eventually relapse. This model is an effort to individualize the prediction. The
principal disadvantage is that we have to estimate the slope. This requires an
additional degree of freedom. The minimum number of times τ that are needed
for the model is three, as we must estimate the intercept and the slope and have
at least one degree of freedom for the estimate of the error mean square (the
residual variance s

y.t
2 ). It would be much better for τ ≥ 4, so that the number of

degrees of freedom in s
y.t
2  is increased, reducing the critical values of the t-distri-

bution and making the estimates more sensitive. The trade-off is that as the
number of data points increases, the ability of a linear equation to fit the data
decreases. Also, because the number of bone marrows before the model is usable
increases, this implies that early relapses will not be predicted. In our preliminary
tests, τ = 4 worked better than τ = 3 and fits the changes well enough.
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Curvilinear Predictive Models
Curvilinear predictive models use a polynomial,
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k
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j
 k;  j = 1, …, i

to estimate yi + 1. As in the linear case, we wish to use the last τ times to produce
a moving curvilinear model. The model to estimate the coefficients based on the
last τ times is

where Yτ,i is the vertical vector containing the log10(BM – PCR) data, Hτ,i is the
corresponding τ × k + 1 design matrix of the times, and Aτ,i is the vertical vector
of coefficients of the curvilinear model. To simplify the equations, the matrices
will be written without the subscripts τ and, which will be assumed to be present.
The least-squares solution is then the solution to the normal equations
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where the overbar denote the mean of the powers of t from τ to i. The slope of
the curvilinear model at ti + 1 is given as
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A test of whether the slope is greater than zero is based on the one-sided t-test
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Other Predictive Models
Other predictive models may be used analogously to the others proposed in

this section. The most promising is the use of cubic splines, which may be used
as soon as the number of biopsies reaches seven. The theoretical framework for
the method is complicated (9,18–20). In a basic explanation, adapted from the
work of Press et al. (9, pp. 94–98), the method is derived from the linear inter-
polation formula

y = ayi + byi + 1
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a = 
t
i + 1

 – t

t
i + 1

 – t
i

b = 1 – a = 
t – t

i

t
i + 1

 – t
i

and t1 < t2 < … < tn is the ordered sequence of times corresponding to the log10(BM
– PCR) values y1, y2, …, yn. The time at which the estimate is to be made is the next
bone marrow time tn + 1. If linear interpolation were employed, the result would be
a two-point linear model, similar to the mean method described above. The prob-
lem with linear interpolation is that the estimating line is a succession of broken
lines, broken at the time-points. To smooth the line, the estimate is based on a
smoother interpolation using the second derivatives of the predictor

y = ay
i
 + by

i + 1
 + cy

i
" + dy

i + 1
"

with

c = 1/6 (a3 – a) ( t
i + 1

 – t
i
)2

d = 1/6 (b3 – b) ( t
i + 1

 – t
i
)2

and requiring continuity of the predictor at the interior nodes yi, 1 < i < n, and
choosing the values of the second derivatives at 1 and n. Because the prediction
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and error bounds at tn + 1 are desired, the specification of these end points strongly
influence the prediction. The standard estimate for the second derivatives at the
end points is to set them to zero. If this assumption is made, then the prediction
at tn + 1 is
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The problem arises in the estimate of the variance at tn + 1. The error variance
can be estimated by using local differences (19)
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be similar to
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but over a reduced set of t’s with the appropriate number of degrees of freedom.
The ratio could use local differences instead of a mean. A similar expression is
defined within the range of times (21, p. 15).

To predict an increasing yn + 1 in terms of y
n + 1

 and the variance σy
n + 1

2
, test if

y
n + 1

 > y
n + 1

 + t
a,f

σy
n + 1

and test the slope yn' for positivity following the rule given in an earlier sub-
section.

Clinical Results of Predictive Models
In the event that yi + 1 is determined to be increasing, several clinical steps

might be possible. The patient can be asked to return at a shorter interval based
on the rate of increase to verify the increase and the prediction of relapse. We have
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observed a rapid increase in BM – PCR to eventual relapse. If nothing is done,
it is probable that the patient will have continually increasing BM – PCR until
relapse. An alternative therapy may be tried at the time of prediction. These
approaches need to be tested in supervised clinical trials. More of this will be
discussed in the next chapter.
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5 The Application
of Minimal Residual Disease
Detection Methodology
to the Clinical
Decision-Making Process

Theodore F. Zipf and Dennis A. Johnston

INTRODUCTION

Chapter 4 was devoted to a mathematically rigorous and comprehensive
examination of some of the methods used to quantify and analyze residual dis-
ease measurements. This may not have been comprehensible to those investiga-
tors who do not have experience in either statistics or advanced mathematics.
In this chapter, we will present a nonmathematical description of our view of the
approach that will be required for minimal residual disease (MRD) measure-
ments to achieve a significant role in the clinical decision-making process.

Now that submicroscopic detection of disease is possible, these methods must
first undergo extensive testing to establish their reproducibility, sensitivity of
detection, and specificity of the detection. In addition, the standard error that can
be assigned to the individual measurements must be determined. This testing
process must also include a careful examination of the quantification process.
This examination must include a determination of the lower limit of detection.
When all of this has been accomplished, it is then appropriate to inquire about the
role of MRD measurements in clinical decision making.

First, the clinical problem that we would like to be resolved by this new
technique must be defined. In our view, the majority would select the determi-
nation of treatment outcome as the prime target. Thus, the goal would be to
predict either treatment failure or a successful treatment with long-term
disease-free survival. Both of these outcomes must be predicted well in advance
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in order to both be of practical benefit to the patient and further our understanding
of the mechanism of cure. For example, the prediction of treatment failure, or
relapse, must occur at a time when the disease level is sufficiently low so that
when an alternate therapy is initiated, it will be possible to determine, at the
outset, whether it is effective against small amounts of disease. This statement
assumes that the failure of a treatment regimen when the level of disease is low
implies that a failure would also occur if the same treatment were initiated at high
levels of disease. The converse of this statement may not necessarily be true. This
is the reason for determining a relapse prediction signal at the lowest possible
level consistent with the technology. Similarly, the identification of the patient
destined for either long-term disease-free survival or cure must be made at the
optimum time such that treatment-associated morbidity can be minimized.

APPROACH TO EVALUATING
THE DECISION-MAKING PROCESS

If the goals of the previous section are to be achieved, it is necessary to develop
a method of analyzing the predictive capability of the MRD results obtained
during a clinical trial. There will, inevitably, be a threshold of some quantity
derived from the measurement(s) of disease level(s) that will be used to predict
the outcome for a particular patient. The most straightforward way to evaluate
the capability to predict either of the two outcomes (i.e., relapse or continued
remission) is to determine the fraction of the particular outcome that was cor-
rectly predicted according to chosen criterion. This section will give a brief
description of a way to accomplish this goal that can be used with little difficulty
by all clinical investigators. This method of analyzing clinical data to determine
the predictive reliability of an assay has been discussed in detail by Feinstein (1).
For the purposes of this discussion, an assay is defined as a method of using MRD
data to predict clinical outcome.

In order to evaluate the predictive reliability of an assay, the types of failure
must be identified. When we are concerned with a binary outcome (event/non-
event), there are two types of prediction failure: the failure to predict the event
and the false prediction of the event. In terms of the nonevent, these errors are
identical and are the false prediction of the nonevent and the failure to predict the
nonevent. In this case, the event may be considered to be relapse and the non-
event to be continued remission, and the two types of prediction failure are the
failure to predict relapse and the failure to predict continued remission.

The fraction of correctly predicted relapses is termed the sensitivity and is
easily determined from the data from the clinical trial:

Sensitivity = Correctly predicted relapses
Actual relapses
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Note that the term “actual relapses” contains the number of relapse prediction
failures; that is, (Actual relapses – Relapse prediction failures) = Correctly pre-
dicted relapses; conversely, the fraction of assays that the assay failed to predict
is 1 – Sensitivity.

The fraction of correctly predicted continued remissions, the alternate out-
come, is determined from the clinical trial data in a similar manner. This fraction
is termed the specificity of the assay and is

Specificity = Correctly predicted continued remission
Actual continued remissions

The fraction of continued remissions that were not correctly predicted is 1 –
Specificity.

By defining the sensitivity and the specificity of an assay, we have two mea-
sures of the predictive capability of the assay. The statistical significance of the
actual results is determined from the coefficients of variation (CVs) for
the sensitivity and the specificity. The CV is a rough measure of the spread of
the individual results and provides information on the extent that the results can
deviate from their calculated value. It is

CV Sensitivity (Specificity) = 1 – Sensitivity (Specificity)
Correctly predicted relapses (remissions)

For most clinical tests that are considered to be predictive, or diagnostic, the
CV must be less than or equal to 5%. It is apparent that an MRD assay that is to
have useful predictive value will need a sensitivity and a specificity that both
have values near 1 and the CV must be less than or equal to 5%. In the next
section, we will choose one study from the literature and discuss the predictive
reliability of the MRD data in terms of the methodology presented in the preced-
ing paragraphs.

AN ILLUSTRATIVE EXAMPLE
OF DETERMINING THE PREDICTIVE CAPABILITY

OF AN MRD-BASED ASSAY

The study of van Dongen et al. is one of several excellent clinical MRD studies
that have appeared during the last 5 yr (2). We have chosen to use it as an example
because it presents results on a single group of 129 patients that had semi-
quantitative estimates of MRD levels determined at two time-points during the
first 12 wk of therapy, the first at 5 wk and the second at 12 wk since the start of
treatment. At each time-point, the levels of MRD were assigned to one of four
categories: ≥10–2, 10–3–10–2, 10–4–10–3, and negative (i.e., undetectable). These
four categories of disease level make possible the assignment of three possible
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thresholds for predicting relapse. Because there were two time-points, this implies
that there could be 42 possible groupings of these data. The authors chose to
reduce this number to a more manageable size and assigned the patients to three
groups based on the relapse rates and disease levels from the two time-points.
The first group represented about 43% of the total population; the patients were
MRD negative at both time-points and they had a relapse rate of 2%. A second
group of 55 patients had, at both time-points, MRD levels less than 10–3 and a
relapse incidence of about 22%; the third group of 19 patients, or about 15% of
the total, had 15 relapses or a rate of 79% and MRD levels in the greater than or
equal to 10–3 category at both times. An analysis of these data using population-
based statistics yielded a significant difference between each of the three groups
(p < 0.001).

If these results are examined with the intent of creating a method of relapse
prediction, the first decision that must be made is the assignment of a threshold
for relapse. Levels of MRD that are above this threshold confer a prediction of
relapse, whereas levels below it are predicted to remain in remission. These data
are given in Table 1. For the purposes of this example, we arbitrarily choose less
than or equal to 10–4 as the threshold for relapse. We examine the two time-points
separately and then with the results combined using the 10–4 threshold. At time-
point 1, the end of induction therapy, there were 81 patients with MRD levels less
than or equal to 10–4 and, of these, 8 relapsed and 48 patients had values greater
than 10–4. Thus, from a total of 28 relapses, 20 were predicted and the sensitivity
equals 0.71 with a CV = 12%. At time-point 2, there were 108 patients with levels
less than or equal to 10–4, and 13 of these ultimately relapsed. Among the remain-
ing 21 patients with MRD levels greater than 10–4, there were 15 relapses. Because
there were 28 total relapses and 15 of these were predicted by the data from time-
point 2, this leads to a sensitivity of 0.53 (CV = 12%). The specificities at
these two time-points were 0.72 (CV = 6%) and 0.94 (CV = 2.5%), respectively.
Note that because the greater proportion of patients remain in remission, this
specificity is easier to predict and the spread in the possible results is less. This
effect becomes more evident as the time on treatment progresses. Finally, we will

Table 1
Separation of MRD Results at 5 and 12 wk

of Treatment from 129 Patients into Categories
Defined by Levels >10–4 and ≤10–4

MRD at 5 wk

MRD at 12 wk >10–4 ≤10–4

>10–4 19 (15)   2 (0)
≤10–4 29 (5) 79 (8)
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determine the sensitivity and the specificity for the combined results from both
time-points. The threshold for relapse remains at less than or equal to 10–4 at
both time-points. There were a total of 79 patients out of the 129 patients who
had both MRD levels equal to or below 10–4, and within this group, there were
8 relapses. Because there were a total of 28 relapses in the entire 129 patients, this
results in a sensitivity of 0.71 (CV = 12%) and a specificity of 0.70 (CV = 6.5%).
These results are very similar to the results at time-point 1 and it appears that
although the additional time-point has allowed the definition of additional groups
of patients according to the paired results of MRD measurements, it does not
necessarily improve the predictive capability when a single threshold is chosen
for the entire population as the criterion for relapse.

The reason for the result obtained when the data from the two time-points are
combined to calculate the sensitivity and specificity is that this determination
ignores the data from those patients who moved from the greater than 10–4 group
at the first time-point to the less than or equal to 10–4 group at the second time-
point; that is, there was a group of patients that had a response to the second phase
of treatment and were moved into the MRD-level category of patients who
responded very well to the first phase of therapy. This movement is the result of
the observed heterogeneity in the response to therapy that is known to be present
in most disease entities. The most obvious demonstration of this heterogeneity
is found in the results of a treatment protocol; that is, one fraction of the patients
attain cure, whereas the remaining fraction do not, and the proportion often
changes when a different treatment regimen consisting of other drugs, timing, or
dosages is used. This heterogeneity in treatment response is apparent in the data
presented in Table 1, where the outcome is mixed in the group of patients who
had MRD levels less than 10–4 on both measurements and those who were ini-
tially greater than 10–4 and then less than 10–4 on the second measurement. This
overlap of, or migration across, thresholds makes the assignment of a single
threshold for relapse prediction based on MRD data taken at a particular time
during treatment very problematic. In brief, it is very difficult to define a thresh-
old for relapse prediction at an early time-point during therapy that separates
those patients who will relapse and those who will remain in remission.

The question that faces the clinical investigator is whether a sensitivity that
fails to predict the relapse of approx 30% of the actual relapses is satisfactory.
The goal of early relapse prediction is to enable a switch to another type of
therapy to control the malignant cells that are resistant to the present treatment
regimen. Thus, the question becomes whether not being able to initiate early
salvage therapy for 30% of the patients is appropriate. Early prediction for 70%
of the patients who will relapse will improve the overall outcome if an effective
augmented protocol is available, but a valid evaluation of its efficacy for all
patients who relapse may not be possible. If the augmented therapy is as effective
in patients in morphologic relapse as it is in patients predicted to relapse but still
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in morphologic remission, then there would be no advantage to effective relapse
prediction. Conversely, if relapse is averted by initiating the salvage therapy
during morphological remission for those patients predicted to relapse, then the
effect of the alternate therapy administered at similar MRD levels to those
patients destined to relapse but not identified by the relapse prediction assay
would remain unknown.

A low sensitivity denies a group of patients an alternate therapy that could be
beneficial to their long-term disease-free survival, but a low specificity has the
effect of exposing patients, destined to remain in remission, to treatment that is
both unnecessary and with associated morbidity. This strongly implies that an
acceptable relapse prediction assay must have a specificity close to 1. The overall
result of this brief discussion of the sensitivity and specificity is that it should be
determined for the proposed relapse prediction assay before it is used in a clinical
trial. These quantities have profound scientific, cost-effective, and ethical
implications.

In a separate article, we have reviewed the problem of relapse prediction using
treatment response measured by morphology, immunophenotype, or polymerase
chain reaction (PCR) in childhood acute lymphoblastic leukemia (ALL) (3). This
leukemia is one that is highly curable, with a cure rate greater than 70% and also
one that has been prospectively studied by several MRD techniques (4–6). Het-
erogeneity in response has a very significant role in predicting overall outcome
in this disease and the results shown here for the study of van Dongen et al. are
also found in the other studies of treatment response.

We have concluded that a successful relapse-prediction methodology for
childhood ALL must be one that follows the individual patient sequentially. In a
previous study, we used a moving-line model that required three or more data
points before predicting either relapse or continued remission (7). The prediction
was based on the slope of the least-squares-fitted straight line and the associated
confidence intervals. Over an extended period of time, the MRD data for a single
patient will probably not be a straight line and it is likely that other, more sophis-
ticated, models need to be developed. Before this can be accomplished, it will be
necessary to conduct studies that collect sequential MRD results from a sizable
cohort of patients throughout their course of treatment. We have estimated that
with relapse rates of contemporary protocols, the size of the patient group will
be about 250 patients. This is within the capability of the large cooperative
groups and the time to complete the study would be slightly longer than 5 yr.

In closing, we urge that clinical investigators collaborate closely with statis-
ticians to develop reliable methods to use MRD to make clinical decisions.
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INTRODUCTION

Allogeneic stem cell transplant (ASCT) is the most intensive therapy cur-
rently available to clinicians and, therefore, its use is limited to children deemed
to be at an unacceptably high risk of relapse after chemotherapy alone. Although
indications for ASCT vary between major treatment cooperatives, it is generally
considered to be the treatment of choice for a minority of children with ALL in
first remission and many of those who suffer a bone marrow relapse (1).

PRINCIPLES OF ASCT FOR ALL

Allogenic SCT effects cure of ALL by three major mechanisms. First, it
allows dose intensification of chemoradiotherapy (conditioning). Second, it
provides a “clean” source of stem cells to restore hemopoiesis. Third, some of the
donor cells are immunocompetent and, therefore, may recognize and eliminate
residual host malignant cells by a graft versus leukemia effect (GvL). The two
major nonrelapse causes of treatment failure after allogeneic bone marrow trans-
plantation (BMT) are rejection and graft versus host disease (GvHD). These are
a product of confrontation between donor and recipient alloreactive cells, which
recognize the proteins of the human leukocyte antigen (HLA) system. Having
identified an appropriately HLA-matched donor, the alloreactive cells of the
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recipient immune system must be ablated to prevent rejection, a process known
as conditioning. Conditioning therapy is also designed to treat residual disease
and is therefore tailored to suit the potential side effects of previous treatment as
well as the perceived risk of rejection. The most widely used protocols include
cyclophosphamide and/or etoposide and total-body irradiation (TBI).

Immunocompetent donor cells recognize normal recipient cells as non-self
and cause graft versus host disease. Their impact on the transplant course can be
modified in a number of ways. Immunosuppressive drugs, commonly combina-
tions of cyclosporin, steroids, and methotrexate, may be given to the recipient
after transplant. Alternatively, various methods of reduction of the number of
immunocompetent donor cells in the graft, known as T-cell depletion (TCD), can
be employed. It is important to note that, at present, the effectors responsible for
GvHD cannot be reliably differentiated from those leading to GvL Thus, any
measure aimed at reducing GvHD may theoretically increase the risk of relapse.

The risk of rejection and GvHD is related to the degree of HLA matching
between the donor and the recipient, which, in turn, governs the transplant pro-
tocol. If an HLA-matched sibling donor is available, the standard approach
involves conditioning with TBI and either cyclophosphamide, etoposide, or
cytosine arabinoside. This is followed by transplant of at least 3 × 106 CD34
positive stem cells per kilogram from a fully HLA-matched (MSD). If the graft
is unmanipulated, approx 3 × 108 T-cells/kg are also infused. GvHD prophylaxis
is provided by cyclosporin and methotrexate. Graft rejection occurs in less than
1% of children treated in this way. Severe (grades III–IV) acute GvHD occurs in
10% and extensive chronic GvH in 10% (2).

Only 25% of candidates for stem cell transplant (SCT) have a matched sibling
donor. The 1990s saw a vast expansion in unrelated donor BMT, and, in our
experience, if one accepts some degree of mismatch, it is now possible to offer
an unradicated donor BMT (UDBMT) to 9 of every 10 children lacking a matched
sibling (3). However, the increased alloreactivity of 10 antigen-matched unre-
lated grafts is such that 45% of children will develop severe acute (grades III–IV)
GvHD and more than 31% extensive chronic GvHD in spite of prophylaxis with
cyclosporin and methotrexate. In the mismatch group, as many as 60% suffer
from severe acute grades III–IV GvHD. This contributes to a transplant-related
mortality of 20–30% (4). Many groups believe that such a high incidence of
GvHD is unacceptable and have resorted to T-cell depletion of unrelated grafts
using either lympholytic antibodies or cell selection. This reduces the incidence
of severe acute and extensive chronic GvHD to rates equivalent to that seen after
MSD grafts (5). Although there is no evidence from controlled trials that TCD
increases relapse in acute lymphoblastic leukemia (ALL), this remains a con-
cern. Previous studies of sibling SCT reported that those with mild GvHD had
a lower incidence of relapse when compared to those who did not develop GvHD.
Two further concerns are the increased risk of rejection (up to 12% after mis-
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matched UDBMT) and the poor immune reconstitution with such procedures.
Taken together these complications result in a transplant-related mortality (TRM)
after UDBMT of 10% (5).

A minority of candidates for ASCT lack either a matched sibling or suitable
unrelated donor. In the last few years, it has become possible to offer these
children effective haploidentical grafts. Traditionally, unmanipulated haplo-
identical grafts were associated with a high incidence of lethal GvHD. By con-
trast, TCD led to unacceptable risk of rejection (6). It is now possible to overcome
these risks by the use of heavily T-cell-depleted (CD3 dose <5 × 104/kg) periph-
eral blood stem cell transplants in which massively augmented stem cell doses
(at least 10 × 106 CD34/kg) are used to overcome HLA disparity. This procedure
is in its infancy and no reliable comment can be made about the risk of relapse.
However, it is already clear that such profound TCD leads to a very high risk (20–40%)
of severe viral infection and, at present, the TRM of this procedure is at best 20%.

INDICATIONS FOR AND RESULTS OF ASCT FOR ALL

More than 80% of children with ALL can be cured without resorting to ASCT.
SCT during first remission is reserved for Ph+ and true hypodiploid ALL. A 50%
5-yr event-free survival (EFS) has been reported after ASCT for Ph+ disease.
This compares favorably with outcome after chemotherapy (7).

Treatment of relapsed ALL is the commonest indication for ASCT in child-
hood. Whereas precise indications for BMT in relapsed disease vary among the
major treatment consortia, it is generally agreed that prognosis if chemotherapy
alone is given after relapse is dependent on the duration of first remission and the
site of relapse. This is exemplified by consideration of the results of the MRC
UKALL R1 protocol (1). Here, the overall 5-yr EFS for children treated with
chemotherapy was 42%; however, there were no survivors among those suffer-
ing a bone marrow relapse on therapy. This is in marked contrast to the 77% EFS
seen in those children relapsing without bone marrow involvement (extramed-
ullary relapse) more than 2.5 yr from diagnosis. An intermediate prognosis is
seen in those suffering a bone marrow relapse following completion of therapy.
In the United Kingdom this has led to the recommendation that BMT is reserved
for those who relapse in the marrow within 2 yr of the completion of therapy (1).

INCORPORATION OF MRD ANALYSIS
INTO PROTOCOLS FOR ASCT IN ALL

Our unit has now performed more than 150 ASCT for relapsed ALL; the
majority of these have TCD unradicated donor (UD) grafts. It is now clear that
the major cause of death in these children is recurrent disease (5). We have
examined whether analysis of MRD can highlight children at high risk of relapse
so that they may be offered more effective therapy. Our initial studies involved
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measurement of MRD after ASCT; more recently, we have concentrated on the
measure of tumor burden prior to the graft.

MRD Post-ASCT
The last decade has seen a massive expansion in the use of cellular immuno-

therapy (donor lymphocyte infusions) to treat relapse after ASCT (8). This strat-
egy has been most successful in adult-type chronic myeloid leukemia (CML).
It is now clear that in CML immunotherapy is most effective (and least toxic)
when given at times of molecular relapse as defined by MRD analysis. It is
reasonable to postulate that measurement of MRD in the early months post-
ASCT for ALL may provide early warning of relapse and target children who
may benefit from immunotherapy. This is particularly relevant to centers such as
our own who perform T-cell-depleted ASCT for ALL in an attempt to reduce
transplant-related mortality and morbidity resulting from GvHD.

Methods of Measuring MRD
In a study published in 1998 we retrospectively analyzed the behavior of MRD

(9), as detected by antigen-receptor gene polymerase chain reaction (PCR), after
allo-BMT in 71 children with ALL. The method employed four sets of primers
that were designed to generate short products that could readily be resolved in
polyacrylamide gel electrophoresis (PAGE) gels. Following sequencing, a clone-
specific oligonucleotide was designed to match the junctional region of the
rearrangement and this was used to detect MRD. One microgram of DNA from
the marrow under analysis was amplified using IgH or TcR primers along with
equivalent amounts of DNA from two normals, a non-DNA-containing control,
and logarithmic dilutions of leukemic DNA into normal. The products were then
subjected to PAGE and visualized after ethidium bromide staining.

Electroblotting of the gel on to a nylon membrane was then performed and the
products were probed with a 20-base radiolabeled clone-specific oligonucle-
otide. It is important to note that electrophoretic resolution of PCR products
generated from samples taken post-ASCT is vital if one is to avoid false-positive
results (11). The technique allows the study of 90% of all children with ALL and
has a median sensitivity of 10–4. MRD was said to be present at high level (gel
positivity) when a distinct clonal band of the same size as that seen at relapse prior
to BMT was seen after PAGE. Probing and sequencing confirmed the identity of
this band. Low-level or probe-positive disease was defined as hybridization
stronger than that seen in the normal controls after autoradiography (10).

In this study, 55 children received T-cell-depleted marrow unrelated donors
and 16 unmanipulated grafts from related donors. All were conditioned with
120 mg/kg cyclophosphamide and 1440 Gy TBI in eight fractions. Patients
receiving T-cell-depleted marrow also received further immunosuppression with
Campath 1G. Cyclosporin ± methotrexate was used for GvHD prophylaxis
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posttransplant. More complete details of the transplant protocol can be found
in ref. 5.

Minimal residual disease was measured in bone marrow taken at 1, 3, 6, 12,
18, and 24 mo after BMT. The correlation between MRD and clinical outcome
is shown in Figs. 1 and 2. Three children were excluded from this analysis
because of transplant-related mortality.

RESULTS IN PATIENTS WHO REMAINED IN REMISSION

Thirty-six children (26 transplanted from unrelated donors, 10 from matched
sibling donors) remain in continuing complete remission (CCR) with a median
follow-up of 78.8 (range: 55–130) mo from BMT. In 28 of these children, MRD
was not detected at any time post-BMT. In the remaining eight, at least one
positive result was obtained. However, in each instance, disease was present at
the lowest limits of detection of the technique. Moreover, evidence of MRD was
confined to early time-points after BMT; in six of these cases, the positive sample
was found solely within 3 mo of the BMT. All positive samples from this remis-
sion group have been followed by at least two negative samples with a minimum
follow-up of 60 mo in the patients involved.

RESULTS IN CHILDREN WHO RELAPSED

Thirty-two children (26 transplanted from unrelated donors, 6 from related
donors) relapsed at a median of 5 mo after BMT (range: 2.4–64.9 mo). Of these,
16 were MRD positive at all times post-BMT and 12 were initially negative but
became positive at a median of 3 mo (range: 1.5–11 mo) prior to relapse. The
stability of clonal rearrangements amplified at relapse post-BMT was examined
in 31 cases. In 24 cases, identical rearrangements were seen pre-BMT and post-
BMT. Eleven rearrangements in seven patients were found to have changed from
those seen prior to BMT: eight of the rearrangements were lost and three under-
went a change to an unrelated sequence (complete clonal change). Another stable
rearrangement was available for the reliable tracking of MRD in six of these
seven patients. In the remaining child, no MRD was detected at any time post-
BMT: a false-negative result consequent on complete clonal change.

No MRD was detected prior to relapse in four patients. The reasons for this
failure bear further consideration. In one child, a single sample of poor quality
was available for analysis; in a second child, marrow was available: Relapse
occurred at 19 mo, but the last sample available for testing was taken 5 mo earlier.
In the third case, isolated testicular relapse occurred 65 mo after ASCT and 41 mo
since the last MRD analysis. In a single patient, a false-negative result was
obtained because of complete clonal change (see above).

STATISTICAL ANALYSIS OF TOTAL PATIENT POPULATION

At least one sample positive for MRD over the first 3 mo after ASCT was
found in 7/36 (19%) of the patients in CCR compared with 18/26 (69%) of those
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Fig. 1. Diagram representing the MRD result (those from extracted DNA are above and
those from immunomagnetically selected cells are below each gray horizontal broken
line) from individual patients with time for patients remaining in continuing complete
remission (CCR). The unique patient number (UPN) for each patient is detailed on the
left with the source of the donor in superscript (SIB = sibling, UD = unrelated donor, PAR
= parent donor, and SYN = syngeneic twin donor) and the follow-up in patients in CCR
is in months on the right. � = MRD negative; 

12
12
12 = low-level MRD detected after PAGE

and allele-specific oligoprobing;  = high-level MRD evident after PAGE only; =
overt hematological relapse; = continuing complete remission; X = failed to engraft;
A = autologous marrow rescue; and  = allogeneic peripheral blood progenitor cell
infusion. [Reproduced from Br. J. Haematol. 102 (1998) 860–876 with permission].

R
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who relapsed at least 4 mo after BMT (χ2 = 13.55, [two-sided] p = 0.0002, odds
ratio = 9.32, 95% confidence interval = 2.89–30.12). Of those who were inves-
tigated over the first 2 mo, 4/32 (13%) of the CCR group and 20/30 (67%) of the
relapse group had at least one positive MRD result (χ2 = 16.93, [two-sided] p <
0.0001, odds ratio = 14.00, 95% confidence interval = 3.84–51.07).

Fig. 2. Diagram representing the MRD results for patients who have relapsed. See legend
to Fig. 1 for complete explanation. [Reproduced from Br. J. Hematol., 102 (1998) 860–
876 with permission.]
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CLINICAL VALUE OF MRD ANALYSIS POST-ASCT FOR ALL
Immunotherapy is of unproven value in ALL moreover it is associated with

a high incidence of acute and chronic GvHD. Data from CML suggests that a
minimum period of 2 mo is required to achieve cytoreduction by donor leukocyte
infusion (DLI) (8). Therefore, any strategy of targeted immunotherapy must
fulfill two criteria. First, the risk of death from relapse in those patients who
receive such therapy must be so great that the risk of added toxicity is justified.
Second, DLI should be given as soon as possible after BMT to maximize effi-
cacy. Unfortunately, we believe that in its current state, a positive MRD measure-
ment fails to adequately provide a high-risk measure or early timing to permit an
efficacious DLI.

In our study, a positive MRD result within the first 6 mo after the graft was
not specific for relapse. Thus, if one chose to administer DLI on the basis of a
positive MRD result within 2–3 mo of BMT, a significant minority of children
would be unnecessarily exposed to potential toxicity. This obstacle could be
overcome by targeting only those with high-level MRD, a finding universally
correlated with relapse. However, the median time from obtaining such a result
to eventual relapse was 2 mo and may be too short a time frame for successful
immunotherapy.

MRD PRE-ASCT FOR CHILDHOOD ALL

Allogeneic SCT for ALL is rarely, if ever, successful if performed when the
marrow is not in hematological remission, suggesting that the leukemic burden
must be adequately reduced to maximize the efficacy of conditioning and graft
versus leukemia (11). It is logical to use MRD measurements to attempt to
correlate the submicroscopic tumor burden with transplant outcome.

Methods
We therefore measured MRD in marrows taking a median of 13 days (range:

1–62) prior to conditioning for BMT in 64 children. MRD methodology and
conditioning regimes were identical to those described earlier. Of those studied,
19 were in CR1, 39 in CR2, and 6 in CR3 or later (12).

Results
Results are shown in Table 1 and Fig. 3. The most notable single finding of this

study is that the presence of high-level MRD immediately prior to conditioning
for a TCD ASCT is universally associated with relapse. By contrast, 3-yr event-
free survival for the MRD-negative group was 73%, and for those with low-level
MRD positively was 36%. In univariate chi-square analysis, MRD status pre-
BMT was significantly related to EFS (p < 0.001). However, when clinical risk
factors are included in analysis, significant correlation is seen between the known
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clinical risk factors [Ph(1) disease, on treatment medullary relapse] and MRD
detection pretransplant.

It is interesting to focus on patients transplanted in CR2, currently the most
common indication for ASCT in ALL. Of 39 children, 9 had high-level MRD
posttransplant, and of them, 7 had suffered an on-treatment bone marrow relapse.
No patient who had high-level MRD had relapsed at more than 1 yr from the end
of treatment. In a multivariate analysis of patients transplanted in CR2 following
a medullary relapse, MRD lost statistical significance once adjustment was made
for the duration of first remission. Nevertheless, analysis of MRD illustrates that

Fig. 3. Kaplan–Meier plot of outcome according to MRD status pre-BMT. (From ref. 12;
used by permission of the American Society of Hematology.)

Table 1
Clinical Outcome According to MRD Status

Prior to BMT in 64 Children; χ2 for Trend = 21.16; p < 0.0001

Negative Low-level positive High-level positive Total

Remission 30   4   0 34
Relapse   8   5 12 25
TRM   3   2   0   5
Total 41 11 12 64

Source: Ref. 12.
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the poor prognosis of children who suffer an medullary relapse on treatment
relates to their failure to clear MRD, which, at least in part, reflects the resistance
of their disease to chemotherapy (see Table 2).

Two subsequent studies have extended our knowledge of the relevance of
MRD pre-ASCT for ALL. Bader et al. used identical techniques in a cohort of
patients transplanted in Tubingen (14). The patient group (n = 36) was similar,
with the exception that the majority (30/36) of transplants were T-cell replete.
Seven patients were transplanted in CR1, 25 in CR2, and 4 in CR3 or more. Using
the same definitions of MRD level as Knechtli et al., 14 were found to be high-
level MRD+, 7 low-level MRD+, and in 11 no evidence of MRD could be found.
The EFS for MRD negative, low-level, and high-level MRD+ patients were 82%,
42%, and 21% respectively. These results concur with our own, confirming the
excellent prognosis of MRD negative patients and the poor prognosis of high-
level MRD+ patients. However, there is one notable difference. High-level MRD
pre-ASCT was not universally associated with relapse. In three cases (all had
received T-cell-replete marrow), it appears that this high burden of MRD was
overcome by either GvHD (two cases) or DLI (one case) or the patient responded
to the conditioning regimen.

Further evidence of the potential for GvHD and by inference GvL to overcome
a high tumor burden at the time of conditioning is drawn from Uzunel et al., who
measured MRD by gene-rearrangement PCR immediately prior to conditioning
in 30 patients (age and remission status unspecified) (15,16). MRD was present
at a high level in 20 patients and at low level in 5 patients. Of these 25 MRD-
positive patients, 11 developed GvHD, of whom 3 relapsed, whereas the risk of
relapse was much higher (10 of 14) in those with no GvH.

Clinical Value of MRD Analysis Pre-ASCT for ALL
Our large study of a homogeneously conditioned group of children undergo-

ing ASCT for ALL in our unit revealed that the procedure is futile if conditioning
begins at a time when high-level MRD is present in the marrow. However, other

Table 2
Significance of Pre-BMT MRD Status in Univariate and Multivariate

(Including Duration of CR1 and Site of Relapse) Analysis

Univariate Multivariate

Hazard ratio p-Value Hazard ratio p-Value

Negative 1 1
Low level   3.79 3.41
High level 13.91 <0.001 6.50 0.058

Source: Ref. 12.
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groups have shown that this is not a universal finding. In particular, it would seem
that GvHD (as a surrogate for GvL) or the conditioning regimen may be able to
overcome a high disease load prior to the conditioning regimen.

BLUEPRINT FOR THE CLINICAL APPLICATION
OF MRD MEASUREMENT DURING ASCT FOR ALL

Although ASCT in ALL is intensive, expensive, and toxic it is not a panacea.
Attempts to define the place of the procedure in the treatment of relapse and to
reduce the risk of treatment failure have been frustrated by the lack of large-scale
randomized studies. MRD analysis offers physicians a unique opportunity to
overcome this obstacle.

It is now clear that a simple measurement of MRD status prior to conditioning
would allow clinicians to compare the success of different transplant protocols.
We recommend that this should be come an integral part of all reports of ASCT
in ALL. This must be allied with an examination of mechanisms by which dis-
ease persists and attempts to achieve better cytoreduction and augment the graft
versus leukemia effect.

Currently, our data suggest that the measurement of residual disease after
ASCT is not useful. However, this approach should be revisited when well-
validated, rapid, truly quantitative techniques, which can measure MRD in
peripheral blood, become the norm.

ACKNOWLEDGMENTS

This work in Bristol has been supported by Leukaemia Research Fund of
Great Britain and the Ben Drewer trust. As ever, we are indebted to clinical
colleagues and research staff for their continued efforts.

REFERENCES
1. Chessells JM. Relapsed lymphoblastic leukaemia in children: a continuing challenge, Br. J.

Haematol., 102 (1998) 423–438.
2. Barrett AJ. Bone marrow transplantation for acute lymphoblastic leukaemia, Baillieres Clin.

Haematol., 7 (1994) 377.
3. Heslop HE. Haemopoietic stem cell transplantation from unrelated donors, Br. J. Haematol.,

105 (1999) 2–6.
4. Woolfrey A, Frangoul H, Anasetti C, Storer B, Getzendaner L, Hansen J, et al. Unrelated

transplants for children with acute lymphoblastic leukaemia, Blood, 94(1) (1999) 712a
(abstract).

5. Oakhill A, Pamphilon DH, Potter MN, Steward CG, Goodman S, Green A, et al. Unrelated
donor bone marrow transplantation for children with relapsed acute lymphoblastic leukaemia
in second complete remission, Br. J. Haematol., 94 (1996) 574.

6. Aversa F, Tabilio A, Velardi F, Falzetti S, Ballanti A, Carotti F, et al. Advances in full
haplotype mismatched transplants in acute leukaemia, Blood, 94(Suppl. 1) (1999) 565a
(abstract).



96 Moppett et al.

7. Marks D, Bird JM, Cornish JMM, Goulden NJ, Jones CG, Knechtli CJC, et al. Unrelated donor
bone marrow transplantation for children and adolescents with Philadelphia positive acute
lymphoblastic leukaemia, J. Clin. Oncol., 16 (1998) 931–936.

8. Aricò M, Valsecchi MG, Camitta B, Schrappe M, Chessells J, Baruchel A, et al. Outcome of
treatment in children with Philadelphia chromosome-positive acute lymphoblastic leukaemia,
N. Engl. J. Med., 342 (2000) 998–1006.

9. McKinnon S. Who may benefit from donor leucocyte infusions after allogeneic stem cell
transplantation? Br. J. Haematol., 110 (2000) 12–17.

10. Knechtli CJC, Goulden NJ, Hancock JP, Garland RJ, Jones CG, Grandage V, et al. Minimal
residual status as a predictor of relapse after allogeneic bone marrow transplant for children
with acute lymphoblastic leukaemia, Br. J. Haematol., 102 (1998) 860–876.

11. Langlands K, Goulden NJ, Steward CG, Potter MN, Cornish JM, and Oakhill A. False positive
residual disease assessment post-bone marrow transplant in acute lymphoblastic leukaemia,
Blood, 84 (1994) 1352–1353.

12. Franklin IM. Consensus conference on unrelated-donor bone marrow transplantation, Octo-
ber 29 & 30, 1996: its use in leukemias and allied disorders. Royal College of Physicians of
Edinburgh, Transfusion, 38 (1998) 100–101.

13. Knechtli CJC, Goulden NJ, Hancock JP, Garland RJ, Jones CG, Grandage V, et al. Minimal
residual disease status prior to allogeneic bone marrow transplantation is an important deter-
minant of successful outcome for children and adolescents with acute lymphoblastic leu-
kaemia, Blood, 92 (1998) 4072–4079.

14. Bader P, Kreyenberg H, Beck J, Hancock J, Goulden N, Oakhill A, et al. Minimal residual
disease in ALL prior to allogeneic stem cell transplantation, Bone Marrow Transplant., (Suppl.
1) (2000) 149 (abstract).

15. Uzunel M, Mattson J, Matsche M, and Ringden O. High level MRD pre SCT is not necessarily
associated with relapse in ALL, Bone Marrow Transplant., (Suppl. 1) (2000) 146 (abstract).

16. Uzunel M, Matsson J, Jaksch M, Remberger M, and Ringden O. The significance of graft-
versus-host disease and pretransplantation minimal residual disease status to outcome after
allogeneic stem cell transplantation in patients with acute lymphoblastic leukaemia, Blood, 98
(2001) 2982–2984.



Molecular Investigation of MRD in Adult ALL 97

97

From: Leukemia and Lymphoma: Detection of Minimal Residual Disease
Edited by: T. F. Zipf and D. A. Johnston  © Humana Press Inc., Totowa, NJ

7 Molecular Investigation
of Minimal Residual Disease
in Adult Acute Lymphoblastic
Leukemia of B Lineage

Letizia Foroni, Forida Y. Mortuza,
and A. Victor Hoffbrand

INTRODUCTION

Although chemotherapy achieves clinical remission (CR) within 1 mo in the
majority (≥80%) of adults with B-lineage acute lymphoblastic leukemia (ALL),
less than 40% are considered to be cured at 5 yr (1,2). Clinical relapses, following
complete clinical remission (CCR) after induction therapy, indicate that leuke-
mia cells, undetected by light microscopy (theoretically up to 1 in 1010 cells),
expand at any time after achievement of remission until there is full-blown
clinical relapse.

Consequently, the detection of residual disease at levels below 1 in 103 leu-
kemic cells among normal bone marrow (BM) cells has recently been explored
using sensitive immunological and cytogenetic approaches. The use of leuke-
mia-specific antigen profiles and four-color cell-sorting techniques (3–5) has
improved the sensitivity and specificity of detecting leukemic cells. These tech-
niques will be extensively described in a separate chapter of this volume.

Cytogenetic examination, even using the fluorescent in situ hybridization
(FISH) technique, has, so far, failed to achieve the sensitivity required for the
detection of residual disease in ALL, but it remains valuable for the identification
of genetic changes in presentation material (6,7). This allows the identification
of chromosomal translocations, which are potentially valuable as clone-specific
markers for tracking residual disease by molecular methods (see below).
Molecular techniques have indeed had the greatest impact on the monitoring of



98 Foroni, Mortuza, and Hoffbrand

residual disease in acute and chronic hematological malignancies. It is the scope
of this chapter to describe their value in the MRD investigation focusing on adults
with ALL and discussing data from our own laboratory and data presented in the
literature.

DEFINITION OF MINIMAL RESIDUAL DISEASE

Minimal residual disease (MRD) is defined as the “lowest level of disease
detectable in patients in CR by the methods available.” In order to detect MRD,
it is necessary to identify leukemic-specific markers using sensitive detection
techniques. In Table 1 (8–16), we have listed some of the most frequent markers
used in patients with ALL for the investigation of MRD.

MRD ANALYSIS USING MOLECULAR MARKERS

Markers can be distinguished into (1) “clone-specific” and (2) “patient-spe-
cific” (see Table 1). The former are present in the leukemic but not normal
background cells. All patients with that particular type of leukemia and abnor-
mality show that molecular marker. This applies principally to markers linked to
chromosomal translocations that create novel fusion genes. Among these, the
first to be studied were the t(14;18) in non-Hodgkin’s lymphoma (NHL) follicu-
lar lymphoma and the t(9;22) in chronic myeloid leukemia (CML) and ALL.
Because the translocation is essentially the same in all patients, this facilitates its
detection by common and widely applicable tests, irrespective of the age, gender,
phenotype, and clinical features of the patient cohort. In adult ALL, the incidence
of these abnormalities varies greatly. The t(9;22) is the most common abnormal-
ity (15–30%) and leads to the fusion of the BCR and ABL genes. Other translo-
cations are more rarely detected in adult ALL. These include t(4;11) (5–10%) and
t(1;19) (5%) (17), which, like t(9;22), also carry a poor prognosis. Other trans-
locations, such as t(12;21) (<1%) (18), have limited relevance to the overall
clinical outcome, as they are rare in adult ALL. Recent reviews of the cytogenet-
ics and frequency of these abnormalities have been published in the past few
years (19–21). The use of these clone-specific markers for MRD investigation in
adult ALL is described in Chapter 11.

PATIENT-SPECIFIC MARKERS

These markers are almost exclusively the unique rearrangements that happen
to the antigen-receptor genes, both immunoglobulin (Ig) and T-cell receptor
(TCR) during leukemogenesis and subsequent clonal expansion. The unique
type of DNA rearrangement associated with Ig and TCR production (22,23)
involves deletion and rejoining of large stretches of DNA and insertion of novel
nucleotides by the enzyme terminal deoxynucleotidyl transferase (TdT), which
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Table 1
Markers Applied to the Investigation of MRD in Adult ALL Patients

Markers Incidencea Sensitivity Specificityb Impact on survival Ref.

Immunophenotype 90–95% 1:10–1:105 Clone-specificc Based on phenotypes 3
WT1 5–10% >1:104 Clone-specific NKf 8, 9
TAL-1 deletion <5% of T >1:104 Patient-specific NK 10
Cytogenetic abn. >50% <1:102 Clone-specific Depends on type   7
RT-PCR ≥30% >1:104 Clone-specific Noned 11
Ag-receptor genes >90% >1:104 Patient-specific Noned 11
MTHFR RFLP NK Clone-specific Increased risk of ALL 12
ATM deletion 28% NK Clone-specific Good 13
del (13q14) 10% NK Clone-specific Poor 14
RB1e 51% NK Clone-specific Poore 15
P16 (INK4A)e 41% NK Clone-specific Poor 15
p53e 26% NK Clone-specific Poor 15
Ikaros-6 isoforms 34% NK Clone-specific NK 16

aIncidence of some markers may vary depending on the marker.
bSpecificity is defined as clone-specific when the same marker is present in different patients and it is indistinguishable from patient to patient

by the method used; a marker is defined patient-specific when the method used identifies differences specific to each patient. The latter are the
most sensitive methods.

cSome combination of surface markers can be patient-specific and therefore highly sensitive.
dThe occurrence of these changes has no impact per se on survival.
eThe combination of one or more of these defects is associated with worse outcome.
fNK, not known.
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creates a gene sequence unique to each cell. During the normal course of early
B-cell development, 1 each of 55 variable (VH), 30 diversity (D), and 6 joining
(JH), segments are selected and undergo a somatic VH-(D)-JH recombination
event (22,23). This is associated with a change from the germ-line configuration
of the IgH genes, which can be revealed by using Southern blotting and the
polymerase chain reaction (PCR). Southern blotting is an easy and widely appli-
cable technique, but it fails to provide the sensitivity required for MRD investiga-
tion, as it can only detect clonal cell populations at a sensitivity of 5–10%.
The detection, however, of a clone by Southern blotting and PCR exploits the
fact that following IgH rearrangement, the resultant complementarity-determin-
ing region 3 (CDR3) is unique (in size and sequence) to each B-cell and its clonal
progeny. Therefore, the CDR3 sequence provides a leukemia-specific target for
tracking MRD. PCR identification of leukemia-specific CDR3 is based on the
principle that a monoclonal population of CDR3-bearing leukemic cells will
exhibit amplification of one particular size of CDR3 at presentation (known as
a fingerprint), compared to the heterogeneously sized CDR3-bearing B-cells
seen in normal specimens (24).

The combination of amplification using primers for the VH segments of the
six major V families (VH1–VH6) and a JH primer yields a clonal IgH pattern that
can be demonstrated following either separation on an agarose gel by electro-
phoresis and ethidium bromide staining or by separation of PCR products pulsed
with a radiolabeled nucleotide (α-32P dCTP) (Fig. 1). The two methods have
levels of sensitivity between one leukemic cell in 102 to 103, respectively. Prim-
ers can be designed for the framework (FR) 1, FR2 and FR3 regions and used in
combination with the antisense JH primer.

The leukemic CDR3 region can be further analyzed for DNA sequence and an
allele-specific oligonucleotide (ASO) can be generated. If this is used in combi-
nation with the forward FR1 primers a 10-fold higher sensitivity (>1–5 in 104)
can be obtained (Fig. 2).

Higher sensitivity of detection has been achieved in various laboratories by
running 10 duplicate reactions for each sample (allowing analysis of increased
DNA substrate), cellular enrichment of lymphoid cells, or in vitro culture prior
to DNA amplification (25). However, these more sensitive PCR-based assays
have considerable implications in terms of cost, manpower, and time required.
The different methods have recently been extensively reviewed (11).

MRD: THE TESTS

The Ig and TCR rearrangements are the most common markers used for the
investigation of MRD in ALL, as they can be detected in most cases of B- and
T-cell ALL, irrespective of age or of additional molecular or cytogenetics
changes. They are by far more frequent than the most frequent chromosomal
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abnormality and they allow monitoring of MRD in over 90–95% of cases of ALL.
In Table 2, we compare the different approaches used for MRD investigation in
relation to the amount of material required, level of sensitivity, speed, and cost.

Fig. 1. IgH gene rearrangement. Each VH segment joins, by a random recombinatorial
event, a D and JH segment to generate the VDJ segment encoding the “variable” part of
the IgH molecule. In the joining process, random nucleotides (N) are added at the VD and
DJ junction. Also, nucleotides complementary to trimmed basepairs (P nucleotides; Pn)
are added to increase variability to the complementarity region 3. Abbreviations are as
follows: V, variable; D, diversity: J, joining; CDR: complementarity-determining region;
FR: framework region; ASO, allele-specific oligonucleotide.

Fig. 2. Radiolabeled fingerprinting IgH gene analysis. PCR amplifications using VH
family-specific forward primers and JH reverse primers were spiked with radiolabeled
nucleotides and then separated on denaturing gel and autoradiographed. (A) PCR ampli-
fication using normal bone marrow; (B) prolonged exposure (5 d) of individual VH PCR
amplifications as in (A); (C) autoradiograph of VH3 amplification of a VH3 clone in an
adult ALL patient as a comparison.
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These techniques are also described more fully in other chapters of this vol-
ume. Some of the more recently introduced and widely used techniques are
described next.

REAL-TIME QUANTITATIVE PCR

This technology introduced by Heid and colleagues (26) promises to revolu-
tionize the time and effort in using PCR for MRD investigation. In this system,
the PCR reaction results in the displacement of a fluorogenic product-specific
probe that is degraded while the PCR product is being generated and emits a
detectable fluorescent signal (i.e., real-time detection). This amplification sys-
tem results in a fivefold increase in sensitivity, eliminating the requirement for
nested PCR amplification. In the few studies published to date, particularly using
the breakpoint-specific fusion genes for the t(9;22) (27), (t(8;21) (28), and
t(14;18) (29) translocations, have shown an excellent level of specificity and
sensitivity (10–5).

More recently, real-time quantitative (RQ)-PCR has been used for the ampli-
fication of IgH rearrangements in multiple myeloma (30,31) and ALL patients
(30–33). Larger and more comparative studies are in progress to fully assess the
impact of this new technique on MRD investigation in ALL, both using leuke-
mia-specific breakpoints and antigen-receptor–specific rearrangements.

MRD: USEFULNESS OF MONITORING ADULT ALL PATIENTS

At present, ALL patients are classified as standard (low or intermediate) and
high risk based on clinical findings at presentation, such as age, sex, white blood
count (WBC), immunophenotype, and cytogenetics. On these criteria, over 70–
75% of adult ALL patients fall into the standard risk group and 20–25% into the

Table 2
Technical Approaches to the Investigation of MRD in Adult ALL

Time
Required amount Sensitivitya to result

Methods of material (%) (d) Cost-effectivenessb

Southern blotting 10 µg      5–10 4–10 Low
Agarose gel PCR 100–500 ng      1–5 1 Low
Heteroduplex 100–500 ng      1–5 1–2 Medium
Gene scanning   50–100 ng   0.1–1 1–2 High
Real-time PCR   50–100 ng 0.01–0.001 1 High

aThe sensitivity increases using an allele-specific primer derived from the CDR3 region, which
is patient-specific.

bMainly the result of the high cost of the equipment required for these tests.
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particularly high-risk group. The latter predominantly include patients with t(9;22),
T-ALL with high WBC and patients with t(4;11). Clinicians are still unable, how-
ever, to predict overall clinical response in the standard-risk group and identify,
within the first 6 mo from presentation, those patients who may benefit from less
intensive treatment because they are responding well to chemotherapy or to iden-
tify patients whose prognosis will improve by having more intensive treatment.
Because postinduction clinical and morphological CR is achieved by over 85% of
all adults treated with the UKALLXII protocol (2), the use of molecular studies has
been explored as possible means to separate high-risk from low- and intermediate-
risk patients in remission within 1–3 mo from presentation.

Studies in children have shown that patients who have achieved morphological
remission at the end of induction carry detectable residual disease (by molecular
detection of leukemic-specific markers) in approx 30% of cases. Moreover, mea-
surement of the level of leukemic cell infiltration in the BM has been shown to
predict the relative risk of relapse. Conversely, approx 60–70% of children have
been shown to achieve complete molecular remission by 1–3 mo, as revealed by
failure of detection at a level of less than 1 leukemic cell in 105 BM normal cells.
In these patients, the prediction for continuous clinical remission (CCR) was far
more accurate than using other standard criteria previously available, providing
continuous monitoring for residual disease showed no re-emergence of the disease
during the first 24 mo of therapy. These observations have prompted our and other
laboratories to extend molecular monitoring to adult ALL patients. The principle
information derived from this analysis will be summarized below.

MRD: RELEVANT TECHNICAL
AND BIOLOGICAL INFORMATION

Clonality Assessment in Adult ALL
The most common combination of patient-specific markers for B-lineage

adult ALL are the IgH and TCR-γ gene rearrangements (85–90%), followed by
IgH and TCR-δ (in 50–60% of cases). Frequency of single-locus rearrangement
(in our experience) in adults varies from 75% to 80% for the IgH, from 60% to
70% for TCR-γ and from 40% to 50% for TCR-δ. For the IgH rearrangement
(the most common), efficiency of amplification using FR1 primers or leader
sequence primers is successful in the identification of a clonal marker in 70–80%
of patients. This frequency is only slightly lower than the frequency of the same
type of rearrangement in childhood ALL (80–90%). Therefore, IgH remains the
first choice of marker for MRD studies in ALL. Two events decrease the effi-
ciency of detection of the marker: (1) somatic mutations within the V and J
coding regions at sequences where primers are conventionally designed for
amplification and (2) incomplete VDJ rearrangements. Somatic mutations,
restricted to the IgH genes, introduce sequence changes resulting in poor anneal-
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ing of the primers and poor amplification efficiency. To avoid this problem,
several laboratories use mRNA and real-time (RQ) PCR for amplification of the
rearranged alleles encompassing the variable to constant region. This is, how-
ever, more successful in chronic lymphoid malignancies, where the rearranged
allele is transcribed and results in a surface immunoglobulin. In the acute leuke-
mias, only pre-B-ALL (cytoplasmic IgM positive) and mature B-ALL are ame-
nable to such investigation. Both null and common (CD10+) ALL have no
detectable cytoplasmic Ig heavy chains.

In addition, the lower efficiency of amplification in adult compared to child-
hood ALL has been explained by the presence of more immature IgH rearrange-
ments with DJ rearrangements in approx 10–15% of adult cases. We have
analyzed 110 diagnostic BM DNA samples from adult B-lineage ALL patients
and found PCR amplifiable rearrangements in 85 (77%), in agreement with other
reports (34–36).

Oligoclonality
Investigation of VH rearrangement in ALL has also revealed the frequent

occurrence of oligoclonality. Oligoclonality is defined as the expansion of
subclones from the primary leukemic cell. It leads to the generation of as many
as five to six different subclones in the same patient and is detected in 20–30%
of cases of adult and childhood ALL with little difference between the two age
groups. In our study, the majority of the cases carried 1 clone (59%), 18 had
2 clones (21%), and 17 had 3 or more clones (20%). It is important to identify
cases with oligoclonality to allow the monitoring of all subclones. We have
recently shown that the rates of proliferation of different clones vary greatly
because subclones can acquire additional molecular changes with different
growth potential and resistance to therapy (37,38).

VH Gene Usage
Analysis of IgH rearrangement of 245 alleles in adult ALL has confirmed that

the clonal cells in adult ALL are derived from a relatively more immature B-cell
than in chronic B-cell malignancies such as chronic lymphocytic leukemia (CLL)
and non-Hodgkin’s lymphoma (39). VH6, the most JH proximal VH gene, is used
in a statistically higher proportion of ALL patients than expected. With the exclu-
sion of VH6 and genes within the JH proximal region (within 150–200 kilobases
[kb] from JH), there is no other preferential usage of individual VH genes (39).

MRD MONITORING AND CLINICAL OUTCOME

Although the value of MRD in predicting outcome has been extensively evalu-
ated in childhood ALL (4,5,40,41), little is known of its value in adult ALL
(34,42,43). We have analyzed adult ALL patients using BM aspirate specimens
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taken postinduction (between 28 and 35 d) and at three later time-points (3–5 mo,
6–9 mo, and 10–24 mo) during the first 24 mo of treatment. No Philadelphia-
positive patient or patients with T-ALL were included. ALL patients were
between 15 and 55 yr of age and treated according to the UKALLXII trial pro-
tocol. For patients with an IgH rearrangement (77% of all cases investigated),
their MRD status was monitored while in clinical CR at available time-points.
End points were latest CCR recording, relapse event, or death (in CR).

In agreement with Brisco’s study (42), approx 50% of patients showed residual
disease at the end of induction (1 mo). With the exception of one patient, a level
of disease of 1:102–103 was identified. As time progressed, a reduction in level
of residual disease was observed among patients who remained in CCR com-
pared to patients who later relapsed.

Brisco and colleagues (42) showed that a test between d 28 and d 42 postin-
duction could correlate with outcome if accurate quantification was conducted.
They showed that the incidence of relapse was greater with increased level of
disease at time of assessment (42). Our results (44) demonstrate how, among
Philadelphia (Ph)-negative B-lineage ALL patients, subgroups with different
outcomes can be identified depending on the MRD pattern during the first 6 mo of
treatment. Among 49 patients who had been tested at least twice in the first 6 mo
of treatment, the following four patterns emerged: (1) only positive MRD tests
were recorded; (2) a positive test was followed by conversion to negative test;
(3) conversion from negative to positive was observed; (4) all tests were negative.
Our data indicate that patients with patterns (1) and (3) have the worst outcome
(77% and 71.5% incidence of relapse, respectively) and can therefore be pooled
into a high-risk group, whereas patients with pattern (2) or (4) had the greatest
chance of CCR (16% and 22%, respectively) and were entered into the low-risk
group (see Table 3). The individual subgroups will be discussed next.

High-Risk Group
Two consecutive positive tests were detected in 18 patients; 7 patients con-

verted from a negative to a positive test during the period of observation (1–6 mo
from induction). We investigated the correlation between these patterns and
outcome, and the impact of chemotherapy (CHT), autologous stem cell trans-
plant (SCT) (ASCT), or allogeneic SCT (allo-SCT) treatment on overall out-
come. All patients were in CR at time of SCT. Among patients with pattern 1 or
4, the incidence of relapse was comparable (14 [77%] of 18 patients and 5
[71.5%] of 7 patients), indicating the association between positive MRD tests
and conversion to positive MRD and high relapse rate.

Only 2 of 15 patients in this high-risk group treated with CHT remained in
CCR. All four patients, who received ASCT relapsed. In all four patients, BM
harvests pre-BMT were found to contain more than 1:103 leukemic cells.
By contrast, four of five patients who received allo-SCT have remained in CCR.
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Relapse occurred in only one patient who received allo-SCT, but this patient had
failed to clear residual disease 2 mo posttransplant and progressed rapidly (within
1 mo) to a clinical relapse.

These data indicate that allo-SCT appears to be the only procedure with an
impact on outcome in this high-risk group. Consequently, if we exclude patients
who received allo-SCT, relapse was then observed in 18 (90%) of 20 patients
with patterns 1 and 4. CHT and ASCT appeared to have little or no effect in
preventing relapse in these patients.

Low-Risk Group
Six patients showed conversion from a positive to a negative test (pattern 2)

during the first 6 mo of treatment. All patients remained in CCR. Three had
received CHT, one had ASCT, and two had allo-SCT, suggesting a favorable
outcome irrespective of treatment.

Two consecutive negative tests during the first 6 mo of observation (pattern
4) were recorded in 18 patients. Except for four patients, all remained in CCR.
Three of the relapsed patients received CHT and one received allo-SCT. Four
patients receiving ASCT and two patients receiving allo-SCT remained in CCR.

Table 3
MRD Patterns and Association with Outcome

MRD pattern Total no. CHT ASCT Allo-SCT Predictive valuea

(1) +/+ 18 9 4 5
Relapses (14) 9 4 1 PPV: 77%
CCR (4) 0 0 4 NPV: 22%
% of relapses 100% 100% 20%

(2) +/– 6 3 1 2
Relapses (1) 0 0 1 PPV: 16%
CCR (5) 3 1 1 NPV: 83%
% of relapses 0% 0% 50%

(3) –/+ 7 6 1 0
Relapses (5) 4 1 0 PPV: 71.5%
CCR (2) 2 0 0 NPV: 28.5%
% of relapses 71.5% 100% NA

(4) –/– 18 11 4 3
Relapses (4) 3 0 1 PPV: 22%
CCR (14) 8 4 2 NPV: 77%
% of relapses 27% 0% 33%

Abbreviations: +/+, only positive MRD tests during the first 6 mo postinduction; +/–, MRD
positive conversion to negative during the first 6 mo; –/+, a conversion from negative to positive
tests; –/– only negative tests recorded during the first 6 mo post-induction.

aAs a whole group. The PPV and NPV are provided. NA: not available; PPV: positive predictive
value; NPV: negative predictive value.
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In this group, analysis of MRD pattern and outcome showed that a negative test
is associated with CCR in 77% of cases investigated.

ASCT Patients
No information is yet available in adult ALL patients in complete remission

undergoing ASCT relating level of residual disease in the bone marrow samples
to clinical outcome. We were able to collect data on a limited cohort of patients
and the findings are described in this subsection.

We observed that patients who receive ASCT showed a striking concordance
between MRD results at the time of transplant and clinical outcome (Fig. 3).

Fig. 3. Autologous-BMT patient time lines, showing MRD status at various times from
presentation. The time in months has been shown relative to the point at which transplan-
tation took place. The patients have been divided according to clinical outcome.



108 Foroni, Mortuza, and Hoffbrand

Apart from one patient (patient 142), all transplantation procedures took place 5–
9 mo from presentation. Almost all samples from patients in long-term CCR were
MRD negative (21 of 23; 91.3%) at time-points mainly prior to SCT, and none
were positive after SCT. The only patient to remain in CCR with a positive test
prior to SCT (patient 177) converted to MRD negativity immediately after SCT.

The opposite is true for those patients who relapsed, with all but one patient
(six of seven; 85.7%) testing MRD positive prior to SCT. Interestingly, one
patient (patient 95) who was positive at 1 mo prior to SCT (at level greater than
1 in 103) became negative at 10 mo post-SCT, but then had an extramedullary
relapse at 15 mo. There was good concordance between the MRD status of the
harvested BM sample (usually taken at between 1 and 2 mo prior to ASCT) and
clinical outcome of the SCT, with all six MRD-negative harvests being associ-
ated with subsequent CCR and six of seven (85.7%) MRD-positive harvest being
associated with relapse. Fisher’s exact test revealed the relationship to be highly
significant (p = 0.005).

Allogeneic SCT Patients
Similar to the autologous SCT, BM assessment in patients undergoing allo-

geneic bone marrow transplantation showed features important in planning future
studies (Fig. 4). Apart from one patient (patient 289), all transplantation
procedures took place 5–8 mo from presentation. In contrast to autologous SCT,
there was no correlation between MRD result prior to allo-SCT and clinical
outcome (Fig. 4). Among 14 patients who remained in CCR, 8 (57%) were MRD
positive and 6 (43%) were MRD negative prior to SCT. Among three patients
who relapsed (or died with residual disease) after transplantation, only one was
MRD positive and two were MRD negative prior to SCT.

By contrast, there was good correlation between the MRD test post-SCT and
clinical outcome. Patients in long-term CCR showed no MRD after SCT, and the
two patients who were MRD positive either relapsed or died with detectable
MRD soon after SCT.

However, because of the low number of relapse patients tested and treated,
these results should be considered as very preliminary and suggestive for further
testing.

RELAPSES AND MRD TESTS

The value of MRD tests is also judged by their ability to predict relapse within
a specified lapse of time. This is still under investigation in several studies. We
applied this analysis to 37 patients in a homogeneous cohort of de novo ALL
patients. In 26 (70%), relapse was preceded by a positive MRD test, indicating
the strong ability of MRD assessment to predict impending relapse. However, in
11 (30%), the last test prior to relapse showed no evidence of MRD. There are
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a number of possible explanations for this discrepancy: (1) It could be a conse-
quence of extramedullary relapse with no evidence of BM involvement (in two
patients) or (2) prolonged interval (longer than 5 mo) between the last MRD test
and relapse (in four patients). Sensitivity of the test may also be relevant. Tests
should guarantee level of detection ≥1:104 to avoid false-negative tests. Four
relapses occurred in patients where no allele-specific oligonucleotide (ASO) was

Fig. 4. Allogeneic-BMT patient time lines, showing MRD status at various times from
presentation. In this group of patients (19 patients in total), follow-up (in months) has
been shown relative to the point at which transplantation took place. The patients have
been divided according to clinical outcome.
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available. Only one patient relapsed within 3 mo after a test, with sensitivity of
1:104 showing no evidence of residual disease. The patient had received a
matched-unrelated donor (MUD) transplant 4 mo prior to relapse. The rapid rise
of residual disease in transplant patients has been previously recorded both in
Ph-positive and Ph-negative patients (45).

The results in our group of patients suggest that (1) monitoring for MRD
should be done at regular intervals; we suggest 3 monthly testing. As several
patients carry multiple IgH clones (oligoclonality), efforts should be made to
follow all available clones. Markers for the TCR-δ and TCR-γ rearrangements
should be followed in parallel. In our experience, however, the IgH genes are, by
far, the most reliable markers in B-lineage ALL as clonal TCR-δ rearrangement
in particular can be lost during the follow-up period preceding relapse.

MRD TESTS AS INDEPENDENT PREDICTOR OF OUTCOME

The Cox regression multivariant model was used to determine the most sig-
nificant independent prognostic variable comparing age, sex, WBC, and days to
first remission. This analysis made use of information collected from the cohorts
of patients discussed above and another 40 patients who had been tested at
different times during the first 24 mo of treatment (44). As our study excluded
Ph+ ALL, cytogenetics were not taken into account, as other cytogenetics sub-
groups [e.g., t(4;11) and t(1;19)] were too small to have an impact. We therefore
compared MRD status at each time period with age, WBC, count at presentation,
and time to first CR for effects on disease-free state (DFS) rates. The only
covariable to have any significant independent effects on DFS was MRD.

MRD IN ADULT ALL:
COMPARISON WITH CHILDHOOD ALL STUDIES

Comparison between MRD data in childhood and adult ALL highlights dif-
ferences between responses in the two age groups but similarity in the predictive
value of MRD detection. Data for comparison have been derived from recent
studies in childhood ALL (4,5,40,41).

Differences
1. Effect of induction therapy. Children show a better response rate to induction

therapy than adults, in that a larger proportion reach molecular remission as well
as morphological remission (75%) compared to adults (50%) by the end of
induction therapy.

2. Less effective response to treatment in adult versus children. The prolonged
persistence of residual disease in adults indicates comparative resistance to
therapy because they are treated at least as aggressively as children. In our cohort
of patients, over 50% of patients still had detectable disease between 3 and 5 mo
and this was strongly associated with a high relapse rate (70%).
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3. Bone marrow transplant and outcome. The MRD status prior to allo-SCT appears
to be the most important indicator of outcome in children (46,47). On the other
hand, in adults, we have found that the presence or absence of MRD prior to
allogeneic transplant carries little or no impact on outcome. The reason for this
difference is not apparent, but it is possible that children selected for allo-SCT
have more resistant disease than adults (all in first CR in our study). In children,
allogeneic transplants are T-cell depleted (a procedure not applied to adults),
removing the antileukemic effect. As there are no large-scale reports in autolo-
gous SCT, the data we have collected suggest that all harvested BM should be
tested for residual disease, which is the most important factor in predicting
outcome in the autologous procedures.

Similarities
1. MRD is a valid parameter for measuring therapy response. In both adult and

childhood ALL, MRD is the most important prognostic factor in measuring
outcome and it is independent of total WBC, gender, immunophenotype, and
age. In children, this has been strongly corroborated by the publication of two
large European studies that reported MRD investigation in a total of 178 and
240 childhood ALL patients, respectively (4,40,41). These data have now been
corroborated among adult ALL through our study.

2. There is direct correlation between level of disease and incidence of later relapse
(42) when measuring MRD postinduction, as previously demonstrated in chil-
dren (4,40,41).

MRD ANALYSIS: IMPORTANT CRITERIA

Peripheral Blood Versus Bone Marrow
There is strong agreement that peripheral blood (PB) is about 1 log less sen-

sitive than BM for detection of MRD (45,48,49). TCR-γ is the least sensitive of
markers used (50). Molecular remission in the PB is therefore compatible with
residual disease in the BM. Consequently, marrow is preferable for analysis.
Most reports have utilized mononuclear cell preparations from fresh marrow
samples. If not available, DNA can be obtained from archival glass slides, but the
DNA is frequently of inferior quality, which may compromise the sensitivity of
the test. There are now several kits that facilitate the preparation of DNA or RNA
for analysis. No study has extensively compared the use of RT-PCR versus DNA
analysis for antigen-receptor genes in ALL and, therefore, DNA remains the
preferred material for analysis.

Timing of Testing
Although testing for MRD at only one time-point may provide informative

results, most investigators advocate testing on two or more occasions (e.g., imme-
diately postinduction and at 3–5 mo and 6–9 mo of therapy). More frequent
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testing may be desirable, particularly if MRD is being assessed by a more sen-
sitive and quantitative technique to detect an emerging clone of proliferating
cells. However, the practicality and ethics of this need to be considered carefully.

BM Testing for Extramedullary Relapse
We have limited information on the efficiency of MRD analysis using BM for

prediction of extramedullary relapse. In children, several studies have shown
that BM testing is not yet sufficiently sensitive to predict extramedullary relapse
(central nervous system, testis, and skin) in all cases (40,41,51,52). There are too
few cases of extramedullary relapses in our study to reach any meaningful con-
clusion. It is only noteworthy that two of three extramedullary relapses were
preceded by negative tests. Larger studies and more regular monitoring are
required in the future.

At the time of extramedullary relapse, the bone marrow in children almost
invariably contains low-level MRD (41,53). This observation explains why there
is a high incidence of subsequent marrow relapse in such patients and provides
a rationale for systemic treatment, in addition to site-directed treatment.

MRD in Harvested Bone Marrow Specimens
Minimal residual disease analysis has been useful in the assessment of residual

disease both prior to or after purging in BM harvested for ASCT. A direct rela-
tionship between PCR-positive BM and incidence of relapse following ASCT
has been described in patients with non-Hodgkin’s lymphoma (54,55), CLL
(56), and ALL (44,57). Whether relapse originates from residual disease in the
BM graft or from persisting medullary disease that survives the effect of high-
dose therapy is unknown. Relapse derived from the grafted cells has occurred in
AML (58). Purging studies with MRD monitoring may help to resolve this issue
in cases of ALL.

CONCLUDING REMARKS

The evaluation of MRD following chemotherapy or bone marrow transplan-
tation has progressed in the past 10–15 yr from morphological assessment of BM
aspirates to the use of immunological and cytogenetic tests. The application of
molecular techniques, including PCR, has enabled us to detect MRD to levels of
sensitivity of 10–5–10–4. We now have the ability to trace leukemic cells among
normal counterparts using both clonal changes in antigen-receptor genes (IgH
and TCR) and leukemic-specific changes (translocations, point mutations). These
tests have been used, to date, to study more than 900 patients with ALL, predomi-
nantly children. In at least three large prospective studies that together evaluated
over 500 childhood ALL patients (4,40,41), this predictive value has been found
to be independent of other risk factors such as age, sex, and presenting leukocyte
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count. Quantitative and semiquantitative assessment of MRD is becoming
important with three of these large studies defining relapse risk as a function of
MRD level immediately postinduction and at later time-points.

We have now been able to evaluate the same parameters in adult ALL and
show that MRD detection has similar predictive value (44). Both for children and
adults, the challenge is to incorporate routine, regular MRD analysis into prog-
nostic indices for testing in large randomized trials. The potential benefit would
seem to be largest in “standard-risk” ALL as judged by conventional criteria
(age, sex, presenting leukocyte count, chromosomal translocations). In this, the
largest category of patients, overall benefit has been obtained by treatment inten-
sification, but this is at the expense of overtreating a substantial number of
patients (who may be cured with less intensive protocols), especially in children.
In adults, a large number of patients appear to be cured by standard chemotherapy
and could be spared invasive SCT procedures. The corollary to this is the poten-
tial for detecting a new group of high-risk patients, both adults and children on
the basis of slow MRD clearance or rapid rise following negative MRD. These
could be candidates for further treatment intensification including the possibility
of SCT in first CR or alternative, more aggressive treatments.

For such decisions to be made, there will need to be a high level of confidence
in interpreting MRD results. As we have described, these results can be affected
by the technique used and a host of other potential pitfalls. The availability of
several different markers helps to rule out false-positive or false-negative tests
but increases the total labor and costs substantially. The current technology is
labor intensive, but improvements including kits for DNA/RNA extraction,
automated sequencing, fluorescent-based methodology, and, more recently, real-
time PCR may lead to a more widespread availability of MRD testing.

We hope that within the next 5 yr MRD analysis will be used routinely and
prospectively to assess treatment response in all patients with ALL treated on
major national and international protocols. The challenge will be how to incor-
porate the information learned into new studies for the overall benefit of the
patients.
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INTRODUCTION

Current treatment strategies for patients with acute myeloid leukemia (AML)
result in a high complete remission (CR) rate (60–80%). However, relapses due
to the persistence of low numbers of residual neoplastic cells which are undetect-
able by conventional morphological techniques (minimal residual disease
[MRD]), still occur in most patients; in fact, only around one-third of patients
with AML are leukemia-free at 5 yr. Owing to this, patients are indiscriminately
subjected to consolidation treatments, including conventional chemotherapy and
autologous and allogeneic stem cell transplantation, in order to eradicate pos-
sible MRD. Therefore, more sensitive techniques are needed to lay the founda-
tions for the design of patient-adapted consolidation therapies that would reduce
the risk of both: toxic deaths resulting from overtreatment in patients that could
be cured with conventional chemotherapy and relapses resulting from insuffi-
ciently intensive consolidation treatment in patients at high risk of relapse because
of persistence of residual leukemic cells. In addition, such sensitive methods for
MRD detection can contribute to the assessment of the efficacy of ex vivo purg-
ing protocols for autologous stem cells prior to reinfusion and to a more precise
evaluation of the effectiveness of new treatment strategies.

A detailed analysis of the literature shows that different methodological
approaches have been used for the detection of MRD (1–17). The efficacy and
applicability of the different methodological approaches that are available for the
detection of MRD depend on three main features: (1) specificity: discrimination
between malignant and normal cells, without false-negative and false-positive
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results; (2) sensitivity: leukemic cells are undetectable by morphology when their
number falls below 1–5% of the total bone marrow (BM) nucleated cells, and,
consequently, the detection limit of an MRD technique must be at least 10–3

(i.e., discrimination of 1 leukemic cell among 1000 normal cells); and (3) clinical
applicability: the technique should allow for easy standardization and rapid
collection of results for their clinical application.

In general, the strategies that are currently used for the detection of MRD in
hematological malignancies are based on the identification at diagnosis of
uniquely characteristic features of the leukemic cells, which would be used later
to distinguish them from a major population of normal cells in samples in which
neoplastic cells are not detected by conventional morphology (1,2,6,8,12,15–
29). On the basis of these leukemia-associated features, one or several patient-
specific probes can be built at diagnosis to be used later during the follow-up of
patients who achieved morphologic complete remission for MRD detection.
According to the cell characteristics explored, MRD techniques are classically
grouped into: (1) cell culture techniques; (2) cytogenetic approaches based on
conventional karyotyping, fluorescence in situ hybridization (FISH), or chromo-
some analysis by flow cytometry; (3) flow-cytometric analysis of total cell DNA
contents; (4) molecular biology, mainly based on polymerase chain reaction
(PCR) techniques, and (5) immunophenotyping using multiple stainings ana-
lyzed by flow cytometry (1–4,6–9,11,12,29). Based on the relative sensitivity
and applicability of the different techniques, the two most commonly used meth-
ods for detection of MRD are the multiparametric immunophenotypic flow-
cytometry studies and PCR analysis.

It should be noted that these techniques cannot be indiscriminately used for all
types of leukemia, but they should be adapted to each individual case, depending
on the markers (cytogenetic, immunologic, molecular, etc.) that best character-
ize the malignant clone. Thus, immunophenotyping is ideal for T-ALL, whereas
PCR analysis is the method of choice for chronic myeloid leukemia (CML).
Ideally, at present it is recommended that two or more techniques should be
simultaneously explored in each patient, in order to define the best approach for
investigation of MRD. In this chapter, we review the use of flow-cytometry
immunophenotyping for the investigation of MRD in patients with AML. First,
we will focus on technical-related aspects and then we will comment on the
information that is currently available regarding the clinical utility of MRD
studies using immunophenotyping.

IMMUNOPHENOTYPIC DETECTION OF MRD:
METHODOLOGICAL APPROACH

Immunophenotypic analysis of leukemic cells has proved to be an attractive
approach for MRD investigation, owing to its relative simplicity and speed
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(8,9,11,12,26,30–32). Moreover, the combination of multiple antigen stainings
and flow cytometry has increased the sensitivity and reproducibility of the method
by providing the possibility to (1) simultaneously analyze several parameters on
a single-cell basis, (2) allow the study of high numbers of cells within a relatively
short period, at the same time it permits storage of the information for latter
analysis, (3) quantitatively evaluate antigen expression, and (4) combine the
detection of surface and intracellular antigens.

In spite of these advantages, flow-cytometry immunophenotypic detection of
MRD has, at least from the theoretical point of view, two major disadvantages
that would hamper the specificity and applicability of immunophenotype for
MRD detection (33,34): (1) At present we should consider that, in most cases,
leukemic cells do not express well-characterized leukemia-specific antigens; in
addition, although there are some proteins resulting from fusion genes, such as
BCR/ABL or PML/RARα, that would represent true specific leukemic markers,
no reliable monoclonal antibody (MoAb) for their routine detection are avail-
able, and (2) several groups have reported on the existence of phenotypic changes
at relapse and this may lead to an increased proportion of false-negative results
(23,35–41). Although the first disadvantage poses the question as to whether
leukemia-associated phenotypes exist and could overcome the lack of leukemia-
specific antigens, the second points out the need to ensure that the abnormal
phenotypic characteristics detected at diagnosis remain stable during follow-up
evaluation. Accordingly, two key prerequisites for the immunophenotypical
investigation of MRD are the demonstration that leukemic cells display singular
antigenic profiles that allow their distinction from normal hemopoietic cells even
when present at very low frequencies and the demonstration that such antigenic
characteristics remain stable during the course of the disease; in other words, that
immunophenotypic probes are reliable markers for the identification of residual
leukemic cells.

Characterization and Incidence
of Leukemia-Associated Phenotypes

Precise identification of leukemia cells is essentially based on the ability to
clearly distinguish them from the normal cells present in the specimen. Accord-
ingly, phenotypic patterns of not only leukemic cells but also normal cells, present
in all types of sample used for the diagnosis of hematological malignancies, must
be well established in advance. Traditionally, it has been considered that leuke-
mic cells reflect the immunophenotypic characteristics of normal cells blocked
at a certain differentiation stage. However, the combined use of multiparametric
flow cytometry and large panels of fluorochrome-conjugated MoAb reagents
have shown that leukemic cells frequently display either aberrant or uncommon
phenotypic features that allow their distinction from normal cells (13,16,17,
22,24,28,42–56). Accordingly, those phenotypes that go undetected in normal
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hematopoiesis, either because they do not exist or they are present at very low
frequencies, could be considered as leukemia-associated phenotypes (LAPs).
These unusual or aberrant phenotypes generally result from (1) cross-lineage
antigen expression (i.e., expression of lymphoid-associated markers in myeloid
blast cells), (2) asynchronous antigen expression (i.e., coexpression in neoplastic
cells of antigenic characteristics that correspond to different maturational stages
in normal hematopoiesis), (3) antigen overexpression (i.e., presence of an anti-
gen in leukemic cells at abnormally high amounts), (4) ectopic antigen expres-
sion (i.e., presence of a marker outside of its normal homing area [i.e., presence
of TdT+ cells in the spinal fluid], and (5) the existence of abnormal light-scatter
patterns (i.e., lymphoid cells displaying high forward scatter [FSS] and side
scatter [SSC] features) (19,22,24,44,46,47,52,56–59). The detection of these
aberrancies at diagnosis represents a prerequisite for the investigation of MRD
during follow-up evaluation once morphologic CR has been attained. Together
with these phenotypic aberrancies, there are other situations that may herald the
presence of leukemic hematopoiesis. The most relevant one is the detection of
an increased proportion of immature cell populations with abnormal maturation
patterns (60). Accordingly, it has been suggested that an abnormally high ratio
between CD34+ myeloid and CD34+ lymphoid progenitors after intensification
treatment could reflect the existence of MRD in AML patients (60).

From the clinical point of view, the applicability of the use of immuno-
phenotyping for the investigation of MRD is directly dependent not only on the
existence of these abnormal phenotypes but also on the frequency at which they
are detected. In this sense, careful analysis of the literature shows the existence
of disturbing levels of variability in the incidence of LAP in AML as well as in
other hematologic malignancies (19,22,24,28,42–54,59). Such discrepancies are
probably related to technical pitfalls, including the use of different fluorochrome-
conjugated reagents, monoclonal antibody clones, single- versus multiple-stain-
ing combinations, different gating strategies, the methods used to assess
fluorescence expression, sample preparation protocols, and the use of distinct
control samples to establish normal phenotypes (57,61). In any case, it may be
stated that the frequency at which LAPs are detected has increased during the last
years in parallel to the technical improvements and the availability of new ana-
lytical capabilities (16,17,19,22,24,45–47). At present, the incidence of aberrant
or LAP in AML ranges from 30% to 85%, depending on the criteria used for their
definition and the panel of MoAbs employed. In our experience, 70% of AML
patients display aberrant phenotypes, two or more aberrancies coexisting in more
than a half of them (56%) (22,27,62). Therefore, according to these results,
immunophenotypic detection of MRD is feasible in around three-quarters of
AML patients. Below, we will discuss how the most relevant antigenic aberran-
cies present in AML.
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ASYNCHRONOUS ANTIGEN EXPRESSION

The most common type of LAP found in AML is the presence of asynchronous
antigen expression (60% of cases), usually caused either by the coexistence of
two antigens in the same cell that are not simultaneously expressed in the normal
myeloid differentiation or by the lack of reactivity for one of two myeloid-
associated antigens that are coexpressed on normal cells (i.e., CD13 and CD33).
During normal maturation of hematopoietic cells, expression of surface and
intracellular antigens is finally controlled in such a way that downregulation of
certain antigens precedes the expression of other molecules and vice versa.
Therefore, antigens exist whose expression is characteristic of specific matura-
tional stages within an hematopoietic cell lineage (16,17,26,63,64). The use of
multiple stainings analyzed by flow cytometry in which two or more antigens are
simultaneously explored has shown that leukemic cells frequently display asyn-
chronous antigen expression (15,22–24,41,45,62,64). This implies the need for
detailed knowledge on the sequence of antigen expression during normal differ-
entiation, because some phenotypes that may appear to be asynchronous may
actually either exist at low frequencies or they might be restricted to a specific
myeloid lineage usually with a low representation (i.e., mast cells, dendritic cells).

In our experience the overall incidence of asynchronous antigen expression
among AML is around 80%. The most representative examples of this aberrancy
are illustrated in Table 1 and include CD33++DR–CD34–CD15–CD14–
(17% of cases), CD33–CD13+ (14%), CD117+CD33+DR– (11%), CD34+DR–
CD33+ (9%), CD34+CD56+ (8%); CD33+CD13– (7%), CD117+CD34–CD15–
(6%), CD117+CD11B+ (5%), and CD34+CD11B++ (5%).

CROSS-LINEAGE ANTIGEN EXPRESSION

Although several leukocyte antigens have long been associated with the
lymphoid cell lineage either because they are absent or present at very low
frequencies and/or intensity in myeloid cells, it was already observed in the late
1970s and early 1980s that some AML-expressed lymphoid-related markers
and vice versa. Since then, a large number of reports have analyzed the inci-
dence of expression of lymphoid-associated markers in blast cells from AML;
the incidence ranges from 4% to 60%, with CD2 and CD7 being the markers
most frequently found in neoplastic myeloblasts (8,12,19,56,65,66). In our
experience the overall incidence of cross-lineage aberrancies in AML is 29%,
and the individual expression of CD2, CD7, and CD19 is 21%, 9%, and
2% respectively (22,62) (see Table 2). It is possible that upon using fluoro-
chromes that have a high resolution (i.e., phycoerythrin), this incidence may
even increase; nevertheless, the expression detected with sensitive fluoro-
chromes may be so dim that it would limit their value during follow-up for the
specific identification of MRD.



124 San Miguel, Vidriales, and Orfao

ANTIGEN OVEREXPRESSION

Multiparametric flow cytometry allows not only the qualitative evaluation of
antigen expression (presence vs absence) but also the assessment of quantitative
expression on a single-cell basis. It has frequently been observed that leukemic
blasts may express antigens that, in spite of being present in normal cells, are also
observed at significantly higher amounts (intensity levels) in the malignant coun-
terpart (antigen overexpression). The overall incidence of this aberrancy in AML
is low (21%) and the antigens more frequently involved are CD33 (11%), CD34
(9%), and CD13 (2%) (see Table 2).

ABNORMAL LIGHT-SCATTER PATTERNS

Flow-cytometry immunophenotyping combines the measurement of cell
antigen-associated fluorescence with that of the light-scatter properties of the

Table 1
Incidence of Aberrant Phenotypes in AML (I)

CD34+DR–CD33+ 11 9%
CD34+CD56+ 10 8%
CD34+CD11b+ 6 5%
CD34+CD33++ 4 3%
CD34+CD14+ 4 3%
CD34+CD117+DR– 3 2.3%
CD34+CD117–CD15+ 3 2.3%
CD34+CD33–CD13+DR+ 2 1.5%
CD34+CD33–CD13+DR– 1 0.8%
CD34+CD33–CD117+DR+ 1 0.8%

CD117+CD33+DR– 14 11%
CD117+CD34–CD15–a 8 6%
CD117+CD11b+ 7 5.5%
CD117+CD33+CD34–CD15+ 5 4%
CD117+DR–CD15+ 3 2.3%
CD117+DR–CD15–a 2 2.3%
CD117+DR+CD33+CD34– 1 0.8%

CD33++DR–CD34–CD15–CD14– 22 17%
CD33–CD13+ 18 14%
CD33+CD13– 9 7%
CD33+DR+CD4+CD45dim 1 0.8%
CD33++DR+CD15–CD14–b 1 0.8%
CD33+CD45d CD34–CD15–c 1 0.8%
CD33+DR+CD56+CD13+ 1 0.8%

aMast cells express this phenotype, but with higher expression of CD117.
bMinor phenotypes (dendritic cells).
cMinor phenotypes (basophilic lineage).
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individual cells under study. These latter parameters include the light scattered
at (1) low angles (forward light scatter, or FSC) and (2) angles of 90° (sideward
scatter, or SSC). The amount of FSC is directly dependent on the size and the
refractory index of the cell. In turn, SSC mainly reflects the relative homogene-
ity/heterogeneity of intracellular components that reflect the laser light such as
cytoplasmic granules and cell membranes (55). Along the maturation process of
normal hematopoietic precursors, cells gradually change their light-scatter prop-
erties, specific FSC/SSC patterns being associated with each maturational step
within an individual hematopoietic cell lineage. Leukemic cells from AML
patients usually display a relatively high FSC/SSC and the presence of cells
expressing lymphoid-associated antigens in this area should be considered as
aberrant. In our experience, this occurs in around 2% of AML cases for CD19 and
3% for CD2. It should be noted that this specific aberrancy parallels that of cross-
lineage antigen expression. In normal differentiation, the expression of stem cell
markers (CD34 and CD117) is associated with relatively low/intermediate
FSC/SSC values; however, in approx 3% and 2% of all AML cases, these mark-
ers are present on cells with abnormally high FSC/SSC. Finally, myeloid mark-
ers can be observed on myeloid blast cells that resemble lymphoblasts as a result
of a very small FSC/SSC. This aberrant expression involved CD13 in 2% of our
AML cases and CD33, and CD15 in around 1% of the cases each (see Table 2).
Overall, abnormal FSC/SSC patterns aberrancies occurred in 17% of our AML
patients (62).

Table 2
Incidence of Aberrant Phenotypes in AML (II)

Cross-lineage infidelity Antigen overexpression Abnormal light-scatter pattern

37/126 29% 26/126 21% 22/126 17%

CD2 26 (21%) CD33+++ 14 (11%) High FSC/SSC
CD7 11 (9%) CD34 11 (9%) CD2 4 (2.6%)
CD19   3 (2%) CD13   3 (2%) CD34 4 (2.6%)
CD20   1 (0.8%) CD117   1 (0.8%) CD7 4 (2.6%)
CD5   1 (0.8%) CD15a   1 (0.8%) CD117 2 (1.5%)

HLA DR   1 (0.8%) CD19 2 (1.5%)
CD20 1 (0.8%)

Low FSC/SSC
CD13b 3 (2%)
CD33b 1 (0.8%)
CD15 1 (0.8%)

aOverexpression of CD15 in nongranulocytic lineage.
bMinor phenotypes (basophilic lineage).
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Phenotypic Changes

Because the strategy for the immunophenotypical detection of MRD relies
mainly on the identification of residual cells with the same phenotypic aberran-
cies detected at diagnosis, a possible major limitation for this type of approach
is the existence of phenotypic switches during the evolution of the disease. In this
sense, several groups, including our own (23,35–41) have suggested that pheno-
typic changes may occur with a relatively high frequency. However, few studies
have been specifically devoted to the analysis of the frequency at which
these phenotypic switches affect the aberrant criteria that could, in principle, be
used for the investigation of MRD during follow-up evaluation. It has been
reported that a high incidence of phenotypic changes (20–70%) (23,35–41) can
be detected in AML when large panels of monoclonal antibodies are used to
compare the antigenic expression of blast cells at diagnosis and at relapse. In our
AML series, the incidence of changes in individual antigens was 62% (23).
However, most of these phenotypic switches involve individual differentiation-
associated markers (CD15, CD14, CD11b, HLA-DR), whereas changes affect-
ing aberrant phenotypes were much less frequent, only 16% of the cases in our
series (23), and at least one of the aberrancies detected at diagnosis remained
stable at relapse (23). These findings point out the need to use not only one but
all phenotypic aberrancies detected at diagnosis for the follow-up of MRD,
in order to avoid false-negative results.

Two major factors may account for the variability observed in the literature
with regard to the incidence of phenotypic changes in AML: (1) technical pitfalls
and (2) the presence of two or more phenotypically different blast cell subpopu-
lations at diagnosis. Regarding the first factor, the use at relapse of different
reagents (i.e., new monoclonal antibodies, clones, and fluorochrome conjugates)
than those employed initially at diagnosis, may generate apparent, but not real,
antigenic changes. The second possible pitfall derives from the presence of more
than one cell subset at diagnosis. Until now, in most reports the immuno-
phenotypic detection of MRD has been based on the antigenic characteristics of
the predominant blast cell population at diagnosis (1,2,9,10,19,31,36–38,44,45,
52,66). However, it is well known that in AML, several leukemic subpopulations
with different phenotypic characteristics may be present at diagnosis (24,56),
and perhaps a minor one may be the resistant clone that is the responsible for the
relapse. In our experience, around 60% of all AML patients have two or more cell
populations, at diagnosis at least one of them being small in size (<10% of all
blast cells) (24). These subpopulations frequently correspond to different stages
of maturation of the neoplastic clone. According to this observation, the investi-
gation of MRD should be based on the phenotypic characteristics of each sub-
population even if it was present at low frequencies at diagnosis. It is important
to note that many of these cell subsets share the same phenotypic aberrancy,
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which would eventually facilitate MRD follow-up. In fact, in our experience in
most AML cases, MRD can be investigated with just two triple-antigen staining,
this usually covers the leukemic-associated phenotypes present in all different
cell subpopulations identified at diagnosis.

Sensitivity of Flow-Cytometry Immunophenotyping
for MRD Detection

Flow cytometry is a well-suited technology for the identification, enumera-
tion, and characterization of rare cells. As a matter of fact, among other applica-
tions, flow cytometry is currently used as the preferred method for the
enumeration of CD34+ hematopoietic progenitor cells (67), dendritic cells, and
mast cells (68,69) in both bone marrow and peripheral-blood-derived samples.
Most of the information on the sensitivity of the flow-cytometric approach used
for the immunophenotypic detection of MRD has been obtained through either
dilutional experiments or the capacity to identify, in patients in morphological
complete remission, residual cells with the same phenotype as that displayed by
the blast cells at diagnosis (1–3,5–12,27,59,70). Accordingly, experiments in
which leukemic cells are progressively diluted in normal peripheral blood and
bone marrow samples have shown that flow cytometry is able to reliably detect
cells displaying aberrant phenotypes at frequencies ranging from 10–5 to 10–3

(see Fig. 1). Nevertheless, it should be noted that the level of sensitivity clearly
varies depending on the type of phenotypic aberrancy, the combination of mono-
clonal antibody reagents used for their detection, and the sample under study.

CLINICAL VALUE
OF THE IMMUNOPHENOTYPIC INVESTIGATION

OF MRD IN AML

Although the information available so far on the clinical value of the
immunophenotypic detection of MRD in AML is still scanty, most preliminary
studies suggest that it may contribute to predict relapse and to define different
patient risk-group categories at specific time-points during follow-up. Figure 2
shows an example of follow-up of MRD in an AML patient. Initial studies were
based not on a three- and four-color multiparametric flow-cytometry strategy,
but simply on double-marker combinations analyzed by fluorescence micros-
copy. Accordingly, Adriaansen et al. (31) and Campana et al. (1) investigated
MRD in AML patients, based on the aberrant coexpression of terminal
deoxynucleotidyl transferase (TdT) and myeloid markers (CD13/33) (cross-lin-
eage marker expression). The criteria used to define TdT positivity at diagnosis
was different in both studies, as Adriaansen et al. (31) included all cases that
displayed more than 1% TdT+ myeloid leukemic cells, but the cutoff value was
much higher in the study of Campana et al. (1). In this latter series, from the seven
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Fig. 1. Sensitivity of immunophenotyping for MRD detection. Serial dilutional experiments of leukemic cells (CD34+DR+) with
normal BM cells were performed. The detection limit reached was 1 leukemic cell among 105 normal cells (10–5). The first plot
corresponds to whole BM sample and the remaining plots correspond to CD34+-gated cells. The three plots on the bottom are shown
in the highlight mode (Paint-A-Gate software program, Becton Dickinson).
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Fig. 2. Follow-up of MRD in an AML patient. The leukemic cells at diagnosis showed asynchronous coexpression of CD34 and CD56.
A small number of residual leukemic cells were detectable during follow-up, even after allo-BMT (d +70 and +100), and the patient
relapsed.
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patients included, residual disease persisted during follow-up in four cases, all
of whom subsequently relapsed; by contrast, only one of the three negative cases
relapsed. In the Adriaansen et al. (31) series, 9 of the 10 relapses observed were
preceded, over a period of 14–38 wk, by a gradual increase in the number of TdT/
CD13+ residual cells. In five additional patients who remained in continuous CR,
TdT+ CD13+ blast cells were detected, but their number did not increase during
follow-up. It should be noted that it has been shown that early lymphoid progeni-
tors may coexpress the myeloid-related CD13 and CD33 markers, which could
at least partially explain these latter findings (71,72). In spite of this latter obser-
vation, both studies suggest that this phenotypic combination (TdT/myeloid
antigen) may be very useful to predict relapse with very few false-positive results.
Drach et al. (44) have followed three patients who also displayed cross-lineage
antigen expression (CD13+CD7+) and in whom the persistence of these cells was
predictive of relapse. More recently, Campana and Pui (8), using multiparametric
flow cytometry, have studied 13 children in CR after BMT. In four patients,
residual leukemic cells were observed, and all relapsed within 2 mo after the
phenotypical detection of MRD. In the remaining nine patients, leukemic cells
were not detected, and seven of them remained in CR with a median follow-up
of over 1 yr after transplant. The other two patients relapsed, and, according to
the authors, should be considered as false-negative cases. Other reports have
focused not on sequential follow-up studies, but on the analysis of the potential
prognostic value of the levels of MRD detected at specific time-points of the
treatment scheme, such as at the end of induction and intensification therapy.
Thus, Reading et al. (19) have studied 16 AML patients in morphological CR
using three-color stainings analyzed by flow cytometry: Six patients had more
than 0.2% phenotypically aberrant cells in the first remission BM aspirate
obtained following induction therapy, and all relapsed between 1 and 7 mo latter.
Conversely, in the 10 patients with less than 0.2% aberrant cells, only 1 relapsed
during the follow-up period. These findings are consistent with those of Wörman
et al. (45), who have also quantitated the number of residual cells in a series of
45 adult AML patients. In two-thirds of these cases, more than 0.5% phenotypi-
cally aberrant cells were detected in the first CR bone marrow sample, and half
of these patients relapsed within 1 yr. As far as our own experience is concerned,
we initially reported on a series of 53 AML patients who entered into morpho-
logical complete remission (mCR) following induction therapy and displayed an
aberrant phenotype at diagnosis, allowing for MRD follow-up (27). In this study,
we observed that patients with ≥5 × 10–3 residual cells with a leukemic-associ-
ated phenotype (LAP+) in the BM sample in mCR obtained after induction
therapy showed a significant higher relapse rate (67% vs 20% for patients with
less than 5 × 10–3 LAP+ cells; p = 0.002) and a lower median relapse-free survival
(17 mo vs not reached; p = 0,01). At the end of intensification therapy, the number
of residual LAP+ cells slightly decreased, and, accordingly, a reduced cutoff
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value of LAP+ cells was used (2 × 10–3 cells) for the discrimination of the two
AML risk groups with relapse rates of 69% versus 32%, respectively (p = 0.02).
Interestingly, we also analyzed which one of the two time-points explored (BM
after induction or after intensification therapy) was more informative in terms of
relapse prediction. Our results show a high degree of concordance once the MRD
levels at both time-points are compared, because all except two patients with
high and low MRD levels after intensification therapy corresponded to the same
cases identified as high and low risk in the postinduction BM. Accordingly, the
analysis of the first BM in mCR immediately after induction therapy should
be the first choice in terms of clinical applicability, because it already allows the
discrimination of different patient risk groups, which could contribute either to
individualize or to stratify postinduction treatment in AML patients. Further-
more, we explored whether residual disease was related with the functional
expression of multidrug resistance (MDR-1) at diagnosis. Patients with high
rhodamine-123 efflux displayed significantly higher levels of residual leukemic
cells, probably reflecting that immunophenotypical detection of MRD repre-
sents an “ex vivo” test for drug resistance.

More recently, we have expanded the investigation of MRD to a series of
126 consecutive AML patients who displayed aberrant phenotypes at diagnosis
and achieved mCR with induction therapy (62). Current results confirm the
clinical value of these immunophenotypical studies. Accordingly, four different
risk group categories can be established based on the level of MRD found in the
BM in morphological CR obtained after induction therapy: patients at very low
risk of relapse (<10–4 LAP+ cells), at low risk (10–4–10–3 LAP+ cells), at inter-
mediate risk (10–3–10–2 LAP+ cells), and at high risk (>10–2 LAP+ cells) with a
cumulative incidence of relapses at 3 yr of 0%, 14%, 50%, and 84%, respectively.
It should be mentioned that the adverse prognostic influence of having high
levels of MRD after induction therapy was also observed when M3 and non-M3
leukemias were analyzed separately. Moreover, high levels of MRD were asso-
ciated with some of the most relevant prognostic factors identified in AML, such
as adverse cytogenetics subtypes, the need for two or more cycles of chemo-
therapy to achieve mCR, and both high white blood cell (WBC) and blast cell
counts at diagnosis. In spite of these associations, multivariate analysis showed
that the level of MRD detected by immunophenotypic flow-cytometry tech-
niques was the most powerful independent prognostic factor for predicting both
disease-free survival and overall survival in AML (62). This finding is of particu-
lar interest for clinical practice because, at present, the only relevant factors for
risk stratification of AML are cytogenetics and morphologic evaluation of
response to induction therapy. However, this latter parameter is of limited value
because it only identifies a subgroup of patients with a very bad prognosis: those
who fail to achieve morphological CR; by contrast, information provided by
morphology within those patients who enter into mCR is not really relevant,
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because although some of these patients will remain in continuous CR, many
others will relapse. Therefore, more sensitive techniques for a more precise
assessment of the magnitude of the response to induction therapy are needed and,
according to our results, multiparametric immunophenotypic investigation of
MRD by flow cytometry could represent a very useful tool for the management
of AML patients who achieve mCR after induction therapy.
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RT-PCR–Based Studies of Fusion Transcripts
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INTRODUCTION

Acute myeloid leukemia (AML) is a biologically heterogeneous disease of the
hematopoietic system characterized by a clonal accumulation of immature
myeloid cells in the bone marrow. The management of this disease is clinically
complex, with only approx 40% of the patients treated with conventional or high-
dose chemotherapy reaching a long-term complete remission (CR). Nonrandom
chromosomal abnormalities are identified at the cytogenetic level in approx 55%
of all adult primary or de novo AML patients and have long been recognized as
important independent prognostic indicators for the achievement of CR, dura-
tion of first CR, and survival following intensive chemotherapy treatment (1,2).
Among these recurrent aberrations, chromosome translocations and inversions
often result in genomic structural rearrangements leading to the creation of chi-
meric fusion genes that, in turn, encode fusion transcripts readily detected in
bone marrow (BM) and blood by highly sensitive molecular techniques such as
the reverse transcription–polymerase chain reaction (RT-PCR). Because the
fusion transcripts are thought to be specific to the leukemic cells, their detection
in BM or blood from AML patients who achieve CR following intensive treat-
ment has been used as a surrogate marker for minimal residual disease (MRD)
(3–5). It was anticipated that those patients with a positive assay would inevita-
bly relapse as a consequence of the treatment failure to completely eradicate the
leukemogenic clone, whereas those patients with a negative RT-PCR status
would remain in continuous CR (CCR). Although this strategy has been rela-
tively successful in predicting clinical outcome in chronic myeloid leukemia
(CML) and acute promyelocytic leukemia (APL), its prognostic use in other
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types of myeloid leukemia has yet to prove useful (6,7). In some cases, in fact,
detection of minimal residual disease (MRD) during CR is not indicative of
impending relapse, and chimeric transcripts have been found in patients with
long-term clinical remission and in normal healthy individuals (8,9). Simi-
larly, a BM or blood sample deemed negative for MRD on the basis of an
undetectable fusion transcript invariably has not been predictive of long-term
remission. These data support the notion that different molecular subgroups
of AML may have a diversified biology, and in some cases, persistence of
chimeric clones following aggressive treatment is compatible with normal
hematopoiesis. At the same time, it is important to underscore that a positive
or negative result by RT-PCR in remission samples may not be the mere
reflection of the presence or absence, respectively, of a target transcript, but
may also depend on the experimental conditions used to develop the assay.
Thus, the use of a very sensitive RT-PCR capable of detecting 1 leukemic cell
in 105–106 normal cells demands several precautions to avoid the potentials
for cross-contamination, leading to false-positive results. On the other hand,
an RT-PCR assay with an inferior level of sensitivity may fail to detect a
small but potentially important residual tumor burden, leading to false-nega-
tive results. In this chapter, we discuss the applicability of MRD analysis by
RT-PCR to the clinical management of AML patients in remission, exempli-
fying advantages and limitations of this strategy in the context of specific
molecular subgroups of AML.

CORE-BINDING FACTOR AML

Translocation (8;21)(q22;q22) and inversion or translocation of chromosome
16 [inv(16)(p13q22) or t(16;16)(p13;q22)] are among the most common cytoge-
netic aberrations found in patients with AML and are generally associated with
the most favorable prognosis (10). These abnormalities result in the disruption
of genes encoding subunits of the core-binding factor (CBF), an heterodimeric
transcriptional factor involved in the regulation of normal hematopoiesis. In almost
all studies of adult primary AML, t(8;21) and inv(16) or t(16;16), here referred
to as CBF AML, have been associated with the highest CR rate (approx 90%) and
the longest disease-free survival (DFS) at 5 yr (approx 60%) (1,10). These favor-
able results could be achieved with incorporation of high-dose ARA-C (HiDAC)
into the consolidation treatment, as shown in a recent CALGB analysis (CALGB
study 8695) (11). In this study, patients with t(8;21) or abnormalities of chromo-
some 16 treated with HiDAC therapy showed a better DFS and overall survival
(OS) when compared to patients with the same cytogenetic abnormalities but
treated with lower doses of ARA-C, or compared to patients with no or other
cytogenetic abnormalities. A similar favorable impact of the CBF gene rear-
rangements on clinical outcome was also found in the setting of bone marrow
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transplantation (BMT) (11a). Despite these favorable treatment results, how-
ever, a subgroup of patients with CBF AML are destined to relapse, and imple-
mentation of strategies that have the potential to predict clinical outcome during
remission are highly desirable.

MRD STUDIES IN t(8;21) AML

The t(8;21)(q22;q22) is a balanced translocation between chromosomes 8 and
21. At the molecular level, this genomic abnormality results in the fusion of the
AML1 gene on chromosome 21q22 with the ETO gene on chromosome 8q22
(12). A novel chimeric gene, AML1/ETO, created on the derivative chromosome
8, encodes the AML1/ETO fusion transcript that is readily amplified by RT-PCR
(13). Detection of the AML1/ETO fusion transcript in remission samples has
been used in several studies to define the risk for relapse and the probability to
continue in CR.

Using a highly sensitive RT-PCR assay with the ability to detect 1 malignant
cell in 105–106 normal cells, several groups have reported detection of the AML1/
ETO fusion transcript in patients in early or long-term CR. Nucifora et al., for
example, analyzed six t(8;21) AML patients by RT-PCR during various stages
of their disease (14). Three patients in early CR (1–4 mo) were found positive for
the AML1/ETO fusion transcript. Two of these patients subsequently relapsed,
whereas the third patient was alive and in CCR at 70 mo from remission. The
AML1/ETO fusion transcript was also detected in blood samples from three
additional patients in CCR for 83–94 mo. Chang et al. described three patients
in CR with blood and BM samples positive for the AML1/ETO fusion transcript
at 1–5 yr from diagnosis, and other authors have also reported patients in CR with
positive RT-PCR following high-dose chemotherapy and autologous BMT
(ABMT) (15,16). Finally, the inability to completely eradicate the AML1/ETO-
positive clone despite a successful treatment was also demonstrated in the setting
of allogeneic BMT (alloBMT). We reported on 10 patients with t(8;21) AML
who received alloBMT in either first or second remission or first or second
relapse (8). A variety of myeloablative regimens were used. Five patients devel-
oped acute and/or chronic graft versus host disease (GvHD). The furthest remis-
sion time-points analyzed for the AML1/ETO fusion transcript in these 10 patients
ranged from 7.5 to 83.0 mo after alloBMT. The AML1/ETO fusion transcript was
detected by RT-PCR in 9 of the 10 patients: 8 were positive in BM and 1 was
negative in BM, but positive in blood. The AML1/ETO fusion transcript could not
be detected in a BM sample from the remaining patient at 7.5 mo after alloBMT,
but the amount of RNA available for analysis was deemed suboptimal. Similarly,
Sanders et al. described a patient with t(8;21) AML who was found positive for
the AML1/ETO fusion transcript in BM and blood at 18 mo following alloBMT
performed in first CR (CR1) (17).
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In contrast with these data, other groups have reported patients who achieved
RT-PCR-negative status following conventional chemotherapy or alloBMT.
Sataka et al., for example, reported an undetectable AML1/ETO fusion transcript
during remission in five patients at 52–198 mo following chemotherapy and in
1 patient at 61 mo following alloBMT (18). Miyamoto et al. found that, although
the AML1/ETO fusion transcript was detectable by RT-PCR in remission BM or
blood from 18 patients treated with conventional chemotherapy, it was undetect-
able in 4 patients in CCR following alloBMT (19). More recently, Elmaacagli et
al. reported a series of patients with t(8;21) AML who underwent alloBMT (20).
Three of the five patients who were initially positive for the AML1/ETO fusion
transcript by RT-PCR converted to negative test at 6, 9, and 30 mo following
alloBMT and continued in CR. Two patients who were repeatedly positive for the
AML1/ETO transcript instead relapsed. Finally, Morschhauser reported a retro-
spective analysis of five patients treated with alloBMT (21). Three patients were
transplanted in CR1 and two in second CR (CR2). All of these patients tested
negative for the AML1/ETO fusion transcript in both BM and blood between 38
and 120 mo during remission. These same authors also prospectively studied
eight additional t(8;21) AML patients who received alloBMT in CR1. Of the
eight patients, three relapsed and five continued in CR. All three patients who
relapsed remained positive for the AML1/ETO fusion transcript between 3 and
12 mo after transplantation. The five CCR patients instead tested negative
between 6 and 50 mo after transplantation. Among patients transplanted in CR2,
one was positive at 8 mo and relapsed, whereas three with positive BM samples
died with no evidence of disease (NED) as a consequence of therapy-related
toxicity. Only one patient continued in CR despite testing positive in BM at
12 mo; in this patient, the AML1/ETO fusion transcript became undetectable in
blood at 15 mo following transplantation.

In the same study, the authors evaluated the predictive value of a negative or
positive RT-PCR result in a total of 51 patients with t(8;21) AML by using two
different assays, a nested RT-PCR with a sensitivity of 10–6 and a one-step RT-
PCR with a sensitivity of 10–5 (21). Patients who converted to RT-PCR negativity
by the one-step assay (60%) or by both assays (48%) after treatment had a longer
CR duration than those with a persistently positive RT-PCR status (two-sided
log-rank test, p = 0.0001). Patients who became RT-PCR negative by the one-
step assay before intensive consolidation (23%) had a lower relapse rate (11% vs
72%) and a longer CR duration than those who remained persistently RT-PCR
positive at the same time-points (two-sided log-rank test, p = 0.0015). The authors
concluded that in patients with t(8;21) AML, RT-PCR negativity can be achieved.
Moreover, a negative RT-PCR result correlated well with decreased risk for
disease relapse. Early conversion to a negative result before consolidation treat-
ment seemed to carry an especially good prognosis, suggesting that RT-PCR
analysis could be helpful in assessing therapy response and stratify patients to a
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different type of consolidation strategy according to the risk for relapse. How-
ever, it is to be noted that a negative result was more likely to be achieved with
the one-step assay and a positive result with the nested RT-PCR. This disparity
was likely to be related to the one-order difference in the sensitivity between the
two assays. Furthermore, despite achieving RT-PCR negativity, a significant
number of patients eventually relapsed, underscoring how a negative result does
not necessarily mean eradication of the leukemogenic clone, but simply indicates
a residual blast population below the detectable limit of the assay utilized. Nev-
ertheless, the data reported by Morschhauser et al. suggest a very good correla-
tion between molecular status and clinical outcome using the less sensitive
one-step RT-PCR, which may be preferable to the nested RT-PCR because of its
simplicity, a lower risk of contamination, and a lower cost. Interestingly, these
results are similar to those obtained in other molecular subgroups of AML, such
as the PML/RARα acute promyelocytic leukemia. In this context, a positive or
negative result in remission sample by an RT-PCR assay with a sensitivity of 10–4

correlated well with risk of relapse or probability to remain in CCR, respectively
(22). In contrast, the presence or absence of a positive RT-PCR loses its clinical
usefulness when an assay with a higher level of sensitivity is used, as suggested
by Tobal et al., who detected the PML/RARα fusion transcript or its reciprocal
RARα/PML in patients in long-term CR (23).

Although a reduced sensitivity may improve the clinical usefulness of the
MRD analysis by RT-PCR, it is also necessary to underscore the potential risks
for false-negative results that occur in this context. Variation in the sensitivity of
the RT-PCR assay or in the amount and the source of the starting material (i.e., BM
vs blood) was shown to have a profound impact on the probability of obtaining
a positive result. In our hands, for example, the sensitivity for a nested RT-PCR
assay changed with individual reactions on the basis of the amount of RNA used
in the reverse-transcription step (8). Using 0.5 µg of total cellular RNA isolated
from a AML1/ETO-positive Kasumi-1 cell line:AML1/ETO-negative K562 cell
line dilutions of 1:105 or 1:106, the AML1/ETO fusion transcript could be detected
in 89% or 29% of the RT-PCR amplifications, respectively. However, if the RNA
amount isolated from 1:106 Kasumi-1:K562 dilution was increased from 0.5 to
1.0. µg, a positive result was obtained in 78% of the RT-PCR amplifications,
suggesting that detection of the AML1/ETO fusion transcript depends not only
on the presence of MRD but also on the absolute number of transcript copies in
the sample analyzed. In light of these results, we have, therefore, proposed that
the following conditions should be applied to the analysis of remission samples
from patients with t(8;21)AML: (1) three independent PCR amplifications using
2.0 µg of total cellular RNA per reaction, (2) coamplification of a housekeeping
gene used as an internal control for each reaction; (3) a sensitivity for detection
of the AML1/ETO transcript of at least 10–5 performed simultaneously in all three
independent PCR amplifications, and (4) PCR amplification to be performed on
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both blood and BM. Using these criteria uniformly, it would be possible on the
basis of a negative RT-PCR assay to score a remission sample as “truly” negative.

Finally, with regard to a persistent RT-PCR positivity in patients in long-term
remission, more recent studies appear to support the inability of the currently
available treatments to eradicate residual AML1/ETO-positive clones. Saunders et al.,
for instance, were able to demonstrate by RT-PCR that the AML1/ETO fusion gene
is expressed in colony-forming cells of granulocyte–macrophage originated from
remission BM samples of patients with t(8;21) AML in long-term CR after chemo-
therapy or BMT (24). These results were confirmed by Miaymoto et al., who
demonstrated that AML1/ETO fusion transcripts were present in a fraction of stem
cells, monocytes, and B-cells from BM of t(8;21) AML patients in remission (25).
The AML1/ETO fusion transcripts were also detected in a fraction of colony-
forming cells of erythroid, granulocyte–macrophage, and/or megakaryocyte lin-
eages originated from the same samples. Both of these studies, therefore, strongly
suggest that persistence of residual AML1/ETO-positive stem cells in BM is com-
patible with long-term CR. It is unlikely, however, that these precursors have the
ability to produce a leukemic phenotype without the occurrence of additional
genomic mutations, as supported by recent studies in AML1/ETO transgenic mice,
where malignant growth resembling granulocytic sarcoma develops only when the
animals are treated with additional mutagenic agents (26).

QUANTITATIVE RT-PCR FOR t(8;21) AML

Based on the current data, it is becoming clear that the use of MRD detection
by RT-PCR to predict clinical outcome in t(8;21) AML is not straightforward and
that, ultimately, it may be difficult to assign broad criteria to predict relapse or
cure only on the basis of a positive or negative result in this group of patients.
Therefore, we and others have recently tested the hypothesis that quantification
of the AML1/ETO fusion transcripts during CR could be more useful than a
qualitative assay to estimate the burden of the residual clonal cell population and,
ultimately, to identify a critical level of MRD predictive of cure or relapse (27–
29). In the initial studies that used this strategy, calculation of levels of chimeric
fusion transcripts was performed by quantitative competitive RT-PCR (QcRT-
PCR) (28,30). This is a method that uses a known amount of competitor cDNA,
slightly different in size from the target cDNA but with a presumed equivalent
efficiency of PCR amplification. A known amount of competitive cDNA is
serially diluted into tubes containing equivalent but unknown amounts of cDNA
from a patient sample. The equivalence point of target-to-competitor product
ratio at the end of the PCR is used to calculate the starting amount of cDNA in
the unknown patient samples. The dynamic range of target cDNA quantification
is two to three logs, with the best accuracy in estimating the amount of target
cDNA given by a target-to-product ratio 1:1, visualized after loading the ampli-
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fication products on an ethidium-bromide-stained gel. Using this strategy, Muto
et al. quantified the AML1/ETO fusion transcript in eight t(8;21) AML patients
at diagnosis and thereafter (28). Four of the eight patients had relapsed (time to
relapse: 2–22 mo), and four were in CCR (follow-up duration: 4–43 mo). In all
patients, the AML1/ETO fusion transcript decreased and, in some cases, became
undetectable over time following induction and consolidation chemotherapy.
In the four CCR patients, the level of the AML1/ETO fusion transcript was
always <0.1 fg of the competitor dose throughout their courses. In contrast, in the
four relapsed patients, the level of the AML1/ETO fusion transcript increased to
>0.1 fg of the competitor dose before relapse. Similar results were recently
reported by Tobal et al. BM and blood samples from 25 patients with t(8;21)
AML were evaluated for levels of the AML1/ETO fusion transcript at different
time-points during the course of their disease (30). A considerable variation in
the level of the AML1/ETO fusion transcripts was shown in diagnostic BM (range:
2.27 × 106 to 2.27 × 107 molecules/µg of RNA) or blood (range 0.71 × 105 to 2.27
× 106 molecules/µg of RNA) samples, with at least a one log-fold difference in
the fusion transcript copies between BM and blood. A two to six log-fold reduc-
tion in the level of the AML1/ETO fusion transcript was detected over time,
following induction and consolidation chemotherapy. There were no differences
in the kinetics of molecular response between patients who received different
chemotherapy regimens. Most of the patients evaluated, however, continued to
be positive for the AML1/ETO fusion transcript during remission. Among these
patients, those who continued in CR had a level of the AML1/ETO fusion tran-
script consistently <103 molecules/µg of RNA in BM and <102 molecules/µg of
RNA in blood. In contrast, five patients who relapsed had a significant increase
in the AML1/ETO fusion transcript level in BM (range: 0.71 × 105 to 2.27 × 105

molecules/µg of RNA) or blood (range: 2.27 × 103 to 2.27 × 104 molecules/µg of
RNA) within 3–6 mo before onset of hematologic relapse.

Although these data support the concept that in t(8;21) AML, it may be ulti-
mately possible to establish a threshold of MRD above which relapse can be
predicted, the quantification methodology used in these studies was laborious
and relatively inefficient to be applied to large patient populations. The introduc-
tion of an automated system called real-time (or Taqman) PCR has simplified the
detection of the absolute amount of an amplified target by eliminating many of
the extra steps necessary in the previous quantitative RT-PCR techniques (31–
33). In this system, a probe labeled with a reporter fluorescent dye at the 5' end
and a quencher fluorescent dye at the 3' end is designed to hybridize to a target
sequence (see Fig. 1). During the extension phase of the PCR cycle, the 5' nuclease
activity of Taq DNA polymerase cleaves the probe from the target and releases
the reporter dye from the proximity of the quencher dye, resulting in an increase
of the target-specific fluorescent signal. The increase in reporter fluorescent dye
emission is monitored in real time (i.e., during PCR amplification) using a
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Fig. 1. A schematic illustration of the real-time PCR. (A) A detection probe labeled with
a reporter fluorescent dye (R) at the 5' end and a fluorescence dye quencher (Q) at the 3'
end specifically hybridizes to the AML1/ETO fusion cDNA. (B) During the extension
phase of the PCR, the Taq DNA polymerase cleaves the probe from the target. The
reporter fluorescent dye is released from the dye quencher and produces a specific fluo-
rescence signal. (C) The fluorescence signal increases with each amplification cycle
proportionally to the starting amount of the AML1/ETO fusion transcript present in a
given sample. A charge-coupled device (CCD) camera measures the fluorescence signal
emission spectra in real time, approximately every 7 s, allowing quantitation of the
AML1/ETO fusion transcript during the PCR amplification (not shown). An excess of
labeled probe is available for hybridization as the amount of amplicon increases during
the PCR amplification.

144
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sequence detector system, the 7700 Sequence Detector (Applied Biosystems).
The higher the starting copy of the nucleic acid target, the sooner a significant
increase in fluorescence is observed. The parameter CT (threshold cycle) is
defined as the PCR cycle number at which the reporter fluorescence generated
by the cleavage of the probe passes a fixed threshold above the baseline. Because
a plot of the log of initial target copy number for a set of standards versus CT is
a straight line, it is possible to construct a standard curve (see Fig. 2). Quantifi-

Fig. 2. The AML1/ETO cDNA standard curve for real-time RT-PCR. The CT decreases
linearly with increasing copy numbers of the AML1/ETO cDNA. The standard curve can
then be used to calculate the absolute AML1/ETO fusion transcript copy number present
in an unknown patient sample, following reverse transcription and determination of the
relative CT value during the real-time PCR amplification.
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cation of the amount of target in unknown samples is accomplished by measuring
CT and comparing this value with the standard curve. The entire process of
calculating CT, preparing the standard curve, and determining starting copy
number for unknowns is performed by the software of the 7700 system.

We have applied the above principles to quantification of the AML1/ETO
fusion transcript at diagnosis, during remission, and at relapse in patients with
t(8;21) AML (27) (see Fig. 3). Using a limiting dilution of a known quantity of

Fig. 3. Examples of serial quantification of the AML1/ETO fusion transcript by real-time
RT-PCR at diagnosis, during remission and relapse. On the y-axis, the AML1/ETO fusion
transcript copy number normalized to a housekeeping gene (i.e., b-actin), on the x-axis
(time in months). (From ref. 33.)
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an AML1/ETO cDNA standard synthesized in our laboratory, we have con-
structed a standard curve to quantify the AML1/ETO fusion transcript in patient
samples. In order to minimize variability in the results resulting from differences
in the reverse-transcription efficiency and/or RNA integrity among the unknown
patient samples, the absolute AML1/ETO fusion transcript copy number was then
normalized to transcript copies of an internal housekeeping gene (i.e., β-actin or
GAPDH). Six patients with t(8;21)(q22;q22) AML who achieved CR were stud-
ied by real-time RT-PCR at different time intervals following diagnosis. Differ-
ent levels of AML1/ETO fusion transcript could be measured at diagnosis, but a
direct correlation between number of blasts and AML1/ETO fusion transcript
copy number could not be established. Each patient showed a two- to four-log
decrease in the level of the AML1/ETO fusion transcript following successful
induction chemotherapy. In one patient, relapse was preceded by an increase in
AML1/ETO copy number. In another case, however, relapse occurred despite a
stable copy number from the remission value. This could be merely the result of
a technical error or illustrate the limits of the methodology. In fact, RNA-based
MRD detection, as expression of a chimeric transcript in the leukemic clone, may
vary dramatically from patient to patient, if not from leukemic cell to leukemic
cell in the same patient. Thus, low fusion transcript copy numbers detected
during remission may be either truly reflective of a low number of residual blasts
or only indicative of a low expression of the fusion gene and not indicative of the
number of blast cells or in the leukemic clone. In the latter case, the predictive
value of a MRD level deemed “low” would be incorrectly estimated if a relatively
high number of resistant leukemic cells with reduced fusion gene expression but
high potential for reexpressing the leukemic phenotype is still present after
treatment.

Other authors have since replicated our results (34,35). Sugimoto et al., for
instance, analyzed BM samples from seven AML patients with t(8;21) at differ-
ent time points during the clinical courses of their disease by real-time RT-PCR
and found levels of AML1/ETO expression quantitatively increased before
relapse and decreased following reinduction chemotherapy or donor lympho-
cyte (35). Krauter et al. quantified the AML1/ETO fusion transcript relative to the
expression of the GAPDH housekeeping gene by real-time RT-PCR in 22 patients
with t(8;21) AML at initial diagnosis and thereafter. The quantitative expression
of the AML1/ETO fusion transcript varied considerably at diagnosis, with
achievement of a marked decline in the levels of fusion transcript during
remission (34).

The collective analysis of these data demonstrated that quantification of levels
of AML1/ETO fusion transcript by both QcRT-PCR and real-time RT-PCR is
feasible and has a good correspondence with disease status. It is possible that the
use of these strategies applied to larger AML1/ETO-positive patient populations
would allow us to identify the threshold of MRD predictive of clinical outcome
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and to tailor therapeutic strategies during remission accordingly. Both methodolo-
gies appear comparable for sensitivity, linearity, and reproducibility, as recently
reported by Wattjes et al. (36). The real-time RT-PCR offers, however, some
technical advantages by providing absolute quantification of the target sequence,
expanding the dynamic range of quantification to over six orders of magnitude,
eliminating the post-PCR processing, and reducing labor and carryover contami-
nation, which make this technique a more attractive method to be applied in
future studies.

MRD STUDIES IN inv(16)(Q13Q22) AML

At the molecular level, inv(16)(p13q22) results in the fusion of the CBFβ gene
from chromosome 16q22 with the MYH11 gene from chromosome 16p13 (37).
The CBFβ gene encodes the β subunit of CBF. The CBFβ fusion partner, the
MYH11 gene, encodes a smooth-muscle form of the myosin heavy chain. Several
studies have demonstrated that the genomic breakpoints within CBFβ and
MYH11 are extremely variable, resulting in the production of CBFβ/MYH11
fusion transcripts of different sizes. At least eight different types of CBFβ/MYH11
fusion transcripts have been identified by RT-PCR (38). The most common one
is referred to as type A and has been detected in approx 85% of patients with AML
and inv(16)(p13q22). Identical CBFβ/MYH11 fusion transcripts are detected in
patients with t(16;16)(p13;q22), indicating that the genes involved in the trans-
location are the same as those involved in the inversion. Whether the different
fusion transcripts have any clinical or biological significance is currently
unknown, but there is preliminary evidence that rare CBFβ/MYH11 fusion tran-
scripts (i.e., type B-H) are found more commonly than CBFβ/MYH11 type A in
therapy-related inv(16)(p13q22) AML (39).

Amplification of CBFβ/MYH11 fusion transcripts in patients with inv(16)
(p13q22) AML using a qualitative RT-PCR assay in BM and blood samples has
been used to detect MRD and assess the risk of relapse simply on the basis of a
positive or negative result. Similar to t(8;21) AML, however, this strategy
has produced conflicting results (40). Several studies, for example, have reported
patients who tested negative by RT-PCR, and although most of them continued
in CR, others have relapsed. Claxton et al. reported the first two patients
with inv(16) AML who were studied for MRD during remission (41). Both
patients in CR for more than 1 yr had a negative RT-PCR assay. Similarly, we
have reported three patients in long-term remission (40). Of the three patients,
two were RT-PCR negative at 36 mo during CR1 following chemotherapy and
one was RT-PCR negative at 12 mo during CR2 following alloBMT. Of these
three patients, two continued in CR1 at 40 and 55 mo, respectively, and the
remaining patient has died of infection with NED at 15 mo after alloBMT.
In contrast, Martinelli et al. reported two patients who relapsed following ABMT,
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despite a negative RT-PCR assay for the CBFβ/MYH11 fusion transcript at 8 and
12 mo before disease recurrence (42). In the same study, however, seven addi-
tional patients, three of whom treated with alloBMT, continued in CR with a
negative RT-PCR assay. Although it is possible that at the sampling time-points,
fusion transcript levels in the relapsed patients were indeed below the detection
threshold, it cannot be excluded that these negative results are related to a rela-
tively low sensitivity level of the RT-PCR assay utilized. The results from this
study, therefore, underscore the need for a standardized methodology that could
efficiently elucidate the potential clinical significance of a fusion transcript
deemed undetectable by nested RT-PCR. We have recently proposed that, as a
minimum definition, the criteria that we used for the AML1/ETO AML to score
a patient positive or negative for MRD should also be adopted for CBFβ/MYH11
AML (33).

Similarly unresolved is the prognostic value of a detectable CBFβ/MYH11
transcript, because some studies have reported patients who continued in remis-
sion despite a positive RT-PCR status. Poirel et al. reported three patients in
remission who were positive at 1, 3, and 6 mo from diagnosis (43). Four addi-
tional patients in CR were found positive by Herbert et al. between 4 and 22 mo
from diagnosis (44). Costello et al. has proposed that although a positive RT-
PCR assay can be found during remission, conversion from a positive to a nega-
tive status usually occurs in those patients destined to CCR (45). These authors
reported on 10 patients with inv(16) AML treated with alloBMT (n = 1), ABMT
(n = 5), or chemotherapy (n = 4). Of the 10 patients, 5 were found positive at
2 mo from diagnosis. This early positivity, however, was not predictive of
impending relapse, and only three patients who remained positive beyond 8 mo
from diagnosis relapsed. In a larger study, Martin et al. reported 15 patients in
first CR following treatment with chemotherapy (n = 8), ASCT (n = 6), or
alloBMT (n = 1) (46). All 15 tested positive at least once during remission.
Of the 15 patients, 7 (chemotherapy = 3; ASCT= 3; alloBMT=1) remained in
CCR after a median follow-up of 48 mo (range: 31–79 mo). These patients tested
positive for the CBFβ/MYH11 fusion transcript up to 24 mo from diagnosis
(median: 7.5; range: 1–24 mo) before converting to a negative RT-PCR status.
The remaining eight patients (chemotherapy = 5; ASCT = 3) tested positive for
the chimeric transcript at a median time of 10.5 mo from diagnosis (range: 5 to
19 mo). These patients never converted to a negative RT-PCR status and even-
tually all relapsed. From the analysis of these data, it emerges that, although
conversion from a positive to a negative test may be a necessary condition to
achieve long-term remission, the prognostic value of a positive RT-PCR contin-
ues to remain uncertain. In fact, in both groups, patients destined to relapse and
patients who continued in CR tested positive at the same time-points during
remission. In the series from Martin et al., the last conversion from a positive to
a negative status among CCR patients occurred at 24 mo. This was 5 mo beyond
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the longest time-point during remission at which the last of the patients destined
to relapse tested positive before disease recurrence. In addition, Tobal et al. have
recently reported two patients post-alloBMT and postchemotherapy who were
positive at 30 and 108 mo from achievement of CR, respectively, supporting the
notion that even a persistent positive RT-PCR assay may be compatible with
long-term remission (47).

Finally, it is possible that the intensity of the treatment received has a signifi-
cant impact on the probability of converting from a positive to a negative
RT-PCR status during remission. Elmaagacli et al. evaluated by nested RT-PCR
a patient population with inv(16) AML undergoing high-dose chemotherapy
with allogeneic or autologous BMT or peripheral stem cell transplantation
(PSCT) (48). Two patients who received ABMT and were positive for the CBFβ/
MYH11 fusion transcript at 3 mo following therapy eventually relapsed. The
remaining eight patients underwent allogeneic BMT/PSCT in CR1 (n = 7) or
CR2 (n = 1). At 3 mo following transplant, six of these eight patients were
negative for the CBFβ/MYH11 fusion transcript by RT-PCR and continued in
remission. Of the two remaining patients, one continued to test positive at 6 mo
following transplantation and eventually relapsed, whereas the other patients
converted to a negative status and continued in CR. These data together with the
results of other different studies indicated that, in contrast to t(8;21) AML,
patients with inv(16) AML undergoing alloBMT are likely to achieve molecular
remission. To date, of 15 patients who underwent alloBMT, only two tested
positive for the CBFβ/MYH11 fusion transcript during remission; 1 relapsed and
1 continued in long-term CR. Of the remaining 13 patients, all achieved RT-PCR
negativity and continued in CR or died as consequence of therapy-related toxic-
ity with NED. In contrast, of 21 reported patients who underwent ABMT or
APSCT, 9 (43%) have relapsed, 7 with a positive RT-PCR during remission, and
2 with a negative RT-PCR during remission (42,45,46,48). Whether contamina-
tion of the leukapheresis products by leukemic cells plays an important role in
determining disease relapse remains unknown. Costello et al., however, studied
four patients with inv(16) AML who underwent APSCT (45). Three of these four
patients who were reinfused with leukapheresis products negative for the
CBFβ/MYH11 fusion transcript by RT-PCR remained in CCR at 18–24 mo after
therapy. In contrast, one patient who was reinfused with a CBFβ/MYH11-posi-
tive leukaphersis product experienced early relapsed. In contrast, Testoni et al.
reported two patients who underwent APSCT with a negative leukapheresis
product; one relapsed and one continued in CR.

QUANTITATIVE ANALYSIS OF MRD IN inv(16) OR t(16;16) AML

Based on the current data, it continues to be difficult to stratify inv(16) or
t(16;16) AML patients for risk of disease relapse only on the basis of the presence
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or absence of the CBFβ/MYH11 fusion transcript by RT-PCR. Conversion from
a positive to a negative RT-PCR status following treatment can occur and is
potentially predictive of long-term CR, but conversions during long-term remis-
sion are not uncommon. Thus, in the case of a positive result, it remains difficult
to determine whether a patient will become negative for the fusion transcript and
continue in CR or, instead, will relapse. Two recent small retrospective studies
have suggested that a quantitative RT-PCR methodology that detects residual
levels of CBFβ/MYH11 fusion transcripts in inv(16) AML during CR may prove
more useful to assess treatment response and predict clinical outcome than a
simple qualitative assay (49,50). Utilizing QcRT-PCR, both of these studies
found that the decline in the amount of fusion transcript following treatment
occurs over a variable length of time and suggested that the degree of log-fold
reduction in the level of the CBFβ/MYH11 fusion transcript is predictive of
patients’ outcome. In neither study, however, was it possible to identify, during
CR, an absolute threshold of fusion transcripts above which relapse occurs and
below which cure is likely. Moreover, limitations such as the small number of
patients analyzed in the two studies (n = 7 and n = 5, respectively), the variety
of treatments used, and the narrow dynamic range of quantification of the tech-
nique utilized in both studies prevent any firm conclusion from being drawn.
As discussed for the t(8;21) AML, the recent introduction of the real-time
RT-PCR appears promising for resolving some of the technical limitations
intrinsic in these initial quantitative analyses. We have recently reported on
16 uniformly treated patients with inv(16) AML (51). The preliminary data from
this study suggested that a high CBFβ/MYH11 transcript copy number during
remission correlated with risk of relapse and CR duration. Future large prospec-
tive studies that analyze cohorts of uniformly treated patients and utilize BM
and/or blood samples collected at the same specific time-points are, however,
necessary to establish the predictive value of CBFβ/MYH11 fusion transcript
quantification in order to provide useful information for the clinical management
of patients with inv(16) or t(16;16) AML during remission.

MLL-ASSOCIATED AML

Rearrangements of the MLL (ALL1, HRX, Htrx-1) gene, located on chromo-
some band 11q23, characterize 5–10% of adult and pediatric de novo acute
leukemias and more than 50% of secondary AML following treatment with
inhibitors of topoisomerase II (2,52). The majority of these cases present with
reciprocal translocations involving at least 25 other chromosomes, most
commonly t(4;11)(q21;q23), t(6;11)(q27;q23), t(9;11)(p22;q23), and t(11;19)
(q23;p13). In addition, a self-rearrangement of MLL was described in the absence
of fusion with any other chromosome partner (53,54). In most instances, abnor-
malities involving MLL are associated with a poor clinical outcome (55).
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To date, only a few studies have addressed the prognostic value of detection
of fusion transcripts by RT-PCR in MLL AML, and it remains unknown whether
molecular remission is a necessary condition for achievement of prolonged CR
in this group of patients. In a recent study, 27 out of 210 patients (13%) were
found with rearranged MLL genes by Southern blot analysis (56). Of the 27,
the MLL/AF6 fusion transcript was detected in 6 patients by RT-PCR. Sequence
analysis showed that in these patients different types of MLL/AF6 fusion tran-
scripts involving MLL exons 5, 6, or 7 and AF6 exon 2 could be detected.
MLL/AF6-positive patients were monitored by RT-PCR for a period of 6–33 mo
following achievement CR (56). Five of the six patients had MLL/AF6 fusion
transcripts detectable in every sample tested during remission and eventually
relapsed (CR duration range: 2.6–8.3 mo). The remaining patient, who achieved
molecular remission, remained in CR 33 mo after diagnosis. In a second study,
four patients with t(9;11) AML were serially monitored by RT-PCR for the
MLL/AF9 fusion transcript for a period of 4–23 mo during CR (57). Two patients
became RT-PCR negative in BM and blood after one cycle of induction chemo-
therapy and remained in CR at 15 and 22 mo from diagnosis, respectively.
Two additional patients who initially achieved CR failed to become RT-PCR
negative for the MLL/AF9 fusion transcripts. One of these patients relapsed 5 mo
after achieving CR, whereas the other received alloBMT in CR1 and became
RT-PCR negative. Unfortunately, because of the small number of patients ana-
lyzed, it is difficult to draw a definite conclusion from these studies. However,
it appears that in AML patients presenting with t(6;11) or t(9;11), the use of a
qualitative RT-PCR in AML may be more applicable than in other subgroups of
AML, and achievement of molecular remission can predict a favorable outcome.

In contrast with these results, for patients who present with a self-rearrange-
ment of MLL in the absence of fusion with any other chromosome partner,
analysis of MRD may not be so straightforward. This genomic abnormality
results in a partial tandem duplication (PTD) of an internal portion of MLL that
creates within the MLL gene transcript a unique fusion of exons in which the open
reading frame (ORF) is always maintained. Since its initial discovery, the PTD
of MLL has been found to be present in the majority of primary AML patients
with trisomy 11 as a sole abnormality and in a fraction of primary AML patients
with trisomy 11 accompanied by additional cytogenetic abnormalities (58).
Recently, we and others have reported that the PTD of MLL can also be found in
5–10% of adult patients with AML and normal cytogenetics (59). It was antici-
pated that monitoring for evidence of MRD by RT-PCR in this patient population
could be important for assessing treatment response and in a timely prediction of
disease relapse. Therefore, we completed a study to determine if BM or blood
from normal donors express the fusion transcripts that result from the PTD of
MLL or whether these transcripts are instead restricted to leukemic blasts (9).
The ultimate goal of this study was to determine the specificity of fusion tran-
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script amplification by RT-PCR to detect MRD in AML patients with the PTD
of MLL. We analyzed 60 healthy normal donors for the PTD of MLL by nested
RT-PCR and found that in 10 of the 60 samples (16%), it was possible to amplify
a unique transcript showing an abnormal fusion of MLL exons. Marked differ-
ences, however, were observed between the MLL fusion transcripts detected in
normal donors and those detected in leukemic patients with a PTD of MLL
documented at the genomic level. First, the transcripts detected in normal indi-
viduals were not of similar size or composition compared to those described in
AML patients. Second, fusion transcripts resulting from the PTD of MLL in
AML have all been in-frame and found in the polyA+ fraction of the RNA, with
the PTD of MLL that is always demonstrated at the genomic level as well.
In contrast, only 5 of 10 MLL fusion transcripts detected in normal donors were
in-frame, suggesting this to be a random event. Moreover, these fusion tran-
scripts from normal samples could be amplified only in the total RNA fraction,
and not in the polyA+ RNA, suggesting that they are not translated into a partially
duplicated protein. Finally, no rearrangement of the MLL gene could be identi-
fied at the genomic level by Southern analysis or DNA PCR amplification in the
normal individuals otherwise positive for the fusion transcripts. Collectively,
these results suggested that the genesis and the composition of the MLL fusion
transcripts found in normal cells are distinct from those found in leukemic cells,
reflecting the different biological significance of each product. It appears that the
fusion transcripts in normal samples are not derived from a mutated MLL gene,
but, rather, may be generated during a mRNA splicing process termed “exon
scrambling.” Recently, these results were confirmed by two other groups (60,61).
In the study by Schnittger et al., however, the incidence of MLL fusion transcript
in normal donors was higher and the PTD of MLL gene was detected by genomic
PCR, whereas in the second study, Caldas et al. confirmed the presence of MLL
“scrambled” transcripts in normal BM without detecting the PTD of MLL at the
genomic level. Although the reasons for these differences remain to be resolved,
these studies underscore that the presence of MLL fusion transcripts detected by
RT-PCR may not be sufficiently specific for diagnosis of AML associated with
the PTD of MLL associated and, in addition, may not correlate with a correct
assessment of MRD during remission.

UNIVERSAL MARKERS FOR MRD

Despite its limitation, the use of specific chimeric genes or their fusion tran-
scripts by RT-PCR–based methodologies may represent an important step in
understanding the significance of MRD and implement a risk-adapted strategy
in those AML patients who achieve CR. Unfortunately, this approach can be used
only in the context of fully characterized genomic abnormalities, whereas it
cannot be used in AML patients who present with normal cytogenetics or other
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chromosome rearrangements that fail to generate chimeric transcripts. For these
patients, the demand for “universal” molecular markers that could consistently
be used to assess treatment response and predict clinical outcome independently
of specific genomic rearrangements has remained, thus far, unanswered.

In the search for disease-specific markers, the prognostic value of WT1 gene
expression at diagnosis or during remission has been assessed in patients with
acute leukemia. WT1 is a tumor suppressor gene that encodes a zinc-finger DNA-
binding protein. This gene plays a key role in the carcinogenesis of Wilms’
tumor, but its expression has also been demonstrated in embryologic develop-
ment of genitourinary organs and during normal hematopoiesis. WT1 transcripts
have been demonstrated in the majority of patients with acute leukemia and CML
(62). In about 80% of patients with acute leukemia, the WT1 transcript was
detectable by RT-PCR, and in some studies, an association between WT1 expres-
sion and an increased risk of relapse was shown. Therefore, detection of WT1
transcript by RT-PCR has been suggested to be a potential marker for MRD in
acute leukemia regardless of the presence or absence of other tumor-specific
DNA markers (63). Inoue et al. monitored WT1 expression in nine acute leuke-
mia patients during remission. In four patients, WT1 transcripts were detected at
2–8 mo before clinical relapse (62). The same group has recently updated their
initial results by reporting 31 patients (27 with AML, 2 with acute lymphocytic
leukemia [ALL], and 2 with acute mixed lineage leukemia) treated with conven-
tional chemotherapy, and 23 patients (13 AML, 5 ALL, and 5 with CML) treated
with alloBMT (64). In these patients, expression of WT1 transcript was
assessed in serial samples by RT-PCR. Sixteen patients in the chemotherapy
group and three patients in the alloBMT group relapsed following achievement
of CR. In 10 of these patients, WT1 expression that had returned to low levels
during remission, significantly increased at 1–18 mo before clinical relapse.
In another nine patients, the level of WT1 transcript never significantly decreased
after achievement of CR, and the subsequent relapse was accompanied by a
further rapid increase in WT1 expression. Levels of WT1 mRNA in the remaining
35 patients who continued in CR instead remained significantly low during
remission.

In contrast, Geigeret et al. found no correlation between WT1 expression and
probability of relapse (65). These authors analyzed WT1 gene expression by
RT-PCR in serial blood or BM samples from patients with de novo AML up to
95 mo after diagnosis. Of those patients with WT1-positive AML, 44 were treated
with chemotherapy, whereas 24 patients underwent unrelated donor (n = 4),
sibling donor (n = 13), or autologous (n = 7) BMT. After achieving CR, 62% of
these patients became WT1 negative, whereas 38% remained WT1 positive. There
was no difference in DFS or OS between WT1-positive and WT1-negative
patients. Following BMT, 32% of the patients analyzed in CR within the first
100 d after transplantation were WT1 positive by RT-PCR. Detection of WT1
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transcripts within 100 d following BMT, however, did not affect DFS and OS
after transplantation. Ten of 11 patients who were in CCR for more than 3 yr had
been transiently WT1 positive during the observation period. Thirteen relapsed
patients were WT1 negative at 4 mo before disease recurrence, and eight of them
were WT1 negative at the time of relapse. These data indicate that (1) achieve-
ment of WT1 negativity is not associated with longer DFS and OS, (2) not all
patients who relapse become WT1 positive again, and (3) patients in long-term
CR frequently display the WT1 transcript. Similar results were reported by
Elmaagacli et al. in 46 patients with acute leukemia after alloBMT or PSCT
(65a). Prior to alloBMT, WT1 transcripts were detected by RT-PCR in 38 of 46
patients (83%). In 14 of 38 patients (37%), WT1 transcripts were detected at least
once posttransplant (range: 1–89 mo). Twelve of the 38 patients relapsed after
transplant, but only 7 of the 12 were WT1 positive. In five relapsed patients, the
WT1 RT-PCR status remained negative 0–3 mo prior to relapse. On the other
hand, only 7 of 14 patients with a positive test for WT1 after transplant relapsed.
In 17 of the 46 study patients, chromosomal abnormalities had been found prior
to transplant. In these 17 patients, the WT1 transcript was simultaneously
expressed with other fusion transcripts specific for the corresponding chromo-
somal abnormality. In 32 of 45 samples (71%), the results for the fusion tran-
scripts and WT1 transcript were concordant, but differed in 13 patients. On the
basis of these data, therefore, it is possible to conclude that the value of WT1
transcript detection to predict leukemic relapse remains, at the very least, contro-
versial. Other more recent fusion products such as the PTD of FLT3 detected in
AML patients will be important to assess for predictability in a prospective
fashion (66–69).

Finally, another area of potential interest for disease “universal” markers is
represented by detection of genes that become methylated in AML. Recent data
have suggested that hypermethylation of the promoter area of a few selected
genes is an important mechanism of inactivating growth control and/or tumor
suppressor genes during different phases of leukemogenesis (70–72). Because
these epigenetic mutations are independent of specific chromosome rearrange-
ment, the use of PCR-based methodologies could be used to detect methylated
genes as “universal” markers to predict disease relapse. These methodologies are
based on the introduction of methylation-dependent sequence differences into
the genomic DNA by sodium bisulfite treatment and PCR amplification (73).
The combination of bisulfite treatment and PCR amplification results in the
conversion of unmethylated cytosine (C) residues to thymine (T) and in the
conversion of methylated cytosine (m-C) to cytosine (C). The net result are two
possible distinct sequences of the same DNA site, depending on the methylated
or unmethylated status of the original sequence, that can be exploited as a marker
for MRD by using specific primers and restriction enzyme analysis of the ampli-
fied product. Furthermore, the methylation-dependent sequence modifications
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of target genes can be quantified by applying the quantitative real-time PCR
technology (74,75). Thus, as new methylated genes are identified and character-
ized, these bisulfite–PCR-based assays will be tested for their usefulness in
determining the incidence and the prognostic significance of genes methylated
in AML at diagnosis and during remission.

CONCLUSION

In summary, analysis of MRD is an appealing strategy to stratify AML
patients for risk of relapse during remission. The applicability of this strategy,
however, suffers from technical limitations, which could be overcome by the
systematic utilization of standardized methodologies and their prospective
evaluation in larger patient populations. In addition, it will be important to
develop markers that can be utilized independently from specific chromosome
rearrangements. Unfortunately, despite numerous studies, these goals have not
been met and, thus, the usefulness of MRD analysis by RT-PCR for the man-
agement of AML in remission remains undetermined. Moreover, because it is
unlikely that the presence of a chimeric gene by itself is causative of leuke-
mogenesis, but rather is important in addition to other genomic changes, detec-
tion of chimeric clone in remission may not be predictive of a clonal cell
potential to express a leukemia phenotype (2). This hypothesis is supported by
studies showing the presence of hemetopoietic precursors carrying chimeric
fuson genes in patients in long-term remission and by the inability of fusion
genes by themselves to induce leukemia in transgenic mouse models (24–
26,76). Monitoring just the fusion transcript and not also monitoring other
genomic rearrangements such as deletions or epigenetic mutations such as
methylation may lead to incorrect identification of the true residual leukemic
blasts. In this regard, innovative gene microarray technologies are being devel-
oped and applied to the study of the molecular biology of hematopoietic clonal
disease (77). It is conceivable, therefore, that the use of these methodologies
may identify additional structural and functional genomic changes occurring
with the fusion genes, providing additional important characterizations of the
malignant potential of residual blasts detected at initial presentation of that
may be used singly or in combination to follow the progression of the disease
as a marker of MRD during remission.
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10 Minimal Residual Disease
in Acute Promyelocytic Leukemia

Francesco Lo Coco and Daniela Diverio

INTRODUCTION

Acute promyelocytic leukemia (APL) is a unique subtype of acute myeloid
leukemia (AML) with specific genetic and clinical features, which include the
frequent association at diagnosis of a life-threatening hemorrhagic diathesis, the
presence in leukemic blasts of a specific chromosome translocation that has
never been detected outside the APL context, and a striking response in vitro and
in vivo to retinoids such as all-trans retinoic acid (ATRA) (1–5). In light of the
associated risk of massive bleeding (approx 10% of early hemorrhagic death are
still reported even in patients receiving state-of-the-art modern treatments) (6–
14), APL should be considered a medical emergency. Together, the above char-
acteristics contribute to classifying this disease as a unique leukemic subset
requiring immediate recognition by means of genetic diagnosis and early onset
of tailored treatment.

Detection of the APL-specific chromosome aberration (or of its molecular
counterpart) permits identification of virtually 100% of patients responsive to
ATRA, which, in turn, is known to exert its action through targeting the same
product of the t(15;17) (i.e., the PML/RARα protein) (1–5) (see below). In addi-
tion, by inducing cell differentiation, ATRA therapy may effectively counteract
the hemorrhagic syndrome and improve the coagulation parameters (15).
According to recently reported multicenter trials, combined ATRA and
anthracycline-based chemotherapy results in long-term remission and potential
cure in up to 70% of cases (6–14), whereas prior to 1990, no more than 30% of
patients were reported as long-term survivors after receiving conventional che-
motherapy (16). Two major advances have contributed to this impressive
improvement: the identification of the APL-specific genetic lesion and the intro-
duction of retinoids in frontline therapy.
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In 1990, only a few months after the report of first clinical experiences with
ATRA (17), several groups cloned the t(15;17) and demonstrated that two genes,
the retinoic acid receptor-α (RARα) and the newly described PML gene (for
promyelocytic), were joined together to form a hybrid protein as a result of the
chromosomal recombination (18–20). As it occurred with the BCR-ABL hybrid
underlying the Philadelphia chromosome detected in chronic myeloid leukemia,
the identification of such novel abnormality led to an impressive series of basic
and applied studies. The latter included development of polymerase chain reac-
tion (PCR)-based strategies for improving diagnosis and for analysis of minimal
residual disease (21–29). In addition to the important progress in diagnostic
recognition, it was soon demonstrated that use of the PCR technology to assess
response to therapy and clinical outcome could be helpful in the management of
APL. In fact, a number of studies published in the early 1990s indicated that
patients who converted from PCR negative to PCR positive for PML/RARα
while in clinical remission were at higher relapse risk and, conversely, that
negativization of PML/RARα below PCR sensitivity levels was associated with
improved outcome (28–34). More recently, large cooperative studies in which
patients were prospectively monitored have confirmed these results and several
groups worldwide are currently using PCR results to guide therapy (7,35,36).
In light of this possibility and considering the availability of a disease-specific
agent targeting the genetic lesion, APL is now regarded as a paradigm for
molecularly targeted and PCR-driven therapy in hematooncology. However, a
number of issues related to the technique itself and to its reproducibility and
standardization have been raised and actually deserve special attention (37).
The objective of solving these controversies is, obviously, that of allowing cli-
nicians a better comparison of PCR results among studies, in order to feel more
confident with respect to PCR-based therapeutic decision.

We will describe here methodologic and clinical aspects of PCR studies
applied to APL diagnosis and monitoring. Furthermore, we will review critically
the results reported so far in clinical trials and relevant investigational areas for
future research.

MOLECULAR ARCHITECTURE OF THE t(15;17)
AND ROLE IN APL PATHOGENESIS

APL is cytogenetically characterized by reciprocal translocations that con-
stantly involve chromosome 17, with breaks within the locus encoding for the
retinoic acid receptor-α (RARα) (18–20). Usually, the chromosome partner is
the 15, with the break located within the PML locus. The t(15;17) originates
several aberrant proteins, including PML/RARα on the 15q+, RARα/PML on
the 17q–, and a truncated PML gene (26). The RARα/PML fusion gene is
expressed in approx 70% of APLs, whereas the reciprocal PML/RARα is detected
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in almost 100% of cases, being, therefore, more suitable for routine molecular
diagnosis and monitoring (38). On the 17q, the breakpoints are consistently
located in RARα intron 2 (39,40), whereas on 15q, the breakpoints may be
located at three different sites of the PML locus (26). Based on this variability,
three different PML/RARα isoforms are formed (26–28). Of these, the so-called
“long transcript,” derived from PML bcr1, is detected in 55–60% of cases; the
“short transcript” created as a consequence of bcr3 PML breakpoints is described
in 35–40% of patients, and, finally, a bcr2 PML breakpoint (or “variable” tran-
script, derived from breaks in PML exon 6) is found in approx 8% of cases
(7,11,12).

The hybrid PML/RARα transcript retains both the PML RING finger and
dimerization domains and the RARα DNA-binding and retinoic-acid-binding
domains. In the presence of physiological concentrations of ATRA, PML/RARα
acts as a transcription repressor on target genes, interfering with normal RAR,
RXR, and PML functions (1–5). When analyzed with specific antibodies, the
PML protein shows, in normal cells and in non-t(15;17) leukemias, a character-
istic nuclear staining in nuclear bodies (also named PODs). Interestingly, this
pattern is abrogated in t(15;17)-positive cells and replaced by a microspeckled
nuclear distribution. The identification of microspeckled structures correlates
with the presence of the PML/RARα protein as determined by RT-PCR analysis,
and is therefore suitable for the purpose of correct diagnosis (41,42).

In rare cases, the APL phenotype might be associated with translocations
involving RARα at 17q and other chromosome regions (i.e., 11q23, 5q32, 11q13
and 17q21 with breaks in the PLZF, NPM, NuMA, and STAT5b loci, respec-
tively). The resulting hybrid genes encode PML/RARα , PLZF/RARα ,
NPM/RARα, or STAT5b/RARα fusion proteins, all of which retain the same
portion of RARα (43–46). Among the APL variants associated with distinct
fusion genes, only the PML/RARα and the PLZF/RARα forms have been char-
acterized in detail at the biological and clinical level (1–5,47). Despite the fact
that PML/RARα and PLZF/RARα APLs show clinical similarity, ATRA treat-
ment induces differentiation only in PML/RARα APLs (1–5,47). Moreover,
both PML/RARα and PLZ/RARα transgenic mice develop leukemias; however,
only leukemias from PML/RARα mice are ATRA sensitive (48–52).

The potential of PML/RARα to interfere with hematopoietic differentiation
is thought to involve transcriptional deregulation of retinoic acid (RA)-target
genes. RARs are RA-dependent transcription factors that, in adult hematopoietic
cells, are involved in the control of terminal differentiation (53). In the absence
of RA, RARs repress transcription by recruiting the nuclear corepressor (N-CoR)–
histone deacetylase (HD) complex. Low levels of histone acetylation are thought
to lead to a repressive chromatin conformation. RA releases the HD complex
from RARs and recruits multiple coactivators, thus resulting in activation of gene
expression (54–57). PML/RARα retains the ability of RARα to regulate tran-
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scription of RA-target genes. Indeed, the integrity of the PML/RARα DNA-
binding domain is essential for both the transcriptional regulation properties on
RA-target genes and the effects on differentiation of the fusion protein. PML/RARα
and PLZF/RARα fusion proteins recruit the N-CoR/HD complex through their
RARα moiety. PLZF/RARα contains a second, RA-resistant binding site in the
PLZF N-terminal region. This might explain why high doses of RA release HD
activity from PML/RARα, but not from PLZF/RARα (54–57).

GENETIC CHARACTERIZATION OF APL
AND UTILITY OF REVERSE TRANSCRIPTION–PCR

AT DIAGNOSIS

Based on the equation specific lesion = specific therapy, modern diagnosis of
APL must aim at rapidly identifying the genetic abnormality. This can be dem-
onstrated at the chromosome, DNA, RNA, or protein level. Karyotyping on
banded metaphases allows identification of the pathognomonic t(15;17) in the
majority of cases; however, false-negative results are not uncommon, as a result
of the analysis of cells not belonging to the neoplastic clone or, alternatively, to
poor quality metaphases or occurrence of cryptic rearrangements (1–5). This
clearly indicates that lack of a t(15;17) by conventional cytogenetics does not
necessarily preclude a diagnosis of APL. The use of fluorescence in situ hybrid-
ization (FISH) with specific probes frequently allows one to overcome the draw-
backs of karyotyping by identifying the PML/RARα rearrangement in cases with
cryptic translocations or apparently normal karyotype (58).

Southern blot might be employed to identify rearrangements in the PML and
RARα loci, although it is a laborious approach. In fact, several probes must be
used to confirm the involvement of both PML and RARα (39,59,60). Anti-PML
polyclonal or monoclonal antibodies to analyze the PML distribution pattern in
leukemic cells provide a rapid and simple diagnostic tool. This latter method
exploits the characteristic aberrant distribution of the PML protein deriving form
the translocation t(15;17), often referred to as “microspeckled,” which differs
considerably from that observed in normal cells and in non-t(15;17) leukemias
(so-called “nuclear body” PML distribution) (41,42,60). In light of their poor
sensitivity, conventional karyotyping, Southern blot, and PML immunostaining
are not suitable for MRD assessment.

Diagnostic detection of PML/RARα in leukemic cells by reverse transcrip-
tion (RT)–PCR is the most specific and sensitive method for establishing patient
eligibility into state-of-the-art ATRA-containing regimens (21–29). In light of
this and because it is the only technique that defines precisely the PML breakpoint
type allowing one to establish a correct strategy for successive MRD monitoring,
RT-PCR of PML/RARα should be mandatory at diagnosis in every APL patient.
Recent results of large multicenter studies have indicated complete remission
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rates close to 100% for patients who had diagnosis confirmed by RT-PCR
(6,7,11,12). Updated results of the Italian GIMEMA study show that, of 480 patients
PML/RARα positive by RT-PCR who completed the induction phase, only 1
(0.2%) was resistant to a treatment combining ATRA and idarubicin (unpub-
lished data).

The main technical approaches for genetic diagnosis of APL, together with
advantages and pitfalls of each method, are shown in Table 1.

RT-PCR AMPLIFICATION OF PML/RARα:
TECHNICAL ASPECTS

The quality of RNA and efficiency of the reverse transcription (RT) step are
the most important determinants for successful RT-PCR analysis of PML/RARα
(58,61). Analysis of the extracted RNA by running into a minigel is recom-
mended for detecting degradation and/or gross DNA contamination. At diagno-
sis, blood or marrow samples taken from an APL patient are particularly prone
to rapid clotting, cell damage release of enzymes that could affect RNA yield and
integrity. Rapid isolation of mononuclear cells and storage in a guanidium–
isothiacyanate (GTC) solution is important in order to prevent RNA degradation.
As for the reverse-transcription (RT) step, improved specificity of the reaction
and amplification of cleaner products have been reported using the hot-start
method, which contributes to minimize primer misannealing and enhances sen-
sitivity of the reaction (29). Controls of the diagnostic assay should include both
the NB4 cell line (long transcript) and RNA derived from a patient with the short
PML/RARα isoform. Negative controls should include a water lane and a no-RT
lane to distinguish between possible RNA or cDNA contamination, respectively.
To further verify RNA integrity and efficiency of the RT step using patient RNA
(“internal control”), some authors amplify one of the two normal genes involved
in the translocation, whereas others analyze a gene with a ubiquitous but low
expressions gene (62). Choice of the internal control is particularly relevant in
the context of MRD studies. Figure 1 shows the location of PML and RARα
primers and the distinct types of PML/RARα isoforms that may be detected in
t(15;17) APL. Given two alternative splicings of PML exons downstream of
exon 3 and two distinct locations of breakpoints, external PML primers would
amplify a single band in bcr3 (short or S transcript) cases and a multiple band
pattern in bcr1-2 (long or L transcript) cases (26). In these latter, the successive
use of an internal PML primer allows the resolution of a single band. Thus, the
appropriate primer set capable of amplifying a single fragment will be preferably
used after induction treatment for MRD monitoring.

As concerns MRD tests, the most critical issues are the timing of sampling, the
sensitivity of the assay, and the controls of the reaction (58). The timing of
sampling is strictly dependent on the type of clinical context (e.g., ATRA, ATRA
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Table 1
Techniques Used for Genetic Diagnosis of APL

Method Target lesion Advantages Pitfalls

Karyotype t(15;17) Highly specific; Frequent “normal” K (cryptic PML/RARα)
widely available

Southern blot PML and RARα Highly specific Time-consuming and laborious
rearrangements (several hybridizations required)

RT-PCR PML/RARα hybrid Rapid; specific; Prone to false positive (contaminations, artifacts);
highly sensitive poor RNA yield

PML immunostaining PML nuclear pattern Rapid; specific Artifacts resulting from cell degradation;
poorly sensitive
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plus chemotherapy, allogeneic transplantation). Moreover, the frequency of PCR
testing might be adapted to the relapse risk, which, in turn, may be considerably
different from patient to patient. For example, a higher risk has been calculated
for hyperleukocytic APL (63). Finally, the first 6–8 mo after the end of frontline
induction and consolidation represents a higher relapse risk (6–14), and during
which a more stringent monitoring might be justified. Thus, establishing appro-
priate time intervals for MRD evaluations is relevant to obtaining useful clinical
information.

False-negative PCR has been attributed to the limited sensitivity of the assays
used. This, in turn, depends largely on reasons intrinsic to the disease biology.
In fact, it has been shown that the PML/RARα hybrid is expressed at extremely
low levels in APL cells and is more unstable than the two wild-type genes.
To increase the efficiency of reverse transcription, Seale et al. (61) suggested the
use of greater amounts of RNA (up to 20 µg), initial denaturation of RNA (65°C
for 5 min), and elongation of the incubation time to 2 h. Such modifications and
the application of the hot-start principle allow one to increase the cDNA yield,
as reproduced by others and by our group. Internal controls to be chosen in the
context of MRD should be low-expressed genes devoid of pseudogenes and
should be diluted in order to quantitatively reproduce the minimal amounts of
MRD (62).

Fig. 1. Schematic representation of the three major PML/RARα isoforms and location
of oligoprimers (arrows) used for the RT-PCR amplification of the hybrid transcript.
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CLINICAL SIGNIFICANCE
OF THE DISTINCT PML/RARα ISOFORMS

Initial studies published in the early 1990s suggested that patients with the
short (bcr3) isoform had an inferior outcome, as compared to those carrying the
long PML/RARα transcript (64,65). In addition, a study by Gallagher et al. (66)
indicated a poorer response to ATRA in vitro for patients with the bcr2 (or
variable) isoform. More recently, the same analysis in a larger series published
in Europe (7,11,12) and in the United States (67) did not report a significant
difference in the outcome of APL patients according to PML/RARα junction
type, although a trend toward a poorer clinical outcome was found for patients
with the short isoform. One important difference explaining such apparent dis-
crepancies is related to the different therapeutic context. In fact, although patients
with bcr2 and bcr3 isotypes might be less responsive to ATRA alone, such
difference seems to be abrogated with modern combinatorial regimens, includ-
ing chemotherapy and ATRA, as shown by the US Intergroup (67), the Italian
GIMEMA (7), the British MRC (11), and the Spanish PETHEMA studies (12).
However, it has to be emphasized that in the reported series the techniques used
fail to distinguish the bcr1 from bcr2 PML/RARα isoforms. Hence, the prognos-
tic significance of including bcr2 patients in the long-transcript group is
unknown. However, the bcr2 patient cohort accounts for only 8% of APL cases
(58). A recently reported in vivo study in patients enrolled in the US Intergroup
trial did not clarify this issue, given the low patient number and the fact that half
of them received chemotherapy alone (67). A longer follow-up of large clinical
trials will probably clarify better the prognostic significance of PML/RARα
isoforms.

LONGITUDINAL PCR STUDIES OF MRD IN APL

The first technical reports on RT-PCR strategies to amplify the PML/RARα
hybrid were reported in 1992 by Miller et al. (21), Biondi et al. (22), Castaigne
et al. (24), and Borrow et al. (23). These were immediately followed by a number
of studies on MRD assessment after therapy, which included mostly retrospec-
tive evaluations performed in patients receiving ATRA alone or with chemo-
therapy (25–34). Together, these showed that treatment with ATRA given as a
single agent was almost uniformly associated with persistence of PCR positivity.
Confirming previous clinical observation, this indicated that ATRA given orally
was unable to eradicate the leukemic clone. By contrast, chemotherapy and/or
bone marrow transplantation was associated in approximately half of the cases
with negativization of the PCR test. Moreover, using techniques with sensitivity
10–4–10–3, patients in long-term remission invariably tested PCR negative,
whereas conversion from negative to positive during hematologic remission was
strongly predictive of subsequent relapse (25–34). This suggested, in turn, that
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molecular remission represents a more appropriate and advanced therapeutic
objective in APL. Following publication of these preliminary reports, several
groups initiated prospective PCR monitoring in patients enrolled in large
multicenter trials of ATRA and chemotherapy, including the GIMEMA,
PETHEMA, and MRC groups (7,11,12,35,36). Based on the notion that ATRA
alone was insufficient for cure, these trials included several combinatorial regi-
mens in which conventional chemotherapy was added to differentiating treat-
ment (7,11,12,35,36).

Approximately 50% of patients receiving ATRA plus chemotherapy had
detectable PML/RARα transcript in their marrow after completing induction in
the GIMEMA (7), MRC (11), and PETHEMA (12) studies, although no corre-
lations were found between PCR status at the time of remission achievement
after induction and relapse risk (Table 2). After completion of consolidation, 93–
95% of cases tested PCR negative in the marrow in the above series (7,11,12).
As to tests performed in between consolidation cycles, the MRC data indicated
that patients remaining positive after three chemotherapy courses (of four total
cycles) had increased risk of hematologic relapse as compared to patients who
achieved earlier negativization of PML/RARα. Interestingly, this finding had
independent prognostic significance together with white blood cell count in the
multivariate analysis of relapse risk. Unfortunately, this evaluation was available
for only a minor proportion of patients enrolled in the MRC study (11). A rather
distinct kinetics of PML/RARα negativization was observed in the German
AMLCG study, where patients were given a double induction strategy including
high-dose cytarabine (TAD/HAM protocol) in combination with ATRA. In fact,
up to 91% of patients studied after this induction tested negative by RT-PCR

Table 2
Results of Prospective RT-PCR Monitoring of PML/RARα

in APL Patients Treated in the GIMEMA, MRC, and PETHEMA Trials

Difference
% Patients in relapse risk

PCR positive/ in patients Relapse risk
Study group PCR negative positive vs negative % Positive at 2 yr
     (ref.) after induction  postinduction postconsolidation (all patients)

GIMEMA 40 NS 5 20
(7)

MRC 60 NS 6 25
(11)

PETHEMA 51 NS 7 10
(12)

Note: NS = not significant.
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performed in the bone marrow. Given the low patient number and limited follow-
up, it cannot be established at this time whether such a high percentage of early
PCR negativization translates into better relapse-free and overall survival as
compared with results published by others (68).

Postconsolidation monitoring studies have been prospectively performed at
pre-established time intervals in patients enrolled in the GIMEMA study (35).
The results on 163 homogeneously treated and longitudinally evaluated cases
showed that 20 of 21 who converted from PCR negative to PCR positive after
consolidation therapy underwent hematologic relapse at a median time of 3 mo
from PCR conversion, whereas only 8 (or 5.6%) in the group of patients who
tested PCR negative in two or more tests after consolidation relapsed after a
median time of 18 mo. These results led the Italian group to anticipate salvage
therapy in such patients (35).

A comparison of marrow versus peripheral blood (PB) PCR testing for
PML/RARα has been performed in some of the patients enrolled in the GIMEMA
study. This showed that although the hybrid transcript is always detectable at
diagnosis in both PB and marrow (even in cases with very low leukocyte count
and absence of PB blasts), MRD is better identified during remission in marrow
samples (unpublished observations). Therefore, for the purpose of MRD evalu-
ation, marrow testing rather than PB is recommended.

Although there is general consensus on the value of PCR positivity during
remission as a predictor of relapse, several cautionary issues have to be consid-
ered before a therapeutic decision is based on molecular tests. The above results
are, in fact, based on studies performed in the context of uniform clinical trials
and employing PCR tests with 10–4 sensitivity. Persistence of residual disease in
long-term remission using more sensitive assays have been occasionally reported
(69). In addition, in order to rule out the occurrence of contamination, confirma-
tion of molecular relapse in an additional marrow sample is required in the
GIMEMA study prior to initiate salvage therapy (35). Finally, one major limi-
tation of the employed assays is their failure to precisely quantitate the amount
of residual disease, which, in turn, makes difficult a comparison among the
reported studies. The use in the near future of the newly developed real-time PCR
technology may hold promise to provide adequate standardization at the quan-
titative level and more objective comparison of results.

PCR-DRIVEN THERAPY IN APL

Based on results of prospective PCR studies, several groups have designed
therapeutic strategies for APL that include longitudinal PCR monitoring of
PML/RARα and adaptation of treatment intensity to the results of molecular
evaluations (36,70). Treatment intensification for patients who convert to PCR
positive is currently adopted by the GIMEMA, PETHEMA, Japan Acute Leuke-
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mia Study Group (JALSG), and MD Anderson Cancer Center (MDACC) groups
(36,70). Following frontline induction and consolidation with ATRA and
anthracycline-based chemotherapy, the GIMEMA and PETHEMA groups have
adapted the stringency of PCR controls according to relapse risk. Thus, patients at
higher risk of relapse (e.g., those with initial leukocyte counts above 10 × 106)
are monitored more frequently as compared to patients in the low-risk category.
Then, patients who show conversion from PCR negative to positive are given
salvage therapy (following confirmation of molecular relapse in another marrow
sample), and the same treatment is administered to those rare cases of molecu-
larly resistant disease (i.e., patients who after frontline induction and consolida-
tion do not achieve PCR negativity).

In a recently published study of the MDACC (36), patients with newly diag-
nosed APL were given intravenous liposomal ATRA as a single agent for a total
time of 9 mo and were monitored prospectively from the time of diagnosis.
Patients who had a PCR-positive test in two successive controls during Atragen
therapy were administered additional treatment with idarubicin, whereas those
remaining PCR negative were maintained on Atragen alone (36). Hence, PCR
monitoring not only is intended as a tool for identifying patients in need of
additional treatments but also may function as a means of avoiding unnecessary
toxicity in a highly curable leukemia.

FUTURE PERSPECTIVES

During the past decade, basic and clinical research have contributed important
advances in our understanding of APL pathogenesis and this has been paralleled
by a significant improvement in clinical results. The use in APL of treatment
targeted at an abnormal leukemia-associated protein represent the first example
of genetic-tailored therapy in human cancer and have fostered basic and clinical
research aimed at extending the potential of differentiation and molecularly
driven therapy to other leukemia subsets. In addition to these important advances,
several issues still remain to be addressed and will be the subject of future inves-
tigation. Among these, the precise biochemical mechanisms of APL leukemo-
genesis, the role of other APL-associated abnormal products, and the significance
of additional genetic alterations need to be clarified. Moreover, mechanisms
associated with the development of ATRA resistance are poorly understood, and
in spite of receiving modern state-of-the-art therapies, a sizable proportion of
APL patients still succumb to their disease and/or suffer from severe chemo-
therapy-related toxicity. In this context, the use of a well-designed and standard-
ized molecular monitoring is not only relevant to better identify patients at risk
of relapse and therefore intensifying or anticipating treatment, but also appears
important in order to spare unnecessary toxicity in patients presumably cured. It is
hoped that cooperation at the multinational level, including efforts aimed at
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improving PCR technology and interlaboratory standardization, will further
contribute to better risk-adapted protocols to increase the cure rate of this once
inevitably fatal disease.
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of BCR-ABL Transcripts
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INTRODUCTION

Aims of MRD Analysis in CML
The degree of treatment-induced tumor load reduction is an important prog-

nostic factor for patients with CML. Response to treatment may be determined
at three levels: (1) hematologic response, defined as the normalization of periph-
eral blood counts and spleen size; (2) cytogenetic response, defined as the reduc-
tion in the proportion of Ph-positive metaphases detected by conventional
karyotypic analysis or fluorescence in situ hybridization; and (3) molecular
response, defined as the reduction in BCR-ABL DNA, mRNA, or protein.

Minimal residual disease (MRD) refers to the presence of cells derived from
the malignant clone in patients who are in conventional remission; in CML this
is usually defined by cytogenetic criteria. The aim of MRD analysis is to enable
a better assessment of the response of individual patients to treatment or to
evaluate the efficacy of a particular treatment protocol on a group of patients.
Measurements of residual disease may potentially be used to stratify patients
according to risk of relapse prior to conventional relapse diagnosis and to adopt
risk-oriented or individualized treatment protocols. In the context of CML, this
stratification could mean a reduced or increased dosage of interferon-α (IFN)
and whether or not to undergo bone marrow transplantation (BMT) or the use of
immunotherapy (e.g., donor lymphocyte infusion) post-BMT for impending
relapse. The same techniques can also be used to assess the extent to which
enriched “stem” cell harvests or selected cells for autografting are contaminated
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with malignant cells. MRD analysis is likely to play an important role in the
initial assessment of the efficacy of new treatments, such as the tyrosine kinase
inhibitor ST1571.

Molecular Genetics of CML
The standard Ph chromosome is seen in approx 90% of cases of CML, and

cytogenetic visible variants account for a further 5%. The remaining 5% of cases
have a visibly normal karyotype, and on molecular analysis, roughly half turn out
to be BCR-ABL positive; the rest are considered to have a BCR-ABL-negative
chronic myeloproliferative disorder (1).

The t(9;22) genomic translocation breakpoints cluster within the 5.8-kb major
breakpoint cluster region of the BCR gene but are widely dispersed within ABL,
principally because the first intron of this gene is extremely large (2,3). However,
after splicing of the primary transcript, at least 98% of CML patients have a
chimeric mRNA in which either BCR exon b2 (exon 13) or b3 (exon 14) is fused
to ABL exon 2 (b2a2 or b3a2 transcripts) (4,8). Both transcripts give rise to a
210-kDa BCR-ABL protein and roughly 5–10% of patients express both b2a2
and b3a2 mRNA (see Fig. 1). About 0.5–1% of patients express p190 BCR-ABL,
which results from the fusion of BCR exon 1 to ABL exon 2 and which is more
typically found in Ph-positive acute lymphoblastic leukemia (5). p190 BCR-
ABL mRNA is also detectable in most or all p210 patients at a low level and
probably arises through missplicing (6,7). The remaining cases, perhaps 1–2%
of the total, are accounted for by a number of rare BCR-ABL fusions, the majority
of which lack ABL exon 2 (3,4). BCR-ABL transcript types are stable over time
in individual patients and there is no convincing evidence that clonal evolution
may occur.

There is believed to be no clinical difference between those cases that are
positive for p210 BCR-ABL without a discernible Ph-chromosome and those
cases with typical Ph-positive disease (9). Patients who express high levels of
p190 BCR-ABL usually have distinct hematological features, principally mono-
cytosis (5). However, because of the small number of cases reported, the impact
on prognosis for these individuals, or patients who express other variant fusions,
is unclear.

METHODS TO DETECT CML CELLS

Cytogenetic Techniques
CONVENTIONAL CYTOGENETICS

Several studies have shown that cytogenetic response to IFN is significantly
correlated with clinical outcome (10–12), and this technique therefore remains
the standard method to ascertain the quality of remission in CML patients. Bone
marrow metaphase chromosomes, derived from dividing cells, are scored for the
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presence or absence of the Ph-chromosome and/or any other abnormalities.
Complete cytogenetic remission or response is usually defined as the finding of
a normal karyotype in at least 20 or 30 consecutive metaphases for those patients
who were Ph-chromosome (or variant Ph-chromosome) positive at diagnosis.
In CML, this technique therefore has an abnormal metaphase detection probabil-
ity of about 3–5%, although it is possible that the selection in culture for dividing
cells means that the real sensitivity is greater.

Cytogenetic analysis does, however, have a number of disadvantages. First,
it is usually necessary to obtain a bone marrow sample. Not only is this invasive,
but in some patients, the marrow may be inseparable. Second, patients at presen-
tation who are negative for the Ph chromosome or an easily recognizable variant
are not amenable to analysis. Third, although the results of cytogenetic analysis
are quantitative, the large statistical errors resulting from analysis of small num-
bers of metaphases are considerable (13). Fourth, it cannot be used in cases that
have a normal karyotype. Fifth, it is relatively insensitive. In its favor, cytoge-
netics is very well established and it is the only technique that detects
prognostically significant secondary chromosomal abnormalities.

FLUORESCENCE IN SITU HYBRIDIZATION

Fluorescence in situ hybridization (FISH) analysis detects the juxtaposition of
BCR and ABL sequences in metaphase or interphase cells (14,15). Probes are
usually large genomic clones, such as cosmids or YACs, and are labeled with
different fluorochromes so that they can be readily distinguished. Because it is
the colocalization of BCR and ABL that is scored, FISH analysis does not depend
on the presence of the Ph chromosome and will detect rare BCR-ABL variant
fusions. Interphase FISH has further advantages over conventional cytogenetics
in that it can be performed on peripheral blood samples and a larger number of
nuclei, at least 100, are scored, resulting in smaller sampling errors (16–19).
The use of hypermetaphase FISH routinely enables 500 bone-marrow-derived
metaphases to be analyzed (20,21).

The sensitivity of interphase FISH is limited by the false-positive rate (i.e., the
frequency with which BCR and ABL signals randomly colocalize in normal
cells). For standard two-color FISH, the limit of detection of CML cells is typi-
cally 1–10% and depends, in part, on which probes are used, the size of the
nucleus, the precise position of the breakpoint within the ABL gene, and the
criteria used to define colocalization (22). The false-positive rate can be reduced
by addition of a third or fourth probe that enables the reciprocal 9q+ to be detected
in addition to the Ph chromosome (23–25). In many cases, however, the presence
of large deletions surrounding the ABL-BCR breakpoint on the 9q+ chromo-
some preclude the use of this more sensitive assay (26,27).

It has been claimed that FISH is capable of detecting BCR-ABL-positive cells
in substantial proportion of patients who have very low or undetectable levels of
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residual disease as determined by reverse transcription–polymerase chain reac-
tion (RT-PCR) (28). Potentially, these cells could be dormant components (not
producing mRNA transcripts) that might have the capacity to contribute to late
relapse. However, detection of low level of disease by FISH is problematical as
a result the intrinsic false-positive rate, and other groups have failed to confirm
these findings (29,30).

Molecular Techniques
SOUTHERN BLOTTING

Southern blotting is used to detect a rearrangement within the BCR gene. Once
a rearrangement has been identified in a diagnostic specimen, subsequent samples
from patients on treatment are analyzed with the same restriction enzyme/probe
combination. The intensity of the rearranged allele is measured relative to the
nonrearranged allele to estimate the proportion of malignant cells (31,32). Apart
from some very rare exceptions (33), the level of disease detected in contempo-
raneous peripheral blood and bone marrow samples is essentially identical, and,
therefore, peripheral blood is normally used for analysis (32,34). The typical
sensitivity of Southern blot analysis is 5–10%, but this technique is routinely
used in only a small number of centers.

WESTERN BLOTTING

Western blotting is used to detect BCR-ABL protein. BCR-ABL isoforms can
be distinguished with a maximum sensitivity of about 1–10% and quantified
relative to the amount of normal p145 ABL protein (35,36). As above, this
technique is not widely used for routine monitoring of patient response to
treatment.

QUALITATIVE RT-PCR
RT-PCR Assays and Controls. Reverse transcription–PCR is used to detect

BCR-ABL mRNA. With all PCR amplification assays, stringent precautions
have to be employed to prevent false-positive results that can arise by contami-
nation of patient samples and reaction substrates by previously amplified prod-
ucts. In outline, the procedure involves extraction of peripheral blood or bone
marrow leukocyte RNA, reverse transcription to form cDNA, and PCR ampli-
fication using a BCR and an ABL primer. This single-step PCR amplification is
relatively insensitive but is useful to determine the BCR-ABL transcript type at
diagnosis and to test for the presence or absence of BCR-ABL in patients who
have a normal or ambiguous karyotype (37). To achieve the maximum sensitivity
for remission specimens, a small portion of this reaction is reamplified in a
second PCR using primers that are internal to the first set. This procedure is
referred to as “nested PCR.” To control for adequate cDNA quality for each
specimen, a housekeeping gene such as ABL, b2M, G6PD, or PBGD is amplified
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by single-step PCR. Because genomic DNA frequently contaminates RNA prepa-
rations, it is essential to ensure that the primers employed are specific to cDNA.
Although some groups have used β-actin as a control, this is generally considered
to be unsatisfactory in the context of MRD because of its high level of expression
and the presence of multiple processed pseudogenes (38). It is also customary to
include dilute positive controls, such as dilutions of BCR-ABL-positive cell
lines, to control for adequate sensitivity. Given adequate controls, patient samples
are scored as positive or negative for BCR-ABL transcripts.

Sensitivity of RT-PCR. Nested RT-PCR can routinely enable a single BCR-
ABL-positive cell to be detected in a background of 105–106 normal cells (39).
However, although RT-PCR is up to four orders of magnitude more sensitive
than conventional methods, patients who have no residual disease detectable by
this technique may still harbor up to a million malignant cells that could contrib-
ute to subsequent relapse (39). Attainment of RT-PCR negativity is therefore not
tantamount to cure.

Variability in Clinical Specimens. The quality of cDNA samples from clini-
cal specimens may vary considerably. Obviously, an effectively smaller sample
will appear to contain less of a particular target sequence compared to a similar
sample that is in good condition. The problem is particularly serious for RT-PCR
because of the susceptibility of RNA to degradation and the variable efficiency
of the reverse-transcription step. This has led to considerable confusion in the
literature and makes it difficult to compare studies between centers. In particular,
the term “PCR negative” has limited meaning because the sensitivity of the assay
for each negative sample is not generally known. However, this problem can be
solved by the use of quantitative assays.

There has been some debate on whether bone marrow is more sensitive that
peripheral blood for analysis. This question can only be answered satisfactorily
by quantitative techniques and results indicate a similar level of BCR-ABL
relative to control genes in both tissues after treatment with BMT or IFN (40,41).
Many groups, therefore, prefer to use peripheral blood for analysis because this
is readily obtainable.

QUANTITATIVE RT-PCR
Kinetics of PCR Amplification. Analysis of patient samples after treatment

by qualitative RT-PCR gives only very limited information (see above). Quanti-
tative PCR aims to estimate the number of BCR-ABL molecules in a sample
and thus, by implication, the amount of detectable MRD. Because of the
nature of the amplification process, accurate quantification has proved to
be technically challenging, for three reasons: (1) the amplification efficiency
may vary between samples, (2) the kinetics of PCR amplification, and (3) the
amount and “amplifiability” of cDNA derived from patient samples may be
highly variable (42).
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Because the products of each cycle become substrates for the subsequent
cycles, template amplification initially proceeds exponentially. However, repli-
cation at each step is not perfect and, therefore, the number of molecules that
accumulate (N) is described by the equation N = N0(1 + E)n, where N0 is the initial
number of target molecules, E is the efficiency (the fraction of templates that are
replicated per cycle), and n is the number of cycles. Small variations in the
amplification efficiency can make large differences in the amount of product that
accumulates. The efficiency may vary substantially from tube to tube even when
reactions are performed at the same time using identical reagents. As increasing
numbers of cycles are performed, amplification no longer proceeds exponen-
tially. The efficiency eventually drops to zero, leading to a plateau in the amount
of product that accumulates. Once the amount of product begins to plateau off,
which may often occur before the product is visible on an agarose gel, informa-
tion about the number of starting molecules is lost (42).

Units of MRD Detected by Quantitative RT-PCR. The only effective way
to control for the variables described above is to quantify the number of tran-
scripts of a housekeeping gene as an internal control for each sample. For
positive specimens, the number of BCR-ABL transcripts are then normalized
to the number of transcripts of the control gene and expressed as a ratio (e.g.,
BCR-ABL/ABL, BCR-ABL/β2M, etc.) or the number of control transcripts is
used to estimate the effective amount of RNA analyzed and results expressed
as BCR-ABL transcripts per microgram of RNA. Because the number of BCR-
ABL and control gene transcripts per cell is unknown and, furthermore, this
number is likely to vary depending on cell type and cycling status, it is not
possible to accurately translate these figures into the number of CML cells that
are being detected. For negative specimens, results are expressed as negative
per number of control transcripts or effective amount of RNA actually ana-
lyzed, which then gives an indication of the level at which MRD can be
excluded for each sample. Unfortunately, it is not obvious what is the best
control gene to be used and different groups have tended to set up different
systems. Again, this means that it is difficult to accurately compare results
between centers.

Quantitative RT-PCR Methods. The most commonly used method in the
literature for quantification of BCR-ABL transcripts is competitive PCR (42–
44). Known numbers of molecules of a synthetic template are added to fixed
aliquots of BCR-ABL-positive cDNA and subjected to nested PCR (see Fig. 2).
Provided that conditions are established whereby the competitor and BCR-ABL
are amplified with equal efficiency, the number of BCR-ABL transcripts in the
sample is indicated by the amount of competitor added that produces equal molar
amounts of target and competitor PCR products. Although this methodology has
provided much useful information, it is highly laborious and, consequently, has
not been widely adopted.
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Recently, real-time PCR procedures have been developed that simplify
existing protocols (see Fig. 2). These techniques employ a single-step amplifi-
cation of the target sequence in conjunction with specific fluorescent detection
probes that enable the amount of product to be determined accurately during the
exponential phase of the amplification reaction. Several independent assays for
quantification of BCR-ABL mRNA using the TaqMan™ system have been
developed (45–48). The assay is based on the use of the 5' nuclease activity of
Taq polymerase to cleave a nonextendible dual-labeled hybridization probe
during the extension phase of PCR. One fluorescent dye serves as a reporter and
its emission spectra is quenched by the second fluorescent dye. Degradation of
the probe during the extension phase releases the quenching, resulting in an
increase of fluorescent emission. The point at which the fluorescence for each
sample exceeds a threshold limit is compared to a standard curve in order to
determine the number of BCR-ABL or control gene transcripts.

An alternative real-time RT-PCR approach for detection of BCR-ABL mRNA
has been established using the LightCycler™ technology (49). Fluorescence
monitoring of PCR amplification is based on fluorescence resonance energy
transfer between two adjacent hybridization probes carrying donor and acceptor
fluorophores. Excitation of the donor fluorophore results in energy transfer to the
acceptor, which then emits a fluorescence at a different wavelength, the intensity
of which is proportional to the amount of PCR product.

RESULTS OF RT-PCR ANALYSIS

Detection of BCR-ABL in Normal Individuals
If the RT-PCR method is pushed to extreme, principally by analyzing a larger

number of leukocytes, BCR-ABL mRNA can be detected at a level of 1–
10 transcripts per 108 cells in many normal adults (50,51). It has been suggested

Fig. 2. (previous page) Quantitative PCR techniques. (A) Competitive PCR. Remission
samples are initially subject to nested PCR (top panel). In this example, samples 1, 2, and
4 are positive for BCR-ABL transcripts; samples 3 and 5 are negative. B = blank; M5 =
dilute positive control. Fixed amounts of BCR-ABL-positive cDNA are coamplified
with different numbers of competitor molecules (bottom panel, samples 1, 2, and 4).
The number of BCR-ABL transcripts in each specimen is estimated by the number of
competitor molecules added to give equimolar competitor and BCR-ABL products (B).
Real-time quantitative PCR using hydrolysis probes. The probe hybridizes to BCR-ABL
PCR products during the annealing phase (top panel) and is degraded during extension
phase (bottom panel). Hydrolysis of the probe dissociates the reporter (R) from the
quencher (Q) resulting in a fluorescent signal on excitation. (C) Real-time quantitative
PCR using hybridization probes. The two probes are initially free in solution (top panel)
but hybridize to BCR-ABL products during the annealing phase (bottom panel). Hybrid-
ization brings the two probes together, enabling the donor (D) to excite the acceptor (A).
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that BCR-ABL and, probably, several other fusion genes are being continuously
formed at a low frequency during cell division, but only the combination of an
in-frame BCR-ABL fusion in the correct primitive hematopoietic progenitor
would have the potential to confer a selective advantage. Alternatively, it is
possible that BCR-ABL alone is not sufficient to result in the expansion of
myeloid cell numbers and that other cooperating genetic events may be required.
Whatever the explanation of BCR-ABL in normal individuals, there is general
agreement that it is only detectable at a very low level. Using routine RT-PCR
methodologies, the chance of detecting background “normal” BCR-ABL is
approx 1 in 40 and, therefore, this phenomenon is unlikely to impinge signifi-
cantly on MRD analysis which is principally concerned with kinetic changes on
sequential assays (51).

Allogeneic BMT
QUALITATIVE RT-PCR

The primary aim of MRD analysis post-BMT is to distinguish those patients
who will relapse from those destined to remain in sustained remission. Indeed,
the first evidence that RT-PCR could detect early relapse was made as long ago
as 1990 (52). Several investigators have since reported on the detection of
residual disease in patients in cytogenetic remission after allogeneic BMT (53–67).
To summarize some of the principal studies, Miyamura et al. studied 64 patients
but found no association between BCR-ABL positivity and subsequent relapse
(53). Cross et al. studied 61 patients and found that RT-PCR positivity was
frequent in the first 9 mo but was not associated with relapse, whereas positivity
at 1 yr or later was weakly predictive of subsequent relapse (54). Lee et al. studied
26 patients and found no significant association between RT-PCR positivity
and relapse (55). Delage et al. studied 26 patients who underwent CD6 T-cell-
depleted transplants and found that early detection of BCR-ABL or persistent
PCR positivity was significantly associated with subsequent relapse (56). Roth
et al. studied 64 patients and found that the sequential pattern of RT-PCR results
defined subgroups with a low, intermediate, or high risk of relapse (57). Guerassio
et al. found a very low incidence of BCR-ABL positivity in 48 patients who were
in long-term remission (approx 4 yr) after transplant (58). Van Rhee et al. found
2 of 18 patients more than 10 yr after BMT remained BCR-ABL positive (59).
For 36 patients who had undergone T-cell-depleted transplants, Mackinnon et al.
found that two consecutive positive RT-PCR assays was highly predictive of
relapse (60). Radich et al. studied 346 patients and found that BCR-ABL posi-
tivity at 6–9 mo was a highly significant independent predictor of relapse, but
positivity later than this time was of no prognostic significance (61). Despite the
impressive association between RT-PCR positivity and subsequent relapse found
here, it is worth noting that disease recurrence was seen in less than 50% of
patients who were BCR-ABL positive at 6–9 mo.
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The reasons for the discrepancies between studies are probably twofold. First,
differences could be caused by heterogeneity of treatment regimens and of the
patients analyzed. In particular, some of the studies showing a strong predictive
value of a positive assay had a high proportion of patients at relatively high risk
of relapse (i.e., patients who had undergone T-cell-depleting transplantation or
who were transplanted in advanced phases of the disease). Second, it is possible
that the assays in those laboratories finding a strong association between PCR
positivity and relapse were less sensitive than those laboratories that found a poor
association. Nevertheless, some clear points of consensus have emerged:

• BCR-ABL transcripts can be detected in most patients for some months after
transplant, indicating that some CML cells commonly survive the conditioning
regimen.

• RT-PCR detectable disease correlates with either absent or less severe graft-
versus-host disease.

• Patients who are persistently RT-PCR negative, particularly more than 6 mo
after transplant, have a low risk of relapse, but this finding is no guarantee that
remission will be sustained.

• Patients who relapse by hematologic or cytogenetic criteria are RT-PCR posi-
tive several months prior to relapse.

• Qualitative RT-PCR cannot generally be used to predict relapse for individual
patients.

More recently, Serrano et al. found that reappearance of alternatively spliced
p190 BCR-ABL mRNA in p210 patients and increases of lineage-specific chi-
merism preceded cytogenetic relapse (68). This finding needs to be confirmed by
other studies but might prove to be useful as an alternative to quantitative assays.

QUANTITATIVE RT-PCR
The first suggestion that a quantitative rise in BCR-ABL transcripts might be

a useful predictor of relapse was made by Delage et al. and Thompson et al.
(56,69). Subsequently, it has been clearly demonstrated that rising or persistently
high levels of BCR-ABL mRNA can be detected several months prior to cytoge-
netic relapse provided that assays are performed relatively frequently (see Fig. 3).
In contrast, patients who remain in remission have low, stable, or falling BCR-
ABL levels on sequential analysis (44,70,71).

RESPONSE OF PATIENTS TREATED

FOR RELAPSE BY DONOR LYMPHOCYTE INFUSION

An important aim of MRD analysis is to diagnose early relapse. It is hoped that
treatment of relapse while the burden of disease is relatively low might be more
effective and/or allow relatively mild treatment that might lead to fewer side
effects. Quantitative RT-PCR data have been used to initiate early treatment for
relapse by donor lymphocyte infusion (DLI) and preliminary evidence suggests
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Fig. 3. Representative courses in the levels of disease in patients who relapse (A and B) or remain in sustained remission (C and D) after
allogeneic BMT. Patient A was RT-PCR negative shortly after transplant but then became RT-PCR positive. Patient B remained
persistently RT-PCR positive at a low level for several months, but rising BCR-ABL transcript levels preceded frank relapse in both
cases. Patient C was initially RT-PCR positive but, subsequently, became RT-PCR negative. Patient D was persistently RT-PCR
negative. Because nothing is known about the level of disease when patients are RT-PCR negative, the lines below a total of approx
106 CML cells are hypothetical. Other patterns of the disease course, such as intermittent low-level positivity, are seen occasionally.
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that early intervention is of therapeutic benefit (72,73). Dazzi et al. found that the
great majority of patients who respond to DLI achieve durable molecular remis-
sion (RT-PCR negativity) with a median followup of 29 mo (74).

DEFINITIONS OF MOLECULAR RELAPSE

A definition of molecular relapse would ideally be a level of disease at which
patients had a very high probability of progressing to cytogenetic relapse. Defin-
ing such a level of disease needs to take kinetic changes and the sensitivity of
detection into account, which depends on the frequency of analysis and the
quantification of control genes, respectively. In the absence of a standardized
assay, defining molecular relapse has proved to be difficult. We have suggested
a level of 0.02% BCR-ABL/ABL (equivalent to 100 BCR-ABL transcripts per
microgram of RNA) as a threshold for relapse. This corresponds to a level of
disease approx 50-fold less than that present at early cytogenetic relapse. In prac-
tice, the criteria we currently use for molecular relapse are somewhat cumber-
some, a minimum of 4 wk in which the BCR-ABL/ABL ratio exceeded 0.02%
in three samples, or exceeded 0.05% in two samples, or showed rising levels,
with the last two higher than 0.02%. These criteria were adopted to avoid clas-
sifying as relapse the occasional patient who had fluctuating low levels of BCR-
ABL transcripts (74).

A more general definition of molecular relapse has been suggested as a 10-fold
rise in the level of BCR-ABL transcripts, which does not depend on the use of
a specific control gene (70,75). However, this definition also clearly depends on
the frequency of analysis, and it is unclear how to consider a patient who converts
from negative to positive, particularly if the RT-PCR positivity is at a relatively
high level. A complete definition of molecular relapse would ideally be framed
in the context of a defined assay at specified intervals and take into account both
increases in BCR-ABL expression and a threshold above which subsequent
cytogenetic relapse is almost certain.

TOWARD A STANDARDIZED RT-PCR ASSAY AFTER ALLOGRAFTING

The issue of how frequently to monitor patients post-BMT is relatively
straightforward. There is a general consensus that patients should be monitored
as a baseline at 3-monthly intervals for the first year and then at 6-monthly
intervals for at least 5 yr, or perhaps indefinitely. Patients who are BCR-ABL
positive at any time-point should have additional assays, ideally monthly, to
determine if levels of disease are rising, falling, or static.

Defining the precise parameters of quantitative RT-PCR assays is much more
problematical. Although it is probably not necessary for all centers to use iden-
tical primers and amplification conditions, it is becoming increasingly important
to define a unit of residual disease in CML that is readily comparable between
laboratories. Such a unit must necessarily involve the quantification of one or
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more control genes in order to normalize levels of detectable BCR-ABL or to
indicate the sensitivity with which MRD can be excluded if BCR-ABL is unde-
tectable. As mentioned above, there is currently little consensus on what refer-
ence gene to use. This situation is unlikely to progress much further until, for
example, participation in international trials or cooperative studies compels
participating laboratories to define common protocols. Alternatively, it is pos-
sible in the future that commercially available kits will become the preferred
method of analysis.

Interferon-α
A substantial minority of patients (6–38%) with CML achieve a complete

response to treatment with IFN defined as the disappearance of Ph-posi-
tive metaphases or, for patients who are Ph negative but BCR-ABL positive, the
disappearance of the leukemia clone as assayed by FISH or Southern or Western
analysis. For the great majority of patients treated with IFN, qualitative RT-PCR
is of very limited value in determining patient response. For those patients who
have achieved a complete cytogenetic response, several groups have reported
that a substantial proportion are also PCR negative (reviewed in ref. 76). Other
studies, however, have shown that the great majority of complete responders do,
in fact, have PCR-detectable residual disease. Hochhaus et al. studied 54 patients
and found that all were RT-PCR positive, although 3 were intermittently nega-
tive (77). Similarly Martinelli et al. detected MRD in all 34 patients analyzed
while in complete cytogenetic remission (78). Again, different findings between
studies are almost certainly attributable to the sensitivity with which BCR-ABL
transcripts have been detected, but in the absence of internal quantitative con-
trols, it is not possible to estimate the magnitude of different sensitivities between
laboratories.

Patients who achieve a complete response to IFN have levels of residual
disease that differ by as much as 10,000-fold; Hochhaus et al. have shown that
the level of MRD on IFN therapy is related to the probability of relapse (77).
Consistent with this, analysis of granulocyte–macrophage colony-forming units
from patients with a complete response has indicated that detectable BCR-ABL
transcripts are at least partly derived from clonogenic myeloid cells (79,80).
Sequential analysis of patients in complete remission has indicated a slow
decline in levels of BCR-ABL transcripts over time, suggesting an ongoing
process of quantitative disease depletion by IFN treatment (77,81). However,
these levels appear to plateau at about 5 yr, which brings into question whether
or not IFN is really capable of entirely eradicating the disease in any patient.
On the other hand, several patients have been described who maintain remission
long term despite cessation of treatment, suggesting that they may be “operation-
ally” cured (81).
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Fig. 4. Summary of BCR-ABL RT-PCR results. Almost all IFN-treated patients remain
RT-PCR positive, whereas the majority of patients after allogeneic BMT become
RT-PCR negative. Normal healthy individuals may be RT-PCR positive for BCR-ABL
transcripts using an optimized, very sensitive PCR strategy.

Autografting

There has been considerable interest in recent years in autografting for CML
using purged marrow or mobilized peripheral blood stem cells (PBSC). Corsetti
et al. have shown that quantitative RT-PCR reveals considerable heterogeneity
in the extent to which Ph-negative PBSC are contaminated with CML cells and
that the first one or two collections generally contain significantly lower levels
of BCR-ABL transcripts. Furthermore, there was a significant correlation
between the degree of PBSC contamination and the probability that an autografted
patient will achieve cytogenetic remission (82). Waller et al. have suggested that
a DNA-based PCR assay for BCR-ABL may be more sensitive than RT-PCR for
detecting contamination of PBSC with CML cells (83); however, in the absence
of internal quantitative controls, this remains speculative.

CONCLUSIONS

Qualitative RT-PCR is useful for clarification of diagnosis but has very lim-
ited value for monitoring CML patients after treatment. For patients in cytoge-
netic remission after treatment by allografting, the results of serial quantitative
RT-PCR analysis can alert the clinician to the need for further antileukemia
therapy. For patients treated with IFN, BCR-ABL transcript numbers very sel-
dom fall below the level of detection, but their actual level correlates with the
probability that remission will be maintained (see Fig. 4).
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New real-time quantitative RT-PCR procedures promise to greatly simplify
the cumbersome protocols that are currently in use. They also offer a unique
opportunity to standardize the assay and to develop rigorous standards and con-
trols. We believe that quantitative RT-PCR will shortly become a routine and
widely used basis for clinical decision making in CML.
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CLINICAL UTILITY OF PCR IN LYMPHOMA

Although patients with advanced-stage non-Hodgkin’s lymphoma (NHL)
often achieve clinical complete remission (CR), the majority of these patients
ultimately relapse. The source of such relapse in NHL is from residual lymphoma
cells that are below the limit of detection using standard diagnostic techniques.
Considerable efforts have been made over the past decade to develop new tech-
niques that have greatly increased the sensitivity of detection of neoplastic cells.
In particular, the identification of specific gene rearrangements and chromo-
somal translocations in neoplastic cells has permitted the development of sensi-
tive molecular techniques that are capable of detecting minimal residual
malignant cells. With the development of these more sensitive techniques, espe-
cially by the application of polymerase chain reaction (PCR) technology, the
presence of residual neoplastic cells in patients in complete clinical remission,
commonly called “minimal residual disease” (MRD), has been demonstrated
clearly. High-dose therapy approaches with stem cell support are attractive
mechanisms to attempt to eradicate residual lymphoma cells. In addition, it has
been shown that quantitative detection of residual neoplastic cells on the molecu-
lar level may reflect the clinical course of the patients. Results obtained to date
suggest that the goal following stem cell transplantation in lymphoma should be
the achievement of a “molecular CR.”
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PCR After Stem Cell Transplantation
in Lymphoma

The evaluation of minimal residual disease has found one of its most impor-
tant applications in the field of stem cell transplantation (SCT). SCT is an
important treatment approach in order to enhance tumor eradication by chemo-
therapy escalation followed by autologous or allogeneic stem cell rescue. SCT
has become the treatment of choice for patients with relapsed aggressive NHL.
The role of SCT in the management of patients with low-grade NHL as folli-
cular lymphoma remains more controversial although increasing numbers of
patients with advanced-stage follicular lymphoma, mantle cell lymphoma, and
chronic lymphocytic leukemia are now undergoing SCT. The major obstacle
to the use of autologous stem cells for transplantation is that residual tumor
cells present in the graft may contribute to relapse. The assessment of residual
lymphoma cells in the stem cell collection is, therefore, essential for this treat-
ment approach. In addition, PCR assessment of MRD can be used to assess the
efficacy of purging strategies used to attempt to eradicate such residual lym-
phoma cells. In addition to the risk of reinfusion of tumor cells, there is increas-
ing concern regarding toxicity of autologous SCT, especially the higher than
expected long-term risk of development of myelodysplastic syndrome. This
has led to renewed interest in the role of allogeneic BMT for patients with NHL.
In addition, a major advantage of allogeneic SCT is the potential to exploit a
graft versus lymphoma effect to eradicate MRD, and many studies are under-
way exploring the possibility of manipulating donor cells and the host to maxi-
mize T-cell responsiveness against lymphoma. Assessment of MRD is proving
useful for following the effects of infusion of donor lymphocytes to eradicate
residual disease.

Tissue Sources to Detect Minimal Residual Disease

Non-Hodgkin’s lymphoma is primarily a disease of the lymph nodes, but
lymph node biopsies are usually only performed at the time of initial diagnosis
or at overt relapse and rarely when a patient is in clinical CR. Peripheral blood
(PB) and bone marrow (BM) samples provide a readily available tissue source
to detect MRD. BM involvement is common in NHLs and bilateral BM biopsies
are a routine part of initial staging of disease (1). The likelihood of BM infiltra-
tion with lymphoma is determined by a number of clinical variables such as
tumor type and stage of disease. In general, the higher the stage of the tumor, the
more likely the BM is to be involved, and especially in follicular lymphomas, BM
involvement is almost invariable and may even be the site of the clonogenic
lymphoma cell (2). In some subtypes of NHL, and particularly in the low grade
BM and PB will be as useful as lymph node samples for detecting residual disease
in follicular lymphoma.
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MOLECULAR BIOLOGIC TECHNIQUES
FOR THE DETECTION OF LYMPHOMA

Human malignancies are characterized by the proliferation of cells that have
undergone transformation with subsequent clonal expansion, and the underlying
principle for the application of molecular biologic techniques to the diagnosis
and detection of these cancers is the detection of such clonal proliferation of
malignant cells. Tumor-specific DNA sequences occur at the sites of nonrandom
chromosomal translocations that are commonly found in NHL and are candi-
dates for detection by PCR amplification if the sequences at the sites of the
chromosomal breakpoints are known. Tumor-specific DNA sequences also
occur at the site of gene rearrangements. Because of the specific nature of gene
rearrangements occurring at the antigen receptors, the lymphoid malignancies
have been studied most extensively. During lymphoid ontogeny, there is rear-
rangement of the genes that encode the antigen receptors. These rearrangements,
although not causal in the malignancy, nonetheless provide useful markers of
disease that can be used both to confirm the diagnosis and to detect MRD.

DNA restriction fragment analysis with Southern blot hybridization with
immunoglobulin (Ig) and T-cell receptor (TCR) probes has demonstrated the
presence of the clonal lymphoid populations in the majority of lymphoid neo-
plasms including NHL, acute and chronic leukemias, myeloma, and Hodgkin’s
disease (3–6). DNA hybridization techniques confirmed that residual lymphoma
cells could, indeed, be detected in the PB of patients who were judged to be in
complete clinical remission by established diagnostic criteria (7).

PCR Amplification of t(14;18)
One of the most widely studied nonrandom chromosomal translocations in

NHL is the t(14;18) occurring in 85% of patients with follicular lymphoma and
in up to 30% of patients with diffuse lymphoma (8–12). In the t(14;18), the bcl-2
proto-oncogene on chromosome 18 is juxtaposed with the IgH locus on chromo-
some 14. The breakpoints have been cloned and sequenced and have been shown
to cluster at two main regions 3' to the bcl-2 coding region: the major breakpoint
region (MBR) within the 3' untranslated region of the bcl-2 gene, and the minor
cluster region (mcr) located 20 kb downstream (13–16). The clustering of the
breakpoints at these two main regions at the bcl-2 gene and the availability of
consensus regions of the IgH joining (J) regions make this an ideal candidate for
PCR amplification to detect lymphoma cells containing the t(14;18) transloca-
tion (17–19). A major advantage in the detection of lymphoma cells bearing the
bcl-2/IgH translocation is that DNA rather than RNA can be used to detect the
translocation. In addition, because there is a variation at the site of the breakpoint
at the bcl-2 gene, the PCR products for individual patients differ in size and have
unique sequences. The size of the PCR product can be assessed by gel electro-
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phoresis and used as confirmation that the expected size fragment is amplified
from a specific patient.

PCR Amplification of t(11;14)
The t(11;14)(q13;q32) is associated with a number of B-cell malignancies,

particularly mantle cell lymphoma (MCL). In this translocation, the proto-
oncogene bcl-1 (also known as PRAD-1) on chromosome 11 is juxtaposed to the
IgH chain locus on chromosome 14 (20). Although the breakpoints on chromo-
some 11 have been shown to be widely scattered, the majority are clustered
within a restricted fragment known as the major translocation cluster (MTC)
(21–23), making this suitable for PCR amplification (22–25).

PCR Amplification of t(8;14)
The reciprocal chromosomal translocation t(8;14) is characteristic of the high-

grade NHL, Burkitt’s lymphoma and a subset of cases of ALL. This rearrange-
ment juxtaposes coding exons 2 and 3 of the oncogene c-myc on chromosome 8
to the joining regions if the IgH locus on chromosome 14. The breakpoints
involved in this rearrangement have been cloned and sequenced (26). PCR has
been used to detect the site of the translocation and was a highly sensitive tech-
nique capable of detecting MRD (27). However, the breakpoints are highly
variable on chromosome 8 and may occur upstream, downstream, or at the site
of c-myc, which limits the applicability of this technique in MRD detection (28).

PCR Amplification of t(2;5)
Anaplastic large-cell NHL is characterized by the expression of CD30 (Ki-1).

Approximately one-third of anaplastic lymphomas express the chromosomal
translocation t(2;5)(p23;q35). This translocation appears to involve a novel pro-
tein tyrosine kinase and nucleophosmin, resulting in a p80 fusion protein. This
translocation can be detected by reverse-transcriptase (RT) PCR in a subset of
patients (29). It remains to be determined whether this technique will have clini-
cal utility.

PCR Amplification of t(11;18)
Extranodal MALT-type marginal zone lymphoma is characterized by the

chromosomal translocation t(11;18)(q21;q21). This results in the expression of
a chimeric API2-MLT transcript fusing 5' API2 on chromosome 11 to 3' MLT
on chromosome 18. The finding that this translocation occurs in extranodal
MALT-type lymphomas of the stomach and not in other marginal zone cell
lymphomas suggests its recognition as a separate lymphoma entity. Moreover,
the absence of the translocation in nodal and splenic marginal zone cell lym-
phoma challenges the idea of these lymphomas being secondary to MALT-type
lymphomas of the gut (30).



Utility of PCR Assessment of MRD After SCT 205

PCR Detection of Antigen Receptor Gene Rearrangements

For those cases of lymphoma in which there is no nonrandom chromosomal
translocation or in which the translocation cannot be detected by PCR amplifi-
cation, an alternative strategy must be developed to detect MRD. During normal
lymphoid maturation, B-cells and T-cells undergo rearrangement of their anti-
gen receptors, the Ig and T-cell receptor (TCR) genes respectively. Lymphomas
rearrange either Ig genes or TCR, and their clonal progeny have this identical
antigen-receptor rearrangement, providing a useful marker of clonality and stage
of differentiation in these tumors (3,31). Because most NHLs are of B-lineage,
most work has focused on the use of Ig gene rearrangements to detect MRD in
this disease.

Ig diversity in B-cells is generated by rearrangement of the germ-line
sequences on chromosome 14. The third complementarity-determining region
(CDR III) of the IgH gene is generated early in B-cell development and is the
result of rearrangement of germ-line variable (V), diversity (D), and joining (J)
region elements (32–34). The first process is recombination of the D and J regions.
The resulting D-J segment then joins one V-region sequence, producing a V-D-
J complex. In a similar mechanism in both Ig and TCR genes, the enzyme termi-
nal deoxynucleotidyl transferase (TdT) inserts random nucleotides (N regions)
at two sites—the V-D and D-J junctions—and, at the same time, random
deoxynucleotides are removed by exonucleases (35). Rearrangement of the
heavy-chain locus is followed by rearrangement of the κ light-chain genes, and
if this occurs nonproductively, the λ light chain genes rearrange (36). Antibody
diversity is increased further by somatic mutation. The final V-N-D-N-J sequence
is unique to that cell, and if the cell expands to form a clone, then this region may
act as a unique marker for the lymphoma cell clone.

Polymerase chain reaction amplification of the CDR III sequence is possible
as a result of the presence of conserved sequences within the V and J regions that
are specific to the rearranged allele and serve as useful clonal markers for MRD
detection. A variety of strategies can be employed to PCR amplify the rearranged
IgH gene as shown in Fig. 1. In humans, there may be up to 250 VH segments,
more than 30 DH segments, and 6 functional JH segments. The germ-line VH
segments are grouped into six families (VH1 to VH6), with the family sizes
varying from 1 (VH6) to more than 30 (VH3). It is not possible, therefore, to find
consensus primers that are capable of amplifying all possible V-D-J recombina-
tions. However, two strategies have been successfully applied to amplify the
CDR III region. Consensus primers to the framework region (FR) 3 are capable
of amplifying clonal products in to up 50% of cases and will result in PCR
amplification of a product some 100–120 basepair (bp) in length. In cases that fail
to amplify using consensus primers, the use of V-family-specific consensus
primers to the FR1 region will result in a PCR product of 280–300 bp. Although
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these techniques have the advantage of being applicable to a larger number of
patients, they are much less sensitive than the detection of chromosomal trans-
locations. More highly sensitive tumor detection can be achieved by using prim-
ers directed against the unique junctional region sequences within the rearranged
antigen-receptor genes (37). These sequences can be cloned and sequenced from
diagnostic tissue by first using primers for the conserved regions within the V and
J regions for PCR amplification. Clone-specific oligonucleotides can then be
constructed and used as primers for PCR amplification or as probes for hybrid-
ization in that patient. In designing patient-specific oligonucleotide probes, two
regions within the CDR III complex may be used: V-N-D and D-N-J. The V-N-
D sequence has a larger N region, but the D-N-J site may be preferable to use as
a clone-specific probe, as there is less base deletion of the 3' end of the FR3 region
than the 5' end of the J region. The N regions between D-J rather than V-D regions
may be more suitable for patient-specific probe construction, as the D-J segments
appear to be inherently more stable than V-D segments; and, in addition, where
there is V-V switching, the D-J segment remains unchanged.

IgH genes show a high degree of somatic hypermutation in post-germinal-
center lymphoid malignancies. Follicular lymphoma cells can also exhibit an
oligoclonal pattern and characteristically have evidence of ongoing somatic

Fig. 1. IgH structure and PCR strategy. A variety of methods can be used to PCR amplify
the CDR III region comprising the V-N-D-N-J region of the rearranged IgH gene. Con-
sensus primers to the joining region (Jcon) are used with consensus primers to the frame-
work region (FR) 1, FR2, or FR3. The resulting PCR product is directly sequenced.
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mutation of the V genes (38,39). Of note, the mutations tend to occur in the CDR
regions while preserving the structural framework regions. This might suggest
that the use of consensus primers will successfully amplify a clonal product even
following somatic mutation. However, mutation at the site of the patient-specific
oligonucleotide probe in the CDR III region might lead to a failure of hybridiza-
tion with a subsequent false-negative result. Serial studies of follicular lympho-
mas that have progressed to diffuse lymphomas have shown shared mutations in
both cell types, demonstrating a single origin (40).

QUANTITATION USING PCR

Although a number of quantitative methods have been developed, a major
drawback of PCR is that it has been extremely difficult to quantitate the tumor
cells in the original sample. Traditional methods for detection of MRD by PCR
give a binary readout (i.e., the presence or absence of a PCR band). The
semiquantitative nature of PCR is the result of minor differences in efficiency of
amplification from tube to tube (e.g., a result of variation in temperature based
on thermal cycling block position) that are accentuated during the logarithmic
amplification of DNA samples. However, these variables can be controlled for
amplification efficiency using an internal standard. Because variation in ampli-
fication efficiency can also be attributed to primer annealing efficiency, rate of
template denaturation, and length of template among other variables, the best
internal standard is primed by the same primers as the target DNA but can be
distinguished from the starting template either by minor size differences or the
presence of a single base-pair change adding or ablating a restriction endonuclease
site. These quantitation strategies have been termed “competitive” PCR (41,42).

Real-Time PCR
Real-time quantitative PCR is a method that has been developed to address

deficiencies of traditional quantitative PCR strategies (43–45). This method
exploits the 5'-3' nuclease activity associated with Taq polymerase and uses a
fluorogenically labeled target-specific DNA probe (see Fig. 2). This probe is
designed to anneal between the forward and reverse oligonucleotide primers
used for PCR amplification. The nuclease activity of Taq polymerase cleaves the
labeled probe during the extension phase of PCR amplification, producing a
fluorescent signal that can be detected in solution. The amount of fluorescence
produced in a reaction by this method is proportional to the starting DNA target
number during the early phases of amplification. Thus, when this reaction is
performed on a combined thermal cycler/sequence detector such as the PE
Applied Biosystems 7700 (Foster City, CA), a quantitative assessment of input
target DNA copy number can be made in the tube as the reaction proceeds. This
method eliminates the need for post-PCR sample processing and thereby greatly
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increases throughput. Real-time PCR also reduces the potential for false-positive
results by adding the additional level of specificity provided by the hybridization
of a probe to sequences internal to amplification primers and offering a closed-
tube assay system. Significant for purposes of MRD studies, real-time PCR has
a relatively wide dynamic range. Thus, it is possible to accurately quantify MRD
in samples with greatly differing levels of tumor contamination. Real-time PCR
strategies have been developed to quantitate lymphomas expressing the t(14;18),
t(11;14), and IgH rearrangements (46–51).

CLINICAL UTILITY OF MINIMAL DISEASE DETECTION
AFTER STEM CELL TRANSPLANTATION

In patients with previously untreated advanced-stage low-grade lymphoma
treated with combination chemotherapy to achieve a minimal disease state before
proceeding to high-dose therapy and autologous BM transplantation (ABMT),
PCR detection of minimal disease added little to morphologic assessment of the
BM at the time of initial evaluation (52). Of note, all patients with advanced-stage
low-grade lymphoma who had a PCR-amplifiable bcl-2 translocation in their
diagnostic tissue also had evidence of BM infiltration when assessed by PCR (52).
This study suggested that BM samples are a good tissue source for identifying
PCR-detectable disease in patients treated with chemotherapy.

Fig. 2. Real-time quantitative PCR. The 5'-3' exonuclease activity of Taq polymerase is
used to cleave the reporter (R) form the quencher activity (Q) of the probe. Upon laser
activation, the reporter will fluoresce in proportion to the amount released, allowing
quantitation of the PCR product.
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PCR Detectable Disease Persists
After Conventional Dose Chemotherapy

Long-term analysis after completion of conventional dose chemotherapy
has suggested that conventional dose chemotherapy does not eradicate PCR-
detectable disease, but that noneradicated disease might not be associated with
poor outcome (53,54). Because PCR analysis detects residual lymphoma cells
after conventional dose chemotherapy in the majority of patients studied, it is
hardly surprising that it has not been possible to determine any prognostic
significance for the persistence of PCR-detectable lymphoma cells. Cells con-
taining t(14;18) might not always represent residual lymphoma cells but, rather,
cells with this translocation but without the additional necessary cellular
changes required for malignant transformation. However, an alternative expla-
nation is that conventional chemotherapy might not cure any patients with
advanced-stage follicular lymphoma and that all patients with persistent lym-
phoma cells are destined to relapse. The long-term remission status of these
small numbers of patients might therefore represent merely the very long tempo
of their disease. These studies suggest that conventional dose chemotherapy
does not result in a “molecular CR.”

Detection of Circulating Lymphoma Cells in PB

Peripheral blood is less frequently involved than BM at presentation, but is a
more frequent finding as disease progresses (55,56). Studies in patients at the
time of presentation have suggested a high level of concordance between the
detection of lymphoma cells in the PB and BM when assessed by PCR. However,
other studies have found that the BM is more likely than PB to contain infiltrating
lymphoma cells in previously untreated patients (57). Multiple PB and BM
samples were obtained from 45 patients at the time of BM harvest from patients
undergoing ABMT to determine whether lymphoma cells could also be detected
in PB at this time. Lymphoma cells were detected by PCR analysis in 44 of these
patients (98%) in BM samples. In contrast, PCR analysis detected circulating
lymphoma cells in 24 patients (53%) in PB samples. The presence of residual
lymphoma in the BM but not in the PB argues strongly that the marrow is, indeed,
infiltrated with lymphoma in these patients and does not simply represent con-
tamination from the PB. The findings of PB contamination with NHL when
assessed by PCR are likely to have profound implications because increasing
interest is now being placed in the use of PB stem cells rather than BM as a source
of hematopoietic progenitors. PB stem cell collections may also be contaminated
with lymphoma cells when assessed by sensitive techniques in which it was
found that almost 50% of patients had detectable lymphoma cells in PB stem cell
collections (58).
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PCR Detection of Tumor Cells in Stem Cells Collected
at the Time of Transplantation

After combination chemotherapy, PCR-detectable lymphoma cells bearing
the t(14;18) remain detectable in the BM (52,59,60). In patients undergoing
ABMT at the Dana-Farber Cancer Institute, the bcl-2/IgH translocation was
identified in diagnostic tissue obtained from 212 patients, involving the MBR in
167 patients and the mcr in 45 patients. At the time of BM harvest, BM infiltration
was detected by morphology in 96 of these patients (45%), whereas PCR analysis
revealed BM infiltration in 211 of 212 patients (99.5%). Only one patient had no
evidence of BM infiltration by PCR analysis in any of the four BM samples
obtained at the time of BM harvest. Studies have compared the tumor burden in
peripheral blood stem cells (PBSC) compared to BM (61–63). These studies
demonstrated that PBSC have a lower degree of tumor contamination than BM,
but that a significant number of lymphoma patients have detectable lymphoma
cells mobilized into PB at the time of stem cell collection. In addition, because
approximately one log more PBSC than BM have to be collected, this decreases
the difference in total tumor contamination (62).

Contribution of Reinfused Lymphoma Cells
to Relapse After ABMT

The major obstacle to the use of autologous stem cells is that the reinfusion of
occult tumor cells harbored within the marrow may result in a more rapid relapse
of disease. To minimize the effects of the infusion of significant numbers of
malignant cells, most centers obtain marrow for ABMT when the patient is either
in CR or when there is no evidence by histologic examination of BM infiltration
of disease. As described above, many patients with NHL have tumor cells
detected within BM and PB at the time of transplantation, even in patients with
no histologic evidence of disease in their BM. A variety of methods, including
monoclonal antibodies (mAbs) to the proteins of the malignant cells, have there-
fore been developed to “purge” malignant cells from the marrow (Fig. 3). The
aim of purging is to eliminate any contaminating malignant cells and leave intact
the hematopoietic stem cells that are necessary for engraftment. The develop-
ment of purging techniques has led, subsequently, to a number of studies of
ABMT in patients with either a previous history of BM infiltration or even overt
marrow infiltration at the time of BM harvest (64,65). Because of their specific-
ity, mAbs are ideal agents for selective elimination of malignant cells. Immuno-
logic purging using mAbs was first performed at the Dana-Farber Cancer Institute
(66) and has been most widely studied in patients with NHL (59,64,65,67). These
clinical studies have demonstrated that immunologic purging can deplete malig-
nant cells in vitro without significantly impairing hematologic engraftment.
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Whereas the rationale for removing any contaminating tumor cells from the
autologous marrow appears to be compelling, there have been no clinical trials
testing the efficacy of purging by comparison of infusion of purged versus
unpurged autologous BM, primarily resulting from the large number of
patients that would be required for such studies. Intense argument therefore
persists as to whether attempts to remove residual tumor cells from the harvested
BM have contributed to improving disease-free survival in these patients.
In addition, the finding that the majority of patients who relapse after ABMT do
so at sites of prior disease has led to the widespread view that purging of autolo-
gous marrow could contribute little to subsequent outcome after ABMT. Three
independent lines of evidence have suggested that the reinfusion of tumor cells
in autologous BM may, indeed, contribute to relapse. Gene marking studies
performed at St. Jude Children’s Hospital have demonstrated that, at the time of
relapse, marked autologous marrow cells are detected, suggesting that the
reinfused tumor cells contribute to relapse (68–70). Studies at the University of
Nebraska have demonstrated that those patients who are reinfused with morpho-
logically normal BM containing clonogenic lymphoma cells have an increased
incidence of relapse after ABMT (71,72). Studies at the Dana-Farber Cancer
Institute have demonstrated that those patients whose BM contain PCR detect-
able lymphoma cells after immunologic purging had an increased incidence of
relapse after ABMT (59,73).

Fig. 3. Immunologic purging of tumor cells from autologous stem cell collections.
Because of their specificity, monoclonal antibodies are ideal agents to attempt to elimi-
nate contaminating tumor cells. This can be performed either by negative depletion of
tumor cells by targeting antigens expressed on the tumor cell surface or by positive
selection of hematopoietic stem cells using antibodies directed against CD34.
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PCR Assessment of the Efficacy of Purging Lymphoma Cells
from Autologous BM

Polymerase chain reaction has been used to assess the efficacy of immuno-
logic purging in models using lymphoma cell lines (74), demonstrating that PCR
is a highly sensitive and efficient method to determine the efficacy of purging
residual lymphoma cells. The efficacy of purging varies between the cell lines
studied, making it likely that there would also be variability between patient
samples.

Polymerase chain reaction amplification of the t(14;18) was used to detect
residual lymphoma cells in the BM before and after purging in patients under-
going autologous BM transplantation to assess whether the efficiency of purging
had any impact on disease-free survival (59). In this study, 114 patients with
B-cell NHL and the bcl-2 translocation were studied. Although these patients
were highly selected on the basis of chemosensitivity and achieved either a CR
or protocol eligible partial remission, residual lymphoma cells were detected in
the harvested autologous BM of all patients. Following three cycles of immuno-
logic purging using the anti-B-cell mAbs J5 (anti-CD10), B1 (anti-CD20), and
B5 and complement-mediated lysis, PCR amplification detected residual lym-
phoma cells in 50% of these patients. The incidence of relapse was significantly
increased in the patients who had residual detectable lymphoma cells compared
to those in whom no lymphoma cells were detectable after purging. This finding
was independent of the histology of the lymphoma, the degree of BM infiltration
at the time of BM harvest, or remission status at the time of autologous BM
transplantation. An updated follow-up of the outcome of patients who were
reported in this chapter are shown in Fig. 4. In addition, we have published results
from an expanded cohort of 202 patients and this continued to show a signifi-
cantly improved disease-free survival of patients who are reinfused BM with no
residual PCR detectable lymphoma cells. Of the 91 patients who were reinfused
with marrow containing no detectable lymphoma cells, 11 patients have
relapsed. In contrast, of the 111 patients who had detectable lymphoma cells
after immunologic purging, 42 patients have relapsed (p < 0.0005) (73). These
studies have been confirmed from other centers (75,76). However, other studies
could not find a correlation between the PCR status of reinfused bone marrow
and outcome in patients with follicular lymphoma (77).

The majority of studies assessing purging have been performed in patients
with follicular lymphoma. Studies have been performed at our own center in
patients with follicular lymphoma who do not demonstrate a t(14;18) (78) and in
patients with chronic lymphocytic leukemia (79) and have demonstrated similar
results to those seen assessing the t(14;18). In contrast, our studies in mantle cell
lymphoma demonstrated that the purging strategy used rarely eradicated residual
lymphoma cells in patients with mantle cell lymphoma (25).
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The majority of patients who relapse do so at sites of previous disease, sug-
gesting that the major contribution to subsequent relapse came from endogenous
disease and not from the infused marrow. However, there was an association
between the detection of residual lymphoma cells in the circulation and the
detection of residual lymphoma cells within the reinfused BM (80). Because
follicular lymphoma cells use the same adhesion receptors as normal B cells to
bind to the germinal center, circulating lymphoma (81) cells may, therefore, be
capable of homing back to the sites of previous disease and it is these sites that
provide the microenvironmental conditions conducive for cell growth.

We have used PCR analysis in preclinical studies to assess the efficacy of
modifications to the purging procedure, including the use of additional mono-
clonal antibodies added to the cocktail of anti-B-cell monoclonal antibodies or
the use of immunomagnetic bead depletion (82). The finding that the use of
immunomagnetic beads is significantly more efficient than complement-medi-
ated lysis in depleting lymphoma cells suggests that the failure of complement-
mediated lysis was not the result of failure to express the targeted antigen because
the same mAbs were used for immunomagnetic bead depletion.

Studies have been performed using positive selection of CD34+ cells as a
method to reduce tumor contamination (83–85). The efficacy of purging can be
increased by the use of combined positive selection and negative depletion steps

Fig. 4. Successful purging is associated with improved outcome after autologous bone
marrow transplant. Those patients who have successful eradication of PCR detectable
tumor cells form their stem cell collections (PCR negative) have improved out-
come compared to those patients who have residual PCR detectable tumor cells after
immunologic purging (PCR positive).
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(86). More recently, a number of centers have used in vivo treatment with anti-
B-cell monoclonal antibody to reduce tumor contamination (84,87).

Detection of Residual Lymphoma Cells
in the BM After Transplantation Is Associated

with Increased Incidence of Subsequent Relapse

At the Dana-Farber Cancer Institute, PCR analysis was performed on serial
BM samples obtained after ABMT to assess whether high-dose therapy might be
capable of depleting PCR-detectable lymphoma cells. The disease-free survival
of patients in this study was adversely influenced by the persistence or reappear-
ance of residual detectable lymphoma cells after high-dose therapy (60). The
failure to achieve or maintain a CR as assessed by PCR analysis of BM was
predictive of which patients will relapse. In contrast to previous findings that all
patients had BM infiltration following conventional dose therapy, no PCR-
detectable lymphoma cells could be detected in the most recent BM sample
obtained from 77 patients (57%) patients following high-dose chemoradiotherapy
and ABMT and none of these patients relapsed. All 33 patients who relapsed had
PCR-detectable lymphoma cells in the BM prior to relapse, irrespective of the
site of relapse. The results of this study suggest that detection of MRD by PCR
following ABMT in patients with lymphoma identifies those patients who
require additional treatment for cure and also suggest that our therapeutic goal
should be to eradicate all PCR-detectable lymphoma cells. Results to date on the

Fig. 5. Eradication of PCR-detectable disease is associated with improved outcome
following autologous bone marrow transplant. Those patients in whom no PCR-detect-
able tumor cells are found after ABMT (PCR neg) have greatly improved outcome after
ABMT than those patients in whom there is persistence of PCR detectable disease (PCR
pos). Those patients who have PCR-detectable disease found intermittently (PCR mixed)
have an intermediate prognosis.
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patients treated at Dana-Farber Cancer Institute are shown in Fig. 5. These find-
ings have been confirmed by the results from other centers. Absence of PCR-
detectable Bcl-2/IgH rearrangements during follow-up was associated with a
significantly lower risk of recurrence and death in studies at St. Bartholomew’s
in London (88) and from Germany (89).

Presence of Residual Lymphoma Cells
in PB Is Predictive for Outcome

After Autologous Stem Cell Transplantation

In a subsequent study at the Dana-Farber Cancer Institute, PB samples were
obtained following ABMT and PCR analysis performed to determine whether
the detection of residual lymphoma cells in the PB would also predict for
subsequent relapse (80). PB samples were analyzed from 168 patients of whom
36 had relapsed. No detectable lymphoma cells were found at any time after
ABMT in PB samples analyzed from 95 patients (57%). Residual lymphoma
cells were detected at some time after ABMT in samples obtained from
73 patients (43%). Of the 95 patients with no detectable lymphoma cells,
16 patients relapsed. Of the 73 patients (43%) in whom lymphoma cells were
detected after ABMT, 20 patients relapsed with median disease-free survival
of 43.5 mo. Although the presence of PCR-detectable lymphoma cells in the
PB was associated with an increased likelihood of subsequent relapse.
BM appeared to be a more sensitive tissue source to detect MRD because
16 patients relapsed with no detectable lymphoma cells in their PB. The per-
sistence or reappearance of residual lymphoma in the BM may, therefore,
provide more clinically relevant information.

PCR Assessment After Allogeneic BMT

Allogeneic SCT offers the advantage of a tumor-free source of stem cells as
well as exploitation of the graft versus lymphoma effect. However, few studies
have assessed the impact of allogeneic stem cell transplantation on detection of
MRD in patients with NHL. Results obtained in a small number of patients with
mantle cell lymphoma demonstrated that allogeneic SCT resulted in eradication
of PCR-detectable disease and improved outcome compared to autologous SCT
(25). These findings were confirmed in a larger series from MD Anderson Cancer
Center (90). T-Cell-depleted allogeneic SCT was also associated with low inci-
dence of tumor relapse and eradication of PCR detectable disease (91). As shown
in Fig. 6, quantitative PCR analysis can be used to assess the impact of allogeneic
BMT and the graft versus leukemia effect of infusion of donor lymphocytes. Of
note, tumor reduction following DLI can continue for long periods following
infusion of the donor cells.
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CONCLUSIONS

Methodologies have been developed for the sensitive detection of MRD in
lymphoma and are applicable to the majority of patients. The question that now
remains to be answered is whether these techniques will have any clinical utility
and will predict which patients will relapse. In NHL these studies are most
advanced in patients with t(14;18). In these patients, conventional dose chemo-
therapy does not appear to be capable of depleting PCR-detectable lymphoma
cells, although lymphoma cells were detectable in PB in only half of the patients
studied. Following stem cell transplantation, the persistence or reappearance of
PCR-detectable lymphoma cells in the BM was associated with an increased
likelihood of relapse. Although detection of lymphoma cells by PCR in periph-
eral blood samples was also associated with an increased risk of relapse, the BM
appears to be a more sensitive tissue source to detect minimal residual disease
because a significant number of patients relapse who had no evidence of circu-
lating lymphoma cells in their peripheral blood. The clinical significance of
detection of lymphoma cells in the PB may well have different clinical implica-
tions than the detection of BM infiltration. In lymphomas that do not express the

Fig. 6. Quantitative PCR analysis following allogeneic BMT. Quantitative PCR analysis
can be used to follow patients following BMT. Shown here are the results of quantitative
PCR analysis from a patient with chronic lymphocytic leukemia who has undergone
allogeneic BMT. There is persistence of PCR-detectable disease following BMT, with
a rising tumor burden documented before overt clinical relapse of disease. This patient
was treated with DLI and had slow eradication of PCR-detectable disease over the next
2- to 3-yr period. By qualitative PCR analysis, only the last specimen was evaluated as
PCR negative, demonstrating the increased power of quantification of minimal residual
disease.
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t(14;18), it is not yet clear whether failure to detect MRD in PB and BM will
predict which patients will relapse because other subtypes of lymphoma may
relapse in nodal sites without detectable lymphoma cells in the circulation.

It is, therefore, by no means clear whether our goal should really be to attempt
to achieve a “molecular CR” in our patients to cure their underlying disease.
Further studies in larger patient numbers are underway and will determine
whether PCR detection of lymphoma cells has clinical significance. In addition,
the recent introduction of real-time PCR analysis will allow serial quantitative
assessment of MRD. It seems likely that a rising burden of MRD will be the most
useful technique to predict relapse in these patients.
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QUANTITATION OF MINIMAL RESIDUAL DISEASE
BY CLASSICAL PCR

Polymerase chain reaction (PCR) has become a powerful tool in assessment
of residual disease after treatment of leukemia and lymphoma, as well as in the
detection of viral nucleic acid sequences. Quantitative PCR can be performed by
measuring the product either after a given number of cycles (end-point quanti-
tative PCR), which requires the generation and quantification of an internal
standard for each tube. Alternatively, quantitation can be accomplished by sam-
pling each reaction at regular intervals during the exponential phase and quan-
titating the amplification product for each aliquot (kinetic method). With this
approach, an internal standard is not required, and quantitation is accomplished
with an external standard curve. The kinetic method can quantitate samples over
five orders of magnitude, but it is cumbersome and is rarely used (1).

These methods, which depend on classical PCR, have several disadvantages.
Sampling of the product requires opening the reaction tubes, and this introduces
contamination into the work area. Detection of the product is accomplished by
electrophoretic analysis of a fraction of the total reaction volume, thus limiting
sensitivity. Ethidium bromide staining is not as sensitive as filter transfer fol-
lowed by hybridization with radioactive probes. During transfer of DNA from
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agarose, only a fraction of DNA is bound to filters, additionally limiting sensi-
tivity. Detection of radioactive product relies on autoradiography with X-ray
films, where the response of a film to β- or γ-rays is linear only over one to
two orders of magnitude, with prominent shoulders at both low and high concen-
trations (2,3).

PRINCIPLES OF REAL-TIME QUANTITATIVE PCR

Real-time PCR uses Taqman DNA polymerase, which, in addition to its poly-
merase activity, has a 5'-exonuclease activity against double-stranded DNA and
combines amplification and product detection. This is accomplished by the
introduction of a third oligonucleotide, which is designed to hybridize to the
amplified DNA internally to the two amplification primers. The third oligonucle-
otide cannot act as an amplification primer because it has a blocked 3'-OH end.
As shown in Fig. 1, this nonextendable oligonucleotide has 6-carboxy-fluores-
cein (FAM) covalently linked to the 5' end (reporter dye), and 6-carboxy-
tetramethylrhodamine (TAMRA) covalently linked close to the 3' end (quencher
dye). As long as the probe is intact, the FAM fluorescence emission is quenched
by its close proximity to TAMRA, and little or no signal is detectable. During
DNA replication, the internal nonextendable probe hybridizes to the template
internally to the amplification primers, and then it is digested via the 5' exonu-
clease activity of Taqman DNA polymerase. This digestion separates the reporter
and the quencher dyes and results in an increase of fluorescence emission, with-
out affecting the DNA replication reaction and the accumulation of the amplified
product. Because the exonuclease activity of Taq polymerase degrades the
fluorogenic probe only when it is annealed to the target, it is not degraded when
the probe is free in solution. The increase of fluorescence is proportional to the

Fig. 1. Basic principles of real-time PCR.



Real-Time PCR for Quantitation of t(14;18) 225

amount of DNA template, which rises exponentially in the presence of DNA
amplification but rises only linearly in its absence (4). Fluorescence emission is
monitored in real-time using the 7700 Sequence Detector (PE Applied
Biosystems, Foster City, CA) (5,6).

Hardware Used in Real-Time PCR
The 7700 Sequence Detector combines a conventional 96-well thermal cycler,

a laser for the excitation of fluorescent dyes, a fluorescent-emission-detection
system, and a computer with software suitable for the automatic acquisition and
calculation of specific fluorescence released during the 5'-exonuclease reaction.
Reactions are placed in 96-well plates, with wells that are firmly closed with
MicroAmp Optical caps (Perkin-Elmer), to avoid cross-contamination and allow
monitoring the reaction in real time. Subsequently, the closed plates are loaded
on the ABI Prism 7700 Sequence Detector. The amplification conditions vary,
but usual starting points include 2 min at 50°C, 10 min at 95°C, followed by
40 cycles at 95°C for 15 sec and at 60°C for 1 min. Reaction conditions are pro-
grammed on a Macintosh desktop computer linked directly to the 7700 Sequence
Detector.

The fluorescence emission is detected during real time through the closed tube
caps with a CCD camera detector. For each sample, the CCD camera collects the
emission data between wavelengths 520 and 660 nm once every few seconds.
Using the fluorescence-emission coefficients of each dye, the computer calcu-
lates the concentration of reporter (R) and the quenching dye (Q). The Rn values
reflect the emission intensity of the reporter probe, as a function of cycle (n).
Emission intensity is usually expressed as ∆Rn, which is defined as the difference
of Rn from baseline at cycle 14 and is displayed either in linear or in logarithmic
scale against the number of amplification cycles. The threshold cycle at which
the ∆Rn rises significantly above the base is designated as threshold cycle
(CT) (see Fig. 2). The computer software automatically determines the CT on
the basis of the mean baseline signal detected during the first 15 amplification
cycles plus 10 standard deviations. The higher the starting number of the nucleic
acid targets, the lower the CT value is (see Figs. 2 and 3). In order to quantitate
unknown experimental samples, a standard curve is generated with serial dilu-
tions of target DNA, which are amplified during the same PCR run. Linear
regression between CT and the logarithm of the number of input DNA sequences
yields an equation, which is used to quantitate unknowns on the basis of their CT.
Quantitation of DNA sequences (7,8) usually depends on cell line DNA as a
standard, in which case results are usually expressed as number of copies per cell
or microgram of DNA tested. With RNA quantitation, results are usually
expressed as number of molecules per microgram of total RNA (9).

Real-time PCR has several advantages over classical PCR methods. Work-
place contamination is minimized because the fluorescent signal is monitored in



226 Tsimberidou et al.

closed sample tubes, which do not need to be opened at the end of the assay.
The CT is observed during the exponential phase and depends on the emission
of the whole specimen, thus avoiding the reduced sensitivity, associated with
quantitation of only part of the reaction volume with classical PCR, which
relies on filter transfer, hybridization, and autoradiography (9). In addition,
the real-time probe has a long half-life and up to 80 specimens can be analyzed

Fig. 2. Amplification of cell line DNA: (a) IgH-bcl-2 at MBR; (b) β-actin amplification.
Cell-line DNA was serially diluted into normal genomic DNA and 1 µg from each
dilution was tested in duplicate.
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and quantitated in 1 d. Finally, the combination of amplification and product
detection in real time yields results within a few hours.

DESCRIPTION OF THE GENE t(14;18)(q32;q21)

The chromosomal translocation t(14;18)(q32;q21) is associated with follicu-
lar lymphoma (10) and juxtaposes the bcl-2 locus on the long arm of chromosome
18 to the immunoglobulin heavy-chain (IgH) locus on chromosome 14 (11).
The rearrangements involve the major breakpoint region (MBR) on chromo-
some 18q21, located within a 150-basepair (bp) region in the untranslated 3' end
of the last bcl-2 exon (12–14) or the minor cluster region (mcr), located 30 kb
downstream of the MBR. The rearrangements involve a region of 500 bases on
chromosome 14q32 (15) at one of the six joining segments JH (1–6) of the heavy-
chain locus (16,17). The terminal transferase introduces a random number of
deoxynucleotides at the JH breakpoints, which are unique for an individual tumor
(18,19). In follicular lymphoma (FL), 70% of bcl-2 rearrangements are detected
at the MBR region and 15% at the mcr (20). These rearrangements result in
overexpression of bcl-2, which through its antiapoptotic properties causes accu-
mulation of B-cells. This immortalization and accumulation of t(14;18) B-cells
(21) is thought to allow additional transformation events to occur and to result
in the emergence of frank B-cell lymphomas.

Fig. 3. Logarithm of target DNA sequences per reaction versus cycle threshold (CT) from
data in Fig. 2. Target DNA IgH/bcl-2 sequences are defined as number of cells multiplied
by 4, which is the number of t(14;18) chromosomes (major breakpoint region), revealed
by fluorescence in situ hybridization analysis in the JMcA cell line used for standardiza-
tion. The equation is obtained by linear regression.
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SUMMARY OF PUBLISHED REPORTS
WITH REAL-TIME PCR OF t(14;18)

The first use of real-time PCR for the detection of IgH/bcl-2 was performed
at our institution by Luthra and collaborators (see Table 1). They analyzed DNA
from fresh or frozen lymph node biopsies, bone marrow, and peripheral blood
from 53 patients, including 38 with B-cell non-Hodgkin’s lymphoma, and from
15 subjects with non-neoplastic proliferations. They correlated results obtained
with real-time and conventional PCR. No internal control was used to monitor
for the presence of amplifiable DNA in a particular reaction tube. Twenty-four
out of 25 samples positive with real-time PCR were also positive by conventional
PCR. No fusion sequences could be detected in patients who were negative by
conventional PCR. The overall concordance between classical and real-time
PCR was 98% (52 of 53 cases either positive/positive or negative/negative) (22).

Dölken and collaborators have also used a real-time PCR technique to quanti-
tate 51 samples of DNA. These samples were obtained from blood of patients
with t(14;18)-positive follicular lymphoma, previously known to be PCR posi-
tive for IgH/bcl-2. A two-step, seminested PCR was used with an external control.
The quantitation in 51 positive patients by classical and real-time PCR correlated
quite well (r2 = 0.80). Nineteen samples, which were negative by classical PCR,
were also negative by real-time PCR. Only one sample deemed negative by clas-
sical PCR was positive by real-time PCR. The concordance between classical and
real-time PCR was 98%. Circulating t(14;18)-positive cells were detectable in
peripheral blood of six patients, who remained in continuous complete remission
for more than 10 yr, but their number remained within one order of magnitude from
baseline. Relapses in two patients were preceded or followed by a logarithmic
increase in circulating t(14;18)-positive cells (2).

Olsson and collaborators performed a blinded comparison between real-time
PCR and nested classical PCR to analyze cell line and DNA samples from patients

Table 1
Reports of Real-Time PCR in t(14;18)

Author (ref.) Na Amplification control Quantitation

Luthra et al. (22)   53 None No
Dölken et al. (2)   51 β-Actin, external Yes
Olsson et al. (23) 134 None Yes
Voso et al. (24)   28 bcl-2, internal Yes
Estalilla et al. (25) 168 β-Actin, external No
Tsimberidou et al.b 392 β-Actin, internal Yes

aN = Number of specimens analyzed.
bNot published and cited in MedLine as of 1/07/2002.
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treated on a phase I/II clinical trial for non-Hodgkin’s lymphoma. They also
assessed the efficacy of purging autologous stem cells for transplantation. Real-
time PCR was able to detect a 4–6 log reduction on tumor cells. Concordance
between real-time and classical PCR was observed in 122 of 134 samples ana-
lyzed (91%) (23).

Voso and collaborators used real-time and classical PCR to quantitate the
number of t(14;18)-positive cells in blood and bone marrow. The sensitivity of
real-time PCR was determined using a PCR-positive cell line and was one
t(14;18)-positive cell in 105–106 control cells for both PCR techniques. Ampli-
fication of bcl-2 sequences was used as an internal control in the same tube for
real-time PCR. To quantitate the number of tumor cells, the ratio between the
copy number of the internal bcl-2 gene and of the translocated IgH/bcl-2 was
used. An increase in the CT reflected a decrease in the number of t(14;18)-
positive cells. The CT obtained for the internal control was divided by the CT of
the PCR for the t(14;18) translocation. A decrease in this ratio reflected a decrease
in the number of t(14;18)-positive cells. A progressive decrease in the number
of t(14;18)-positive cells in blood and bone marrow was observed with real-time
PCR in four patients after treatment. Conversion to PCR negativity was achieved
in the peripheral blood of seven patients. Concordant positive results were seen
in 20 out of 28 samples with real-time and conventional PCR. Discordant results
were observed in eight cases, of which four were positive only by real-time PCR
and four only by classical PCR. The authors concluded that real-time PCR
allowed quantitation of circulating cells. They felt that changes in minimal
residual disease and the conversion to PCR negativity were better predicted by
real-time than by conventional PCR (24).

Luthra and her collaborators have published updated results of real-time PCR
analysis using samples from 135 patients with non-Hodgkin’s lymphomas, 6 patients
with Hodgkin’s disease, 10 subjects with nonmalignant conditions, and periph-
eral blood specimens from 11 normal individuals. DNA from cell lines with
t(14;18) involving MBR was amplified in duplicate to generate a standard curve
of CT versus target DNA sequences. β-Actin was also included as an amplifica-
tion control for each specimen, but was run in a separate tube. Overall concor-
dance was noted in 160 out of 162 (99%) specimens between classical and
real-time PCR. For non-Hodgkin’s lymphoma (NHLs), concordance was found
in 134 out of 135 specimens (99%). The tumor with discordant results had an
IgH/bcl-2 in the mcr region sequences by real-time PCR, but was negative with
classical PCR. The overall concordance for 10 benign biopsy specimens and
11 normal peripheral blood samples was 95% (20 out of 21). One lymph node
with follicular hyperplasia was positive for the IgH/bcl-2 at the mcr region of
bcl-2 by real-time PCR, but was negative by classical PCR methodology (25).

In our laboratory, we quantified genomic DNA extracted from peripheral
blood of 102 volunteer blood donors, peripheral blood or bone marrow of
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203 patients with follicular lymphoma, and 87 patients with nonfollicular lym-
phoma. We developed a real-time PCR method for IgH/bcl-2 using β-actin as the
internal control to be amplified in the same tube with the IgH/bcl-2. This was
needed in order to verify the presence of amplifiable DNA and the performance
of amplification in a given reaction tube.

We optimized the reactions, using genomic DNA from a lymphoma cell line
known to carry four copies of the IgH/bcl-2 rearrangement at MBR per genome.
The primers and probes for both the IgH/bcl-2 and β-actin reaction were adjusted to
maintain high sensitivity for the IgH/bcl-2 reaction. In order to accomplish this,
the concentrations of the β-actin primers and probe were reduced to allow the
detection of amplifiable DNA, but without interference with IgH/bcl-2 reaction
(see Table 2). The cell-line DNA was serially diluted with germ-line DNA from
normal blood donors, who were PCR negative. A constant amount of DNA (1 µg)
was used for amplification (26). Reaction conditions involved storage for 2 min
at 50°C, denaturing for 10 min at 95°C, cycling 40 times at 95°C for 15 s only,
and cooling at 60°C for 1 min. These cycling conditions were programmed on a
Macintosh G3 linked directly to the 7700 Sequence Detector. Data analysis was
performed on a Macintosh Power G3 using the Sequence Detector V1.6 program.
All reactions were run in duplicate. The cell number was obtained from the CT
of each reaction and linear regression between ∆Rn and CT of the serial dilutions
of the cell lines (see Fig. 3). Cell numbers were averaged from the cells obtained
in each reaction and expressed as cells/µg DNA.

Amplification of serial dilutions of cell line DNA into normal genomic DNA
(total, 1 µg) demonstrated that 100% of specimens diluted 10–5 (4 targets/tube)

Table 2
Conditions of Real-Time PCR Reactions for IgH/bcl-2

Reagents Final concentration in 50 µL tube

Taqman buffer 1x
MgCl

2
4 mM

dATP 200 µM
dGTP 200 µM
dCTP 200 µM
dUTP 400 µM
Primers for β-actin (internal control) 10 µM
Primers for IgH-bcl-2 120 nM
Probe for β-actin (internal control) 10 nM
Probe for bcl-2 60 µM
Taq gold polymerase 0.05 U/µL
Uracil N-Glycosylate 0.01 U/µL
DNA (total) 1 µg
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gave positive reactions. However, only 55% of specimens diluted 10–6 (0.4 tar-
gets/tube) gave positive reactions. These results are consistent with the Poisson
distribution (27) and the four t(14;18) translocations present per genome in the
standard cell line (see Figs. 2a,b and 3).

For analysis of patient samples, every experiment included duplicate tubes
with a total of 1 µL of DNA from standard cell line, serially diluted from 100 to
10–6 into normal genomic DNA. We analyzed duplicate 1 µL DNA reactions
from patients with lymphoma. DNA from normal donors was analyzed in dupli-
cates of 1 mg and, additionally, 2 µg in quadruplicate. A standard curve was
generated by plotting the log of the known copy number of target DNA in stan-
dards versus the CT. The amplification plot of each specimen from normal donors
or from patients with lymphoma was visually inspected to determine which
specimens were positive. A sample was considered to be true positive when both
mbr bcl-2/IgH and β-actin amplifications were observed (see Fig. 4a,b). In con-
trast, it was considered negative only if β-actin was amplified without amplifi-
cation of mbr bcl-2/JH in the same reaction tube (see Fig. 4c,d).

Using linear regression between CT and the amount of target DNA in the
standard samples, an equation was derived for each experiment, which was used
to quantitate the number of cells in positive samples. Results are expressed as
numbers of mbr bcl-2/IgH cells per 2 µg total DNA analyzed, which is equivalent
to 240,000 cells. Samples that were determined to be negative on the basis of
visual inspection of the amplification plot were considered to have zero number
of IgH/bcl-2 targets.

We quantitated the absolute cell number of cells with t(14;18) in 392 DNA
samples. As shown in Table 3, when 1 µg of genomic DNA was tested in dupli-
cate, 22% of normal blood donors had detectable t(14;18) in their peripheral
blood. When 10 µg of genomic DNA was tested, this number was increased to
40%. In contrast, 44% of specimens derived from untreated or treated patients
with follicular lymphomas and 50% of those derived from other lymphomas had
detectable IgH/bcl-2 amplicons. To rule out contamination, the products of real-
time PCR from normal donors and follicular lymphoma patients carrying the
JH/bcl-2 MBR rearrangement were also analyzed using Southern analysis.
The expected 100- to 300-bp amplicons were obtained when resolved on
1.5% agarose gels. Hybridization of amplicons with an internal bcl-2 oligo-
nucleotide probe also verified product specificity. The size of the amplicons
varied from normal donor to normal donor and from patient to patient (data not
shown), but these amplicons were of identical size for all positive reactions for
a given positive subject. Quantitation of cells with IgH/bcl-2 revealed that
patients with follicular lymphoma had 100- to 200-fold more cells compared
with normal blood donors and patients with other lymphomas. However, patients
with nonfollicular NHL had significantly higher numbers of circulating t(14;18)
cells than normal blood donors (p = 0.0003 with Kruskal–Wallis test). From the
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133 specimens from patients with lymphoma who had detectable IgH/bcl-2
amplicons, only 52 specimens (39%) had cell numbers higher than the statistical
upper limit seen in normal blood donors, defined as the mean plus two standard
deviations.

Fig. 4. Analysis of DNA from patients with follicular lymphoma: (a) IgH bcl-2 at MBR;
(b) β-actin amplification of specimen a.
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CONCLUSIONS

Real-time PCR is emerging as a convenient, accurate, and sensitive method
for the detection of t(14;18) in blood or marrow of patients with follicular lym-
phoma. Many variations of the technique have been reported. Our technique

Fig. 4. (continued) (c) germ-line IgH-bcl-2 at MBR; (d) β-actin amplification of
specimen c.
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Table 3
Quantitation of t(14;18) in Normal Blood Donors and Patients with Lymphoma

Subjects with
DNA Subjects Positive % more cells than

Individuals tested tested tested subjects Positive Mean ±  SD  Range upper normal limita

Normal donors 2 µg 102 22 22 0.6 ± 2.7 0–17   3
Normal donors 10 µgb 102 41 40 0.8 ± 2.3 0–17   2
Follicular lymphoma pts. 2 µg 203 89 44 107.3 ± 588.2 0–6769 40
Nonfollicular lymphoma pts. 2 µg   87 44 50   9.7 ± 64.5 0–598   9

aThe upper normal limit is defined as the mean plus 2 standard deviations and is 6 cells for 2 µg of tested DNA and 5.4 cells for 10 µg
of tested DNA.

bThis consists of two duplicate reactions of 1 µg and four reactions of 2 µg each for a total of 10 µg.

Cells/µg DNA
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allows the amplification of an internal β-actin sequence, which confirms both the
presence of amplifiable DNA and the proper performance of the amplification
reaction in a particular tube. We have confirmed the presence of t(14;18) in blood
of normal blood donors and in blood and marrow of patients with follicular and
other lymphomas. The levels were much higher in follicular lymphoma patients
than in other lymphomas, and those were, in turn, much higher than levels
observed in volunteer blood donors. This technique is currently used to deter-
mine the clinical significance of circulating tumor burden at presentation and
during therapy of patients with follicular center cell lymphomas.
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During the last three decades, evidence firmly establishing the close associa-
tion of nonrandom karyotypic abnormalities with particular types of human
cancers has been increasing. The importance of these observations is under-
scored by the revelation that several oncogenes are mapped to the regions known
to be involved in tumor-specific chromosomal aberrations. For lymphoid malig-
nancies in particular, the first consistent karyotypic abnormality was observed in
Burkitt’s lymphoma (1). Approximately 75% of Burkitt’s lymphomas display
the characteristic t(8;14) translocation and the remaining 25% show either the
t(2;8) and the t(8;22). The common feature of these translocations is the involve-
ment of chromosome region 8q24, where the c-myc oncogene resides. Break-
points on the counterpart chromosomes occur within either the immunoglobulin
heavy-chain (IgH) gene locus at 14q32 or one of the immunoglobulin light-chain
gene loci at 2p11 or 22q11. Many other cytogenetic aberrations in lymphoid
neoplasia appear to follow a similar rule, such as the t(11;14)(q13;q32) in mantle
cell lymphoma and the t(14;18)(q32;q21) in follicular lymphoma.

The chromosomal translocation t(14;18)(q32;q21) is one of the most common
karyotypic abnormalities in non-Hodgkin’s lymphomas. It occurs in approx 85%
of follicular lymphomas (FL) and 20% of diffuse large B-cell lymphomas (1).
This translocation results in the fusion of the bcl-2 gene residing at chromosome
18q21 and the immunoglobulin heavy-chain gene (IgH) residing at chromosome
14q32 (2–4). By means of Southern blot analysis, it has been shown that the
breakpoints on chromosome 18q21 in about 70% of FL fall within a 2.8-kb
EcoRI–HindIII restriction fragment named the major translocation cluster region
(MBR) (5–7). DNA sequencing of several representative cases reveals that
the breakpoints actually are tightly clustered within 150 bp of each other.
The breakpoints on chromosome 14q32 are also very consistent, always occur-
ring at the 5' end of one of the J segments of the IgH gene (8,9).
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Tight clustering of the breakpoints at both genes enables the use of two uni-
versal primers for amplification of the hybrid bcl-2/IgH DNA sequences by
polymerase chain reaction (PCR) in different patients. Because it amplifies only
the hybrid DNA of the translocation, PCR permits the detection of one abnormal
cell among several hundred thousand normal cells (10–12). Owing to its high
sensitivity and specificity, PCR is a powerful tool for detecting minimal residual
disease (MRD).

The clinical value of the PCR assay in the detection of small numbers of occult
t(14;18)-carrying cells in FL has been extensively examined by many different
investigators. Although they appear normal by standard morphological exami-
nation and Southern blot analysis, many blood or bone marrow samples obtained
from patients in the early stages of disease or in clinical remission have been
clearly identified by PCR as positive for the t(14;18)-carrying cells (13–15).
Persistent PCR positivity in patients in remission helps explain the continuous
late recurrence typical of FL. To determine if t(14;18)-bearing cells persist in
patients with follicular lymphoma in long-term complete remission, Price et al.
examined patients who had been in remission for more than 10 yr (15). PCR
positivity was observed in six of eight patients who initially presented with stage
III or stage IV disease. However, it is not known whether these patients who were
PCR positive and in long-term complete remission had previously achieved a
molecular response and, later, relapsed molecularly. This could explain the long
remission in spite of their positive PCR. In contrast, none of seven patients with
stage I or II disease had t(14;18)-carrying cells detectable by PCR. PCR negativ-
ity in this subgroup of patients is consistent with the low risk of relapse, even
though we do not know whether this PCR negativity is the result of the number
of t(14;18)-bearing cells falling below the detection sensitivity or to true com-
plete freedom from residual disease.

Utilizing PCR to monitor residual disease in FL in an earlier study, Cabanillas
et al. compared the effectiveness of tumor eradication by a new intensive thera-
peutic regimen named alternating triple therapy (ATT) (adriamycin/cytoxan,
ara-C/platinum, and mitoxantrone/procarbazine-based combinations given
sequentially in alternating fashion for 12 cycles) to either standard CHOP
(cytoxan, adriamycin, vincristine, and prednisone) or CVP (cytoxan, vincristine,
and prednisone) (16). A total of 272 blood samples obtained at different times of
treatment were analyzed: 111 on ATT and 161 on CHOP or CVP. The results
were correlated with the type of treatment regimen and the time when samples
were obtained. A high percentage of PCR negativity indicative of absent or
extremely low residual tumor burden was achieved by the new intensive chemo-
therapy. In contrast, most patients treated with CHOP or CVP therapy
showed persistent PCR positivity. Sequential follow-up studies were avail-
able in 37 patients with median follow-up of 34 mo: 21 received ATT and
16 received CHOP or CVP. Molecular complete response (CR) (as defined by
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achieving PCR negativity at any time) was attained in 17 of 21 (81%) patients on
ATT versus 5 of 16 (31%) patients on CHOP or CVP (p < 0.01). None of the
22 patients achieving molecular CR relapsed. In contrast, of the 15 patients who
failed to achieve molecular CR, 6 relapsed. These findings suggest that PCR
negativity is indicative of very low residual tumor burden and, thus, of a low
probability of imminent disease recurrence.

To further investigate the prognostic value of assessing molecular response in
indolent follicular lymphoma, investigators at M.D. Anderson Cancer Center
conducted a study of 194 patients who had assessable t(14;18)-carrying cells
(17,18). The median follow-up was 29 mo (range: 6 to 91 mo). The molecular
response rate was noted to progressively increase from 37% at 3–5 mo of therapy
to 66% at 15–19 mo of therapy. Failure-free survival (FFS) rates correlated with
molecular response rate at each of the first three PCR determinations (at 3–5 mo,
6–8 mo, and 9–14 mo). Patients who were PCR negative tended to have longer
FFS than nonresponders. The differences in FFS were more pronounced at the
later time-points, suggesting that determination of molecular response may be
more clinically meaningful after the first 9 mo of therapy. More specifically,
there was a substantial failure-free advantage for patients with evidence of
molecular response within the first year of therapy (4 yr FFS: 76% vs 38%; p <
0.001). Late failure also occurred more frequently in the molecular non-
responders. Furthermore, by multivariate analysis, β2-microglobulin (p < 0.01)
and molecular response (p < 0.001) were the most important variables associated
with outcome. When these two determinants were combined, three prognostic
groups emerged: (1) low β2-microglobulin and molecular responders, (2) low
β2-microglobulin and molecular nonresponders, and (3) high β2-microglobulin
and molecular nonresponders. There were no high β2-microglobulin and
molecular responders. The 4-yr FFS of these three groups were 86%, 65%, and
23%, respectively (p < 0.0001).

The significance of molecular response to central lymphatic irradiation in FL
patients with stage I–III disease has also been investigated (19,20). A striking and
intriguing finding is the high CR rate for patients who were PCR negative. A total
of 33 patients (4 stage IA, 8 stage IIA, 19 stage IIIA, and 2 stage IIIB) were
studied. Twenty-one patients had assessable t(14;18)-carrying cells for longitu-
dinal follow-up. A total of 287 PCR results were available: 64 from bone marrow
and 223 from peripheral blood. Median follow-up was 44 mo (range: 12–67 mo).
There was a clear and steady trend toward conversion to PCR negativity (51%
for bone marrow and 68% for peripheral blood at 3 yr), whereas the actuarial
proportion of patients free from relapse at 3 yr was 87%. Persistent PCR-positive
samples at 3 yr appeared to occur more frequently in patients with initial adverse
International Prognostic Index (IPI): 10% for IPI = 0, 31% for IPI = 1, and 63%
for IPI = 2. Moreover, IPI was the only statistically significant predictor for relapse:
FFS of 91% at 3 yr for IPI < 2 and 75% for IPI = 2 (p = 0.024, log-rank test).
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Application of the PCR assay in the bone marrow transplant setting was ini-
tially reported by Gribben et al., who assessed the immunological purging of
marrow by PCR in patients with relapsed FL after an ablative regimen of cyclo-
phosphamide and total-body irradiation (21). A total of 114 patients were stud-
ied. In 57 patients, no lymphoma cells could be detected by PCR. The remaining
57 patients had PCR-positive marrows after purging. Correlating the PCR results
with FFS, Gribben et al. observed that the FFS was significantly increased in
those patients transplanted with PCR-negative marrow (p < 0.00001). The obser-
vation had been expanded recently to 153 patients with longer clinical follow-up
(22). At marrow harvest, only 30% of patients were in CR and overt bone marrow
(BM) infiltrate was present in 47%. The FFS and overall survival were estimated
to be 42% and 66% at 8 yr, respectively. Patients whose marrow was negative by
PCR after purging experienced longer freedom from recurrence than those whose
marrow remained PCR positive (p < 0.0001). Continued PCR negativity in fol-
low-up marrow samples was also strongly predictive of continued remission.
The 12-yr survival from diagnosis for these 153 patients was 69%. Inasmuch as
the median survivals from diagnosis from first recurrence in patients with
advanced FL were 8 and 5 yr, respectively, myeloablative therapy followed by
autologous marrow transplant may prolong overall survival.

However, a somewhat contradictory observation regarding autologous bone
marrow transplantation has been reported from St. Bartholomew’s Hospital (23).
Ninety-nine patients with FL received ablative high-dose therapy as consolida-
tion of second or subsequent remission. Bone marrow was treated in vitro with
anti-B-cell antibodies and complement. Sixty-five patients remained alive with
a median follow-up of 5.5 yr. Four early deaths and 10 late deaths occurred, and
12 developed either secondary myelodysplastic syndrome (s-MDS) or acute
myeloblastic leukemia. FFS and overall survival rates at 5 yr were 63% and 69%,
respectively. PCR negativity during follow-up was associated with a signifi-
cantly lower risk of recurrence (p < 0.001) and death (p < 0.02), whereas the PCR
status of the reinfused bone marrow did not correlate with outcome. Retrospec-
tively, although prolonged FFS can be achieved with autologous bone marrow
transplantation, there is, as yet, no survival advantage compared with conven-
tional treatment. The incidence of s-MDS is of increasing concern in this setting.

The use of combined high-dose chemotherapy and allogeneic stem cell trans-
plantation is associated with a high risk of treatment-related mortality and mor-
bidity. Investigators have begun to employ nonablative conditioning regimens to
decrease toxicity while achieving engraftment of an allogeneic blood stem cell
transplant and allowing a graft-versus-malignancy effect to occur. Khouri et al.
reported a pilot study of 10 FL patients in whom nonablative doses of fludarabine,
cyclophosphamide, and rituximab were given prior to allogeneic peripheral blood
stem cell transplantation (24). All patients achieved engraftment of donor cells
with minimal toxicity. The medium number of days with severe neutropenia was
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six. Only two patients required platelet transfusions and no manifestations of
nonhematologic toxicity exceeded grade 2. Of the eight patients with assessable
t(14;18)-carrying cells before transplant, seven achieved molecular remission in
3 mo, and in the remaining one, the marrow converted to PCR negativity at 7 mo.
Strikingly, all patients were alive, and none had disease recurrence with a median
follow-up of 16 mo.

Although eventual translation into improved overall survival remains to be
seen, the association of a molecular response with prolonged FFS appears to be
a uniform finding in many different studies and in many different treatment
settings. Therefore, as a therapeutic guideline, elimination of cells bearing the
t(14;18) is highly desirable and should be attempted. However, the fate of patients
with PCR-positive marrow after therapy appears to vary: some relapse and others
remain in remission for a prolonged period. Perhaps combining a biologic assay
with PCR might help assess the proliferative activity of the residual t(14;18)-
carrying cells and thereby help predict imminent relapse more accurately. It also
raises an interesting question as to whether quantitative monitoring of the residual
lymphoma cells would improve predictive capability of the eventual clinical
outcome. PCR technology now permits real-time quantification, so the goal is
technologically feasible.
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15 Editors’ Notes

FLOW CYTOMETRY (CHAPTERS 1, 2, 8)

By the end of the 1990s, the number of fluorescent markers that were available
to detect cellular proteins had grown to, at least, 11, This increase was the result
of developments in laser technology, fluorochrome chemistry, optical hardware,
and data analysis software. These advances, accompanied by technical advice,
are presented in the excellent review article of Baumgarth and Roederer (1).

We present a brief overview of the fluorochromes: their excitation and emis-
sion properties and the types of lasers used for their excitation. To this end, a brief
introduction to the nomenclature for the various fluorochromes is given for those
unfamiliar with the field. These fluorochromes are summarized in Table 1. The
first group of fluorescent dyes are the small organic molecules that are easily
conjugated to antibodies. These include fluorescein isothiocyanate (FITC), Texas
Red (TR), Alexa 595 (A595), Cascade Blue (CasB), and Cascade Yellow. Next
are the single-protein molecules requiring more complicated conjugation proce-
dures: phycoerythrin (PE), allophycocyanin (APC), and peridin chlorophyll
protein (PerCP). Finally, the tandem dyes are covalently linked combinations of
donor and acceptor molecules that can then be conjugated to antibodies. Thus,
Cy5PE, Cy5.5PE, and Cy7PE are the result of a combination where PE is the
donor and either Cy5, Cy5.5, or Cy7 is the acceptor dye.

LIMITED DILUTION CALIBRATION (CHAPTERS 3 AND 4)

Although the comment that when the starting number of cells positive for
minimal residual disease (MRD) is very low or very high gives rise to potential
errors in estimation of the number of target cells, this effect is minimized by using
a nonlinear calibration model instead of the simpler, better known linear calibra-
tion model using limited dilution (2). The statistics of the problem are binomial
in that the problem is to estimate the proportion of cells (e.g., 1:104 cells) in the
sample that have the particular rearrangement of interest. The limiting dilution
assay is constructed by taking a known concentration of cells reactive to the
MRD technique (e.g., 107 cancer cells or the equivalent amount of DNA), sepa-
rating into 10 equal aliquots of, say, 106 cells. One aliquot of the 10 is set aside
to be further diluted. Each full-strength aliquot is tested using the MRD reaction.
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The 10th aliquot is then divided into 10 aliquots of, say, 105 cells and diluted with
nonreactive DNA to make the same amount of DNA as previously tested. One
aliquot is set aside for further dilution. The other nine are tested. The procedure
can continue until only one reactive cell remains in the aliquot. Typically,
the dilution stops when 10 cell equivalents remain, as 1 cell in 106 nonreactive
cells will probably not react. At this point, the number of aliquots at each level
showing positive reactions are tabulated and correspond to the number of cells
in the aliquot. This is tabulated or plotted providing a curve of reaction versus the
number of cells in the sample. The correspondence is to a binomial proportion
that can also be considered a count. Taswell (2) stated that the proportion is
approximated by the Poisson distribution, but the linear prediction model uses
standard regression techniques that are correct assuming Gaussian errors. In
either case, ultimately, the Gaussian distribution is used to approximate the
errors and provide estimates for the slope and intercept, which are inverted using
Fieller’s theorem (3–7). This method presumes a linear relationship. Because
PCR is a geometric process over the amplification time, the observed signal
corresponding to the counts is associated with a logarithm (base 10 usually) of
the initial number of copies of the rearrangement (positive cells) that are to
be amplified by polymerase chain reaction (PCR), say. At low concentration, the
nonamplified DNA tends to interfere with the amplifiable DNA causing the
signal to “bottom out.” There is a real bottom lower than the apparent bottom seen
and occurs when no cell out of the total number of cells is positive for the
rearrangement. The next possible higher value above 0 is therefore 1 out of the

Table 1
Fluorochrome Dye Characteristics

Excitation Emission
wavelength wavelength Laser commonly used

Dye (nm) (nm) for excitation

CasB 407 440 Krypton @ 407
Cas Y 407 545 Krypton @ 407
FITC 488 525    Argon @ 488
PE 488 575    Argon @ 488
Cy5PE 488 or 532 665    Argon @ 488 or YAG @ 532
Cy5.5PE 488 or 532 720    Argon @ 488 or YAG @ 532
Cy7PE 488 or 532 785    Argon @ 488 or YAG @ 532
TR 595 625        Dye @ 595
APC 595 660        Dye @ 595
Cy5.5APC 595 or 632a 705        Dye @ 595 or HeNe @ 632
Cy7APC 595 or 632a 750        Dye @ 595 or HeNe @ 632

aDiode laser operating at 632 nm can also be used for excitation.
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number of cells in the sample. This is typically below the apparent bottom of the
calibration since the minimum number of positive cells necessary to provide a
nonzero signal is greater than 1, probably more like 25 cells if the total number
of cells is 106. On the high end of the curve, where large amounts of amplifiable
DNA are present, the curve saturates. These effects produce the characteristic
heel and shoulder graph observed and a nonlinear, nonloglinear relationship
between the number of positive cells and the output signal.

MRD-PREDICTING RELAPSE (CHAPTER 6)

This note is in reference to their use of MRD to predict relapse post-BMT
(bone marrow transplantation). MRD was calculated at 1, 3, 6, 12, 18, and 24 mo.
Of the four patients who relapsed with no MRD detected, one was a sample of
poor quality that probably should have been resampled, if possible. Another was
a relapse at 19 mo, 5 mo after the previous measurement (approx 14 mo). Another
was 65 mo, 41 mo after the previous scheduled measurement (approx 24 mo).
The last relapse was a clonal change. The emphasis must be made that if MRD
is to be a reliable predictor of relapse, it must be done at regular short intervals
(probably < 6 mo), with the minimum interval yet to be determined. The testing
must continue for an extended length of time, perhaps 48 mo.

Another concern is that many researchers are using positive/negative status as
the criterion for MRD. We and others [e.g., Radich et al. (8)] have seen “positive”
MRD patients continue in remission for years. The criterion for relapse should
be based on persistent positive rate of change of the disease level over time. The
time interval will undoubtedly be short and needs to be determined. Such a
procedure is probably required to increase the sensitivity and specificity of the
relapse prediction to an acceptable level.

More rapid means of quantitative MRD measurements are now available that
should require only a few days for processing. This assumes that the positive
clone(s) has been determined before the BMT was performed. The problem of
clonal change reported in this chapter is another problem. The need to continue
screening for additional abnormal clones is not clear.

Caligiuri suggested that even a continuously positive patient (>10–5 on at least
bone marrow or blood samples in triplicate) “…may be compatible with long-
term remission.” This suggests that a semiquantitative analysis with follow-up
at regular intervals during remission may be able to discriminate between con-
tinuously positive patients remaining in remission (complete clinical remission
[CCR]) and those that relapse. Caligieri also stated that MRD after BMT may or
may not relate to disease-free survival (DFS), overall survival (OS), or just
relapse. A positive MRD might indicate a noncancerous clone. Thus, a positive
or negative status may not be sufficient to determine relapse but require an
increase in observed levels. In several studies in this book, the use of BMT did
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not yield a negative MRD. This should be of some concern to clinicians. MRD
might be used as a measure of the completeness of the BMT, if the MRD is
negative in the donor. However, a positive MRD may be merely an indication of
residual marrow stem cells after BMT and not necessarily a concern for treatment
if the graft versus tumor effect is sufficient to maintain control over the residual
disease. Indeed, the residual disease seen by the more sensitive MRD techniques
may reflect residual disease under control of the immune system or reflect a
quiescent clone or stage of the disease.

This may also indicate a strategy (1) for those who “convert” from positive to
negative, the interval between successive MRD follow-up may be lengthened,
(2) for those who continue positive, a closer follow-up than (strategy 1) should
be followed to detect the increase that may precede a clinical relapse, and (3) for
those who have increasing MRD, a salvage, or successive therapy might be
initiated early (prior to clinical relapse) with potential positive benefits.

NOTES ON THE SENSITIVITY REQUIRED
FOR DISEASE MONITORING

From the preceding section, we see that the more sensitive MRD techniques
may be reaching the sensitivity level where they are measuring as positive dis-
ease that either will not relapse as a result of immune system control or changes
in the disease will relapse very slowly, reflects a nonmalignant subclone, or,
possibly, is the result of nonspecific reactivity to the MRD procedure. This effect
needs to be studied more thoroughly. It appears that perhaps a level of sensitivity
around 1 cell in 106 may be sufficient to reach this level. When in doubt that the
level has been reached, a semiquantitative method should be used rather than
positive or negative readings.

STATISTICAL METHODS USED IN THIS BOOK (CHAPTER 2)

Statistical methods used include several standard statistical methods. For
proportions such a the proportion of MRD positive or the proportion relapsed in
a particular group, chi-square test of association or Fisher exact probability
statistics are generally used where proportions are compared. Campana also uses
the proportion ± the standard error (SE). This can be confusing. If we are looking
at a binomial probability such as a proportion, say p, based on, say, n observations
(positive/negative, relapse/nonrelapse), the SE is exactly [p(1 – p)/n]1/2. If we are
talking about a set of proportions and the mean of the set, then the SE is the SE
calculated from the sample variance and is based on the number of proportions
compared. If other factors are to be compared to the proportions (e.g., age,
presence of a particular marker, etc.), logistic regression is generally used (9).

If time to a recognizable event (e.g., length of remission from remission induc-
tion or the end of treatment to relapse) is to be compared between two or more
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groups, Kaplan–Meier survival curves are usually calculated and compared using
the log-rank or generalized Wilcoxon test. If other factors are to be compared to
the time to event (e.g., age, presence of a particular marker, etc.), proportional
hazards (Cox model) regression is generally used (10).

NOTE ON BATCHES OF REAGENTS (CHAPTER 1)

Variations in fluorochrome dyes and other reagents used in these involved
assays vary from manufacturer to manufacturer and lot to lot within a manufac-
turer. Changeover from batch to batch requires recalibration using standards and
aliquots of samples run at the time of changeover with both the old batch and the
new batch. This should be done along with periodic control runs during a batch.

NOTES ON SAMPLE SIZE CONSIDERATIONS

The chapters in this book are necessarily methodological in tone and present
data to support and illustrate the methods proposed. As such, the power of the
individual studies may not be sufficient to properly test for prediction of relapse,
DFS, or OS. The field of MRD research is ready for more substantial trials of the
methods suggested in this book following a general outline of testing to see if (1)
MRD predicts relapse in several diagnostic groups and (2) MRD can be used to
determine those patients who can benefit in early salvage or successive treatment
before the relapse becomes clinical. Such sample size determinations need to be
made within the context of a proper, well-designed clinical trial using standard
power calculation software (e.g., DSTPLAN at www.odin.mdacc.tmc.edu).

GENERAL NOTE ON NEGATIVE VERSUS POSITIVE
AS A CRITERION OF RELAPSE

In several chapters in this book, the issue of how to determine a positive
relapse has been presented. Lo Coco describes this as the sensitivity of the assay
and asks if the level is in the range 10–3–10–4 or 10–5–10–6. Cross presents a
“cumbersome” method of defining relapse and questions whether a threshold
above which relapse is certain could not be defined. Lee and Cabanillas are
concerned with the variable results achieved in the literature using positive and
negative. Gribben questions whether molecular CR should be the goal. He used
both peripheral blood and bone marrow and found different thresholds. Multiple
positive events have been tried and referred to as successful (see Cross).
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