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Abstract

Evaluation of bone marrow fibrosis and osteosclerosis in myeloproliferative neoplasms (MPN) is
subject to interobserver inconsistency. Performance data for currently utilized fibrosis grading
systems are lacking, and classification scales for osteosclerosis do not exist. Digital imaging can
serve as a quantification method for fibrosis and osteosclerosis. We used digital imaging techniques
for trabecular area assessment and reticulin-fiber quantification. Patients with all Philadelphia
negative MPN subtypes had higher trabecular volume than controls (p <0.0015). Results suggest that
the degree of osteosclerosis helps differentiate primary myelofibrosis from other MPN. Numerical
quantification of fibrosis highly correlated with subjective scores, and interobserver correlation was
satisfactory. Digital imaging provides accurate quantification for osteosclerosis and fibrosis.
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Introduction

Myeloproliferative neoplasms (MPN) are a heterogeneous disease group. Their many
overlapping clinical and histological features cause frequent diagnostic challenges. In 2008 the
World Health Organization (WHO) revised the diagnostic criteria for essential
thrombocythemia (ET), polycythemia vera (PV), primary myelofibrosis (PMF),
myelodysplastic syndrome (MDS), and other MPN [1]. The new WHO guidelines and
diagnostic approach for MPN rely on a combination of clinical characteristics, molecular
genetic findings such as BCR-ABL or JAK2 mutation status, and morphologic features such
as megakaryocyte atypia and degree of fibrosis. Despite increased understanding of MPN,
diagnosis and classification remain difficult to impossible in some cases.
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A common feature of MPN is an initial hypercellular phase, which may progress to a late-stage
fibrotic phase with increased transformation to acute leukemia [2]. In the fibrotic phase, the
bone marrow core biopsy shows increased connective tissue deposition, which is detected by
reticulin and trichrome stains. Marrow fibrosis is frequently accompanied by osteosclerosis, a
thickening and irregularity of the bony trabeculae [3]. Furthermore, many of the distinguishing
morphologic and clinical features of the MPN are lost in the fibrotic phase. Consequently,
when initial presentation occurs in a fibrotic phase rather than in a hypercellular phase, it can
be extremely difficult to determine whether the patient has primary myelofibrosis or
myelofibrosis secondary to another MPN such as ET or PV [2]. Although it is assumed that
the fibrotic transformation of ET and PT have similar biological features and prognostic
significance, this has not been formally tested, in part because of subjectivity in grading fibrosis
and the continuum of the transformation process to a fibrotic stage.

Marrow fibrosis is routinely assessed in bone marrow core biopsies of patients with a known
or suspected MPN, and is a diagnostic criterion in the 2008 WHO classification system of
MPN. Frequently used myelofibrosis grading systems include the Bauermeister system [4],
subsequently modified by Manoharan [5], which assesses fibrosis on a 0-4 scale; and the
recently revised European consensus system that uses a 0-3 scale [6,7]. These subjective
scoring systems have numerous limitations including interobserver variability, inconsistency
of use, and possible confusion for the clinician as to which system was used to classify the
neoplasm of an individual patient. A numerical assessment of reticulin fibrosis would provide
a reproducible and precise way of following patients over time, and would help standardize
assessment of fibrosis among both pathologists and hematologists.

Despite the recognition that osteosclerosis often accompanies fibrosis [8,9], osteosclerosis
remains under-recognized as a diagnostic criterion and is not always mentioned in
hematopathology reports. Due to the lack of a defined scoring system, the significance of
osteosclerosis is uncertain; consequently, it is not a diagnostic criterion in the 2008 WHO
classification of MPN. Likewise, it is not known whether the degree of osteosclerosis can help
differentiate one MPN from another.

The objective of this study was to test the utility of digital imaging as an objective quantification
method for both bone marrow fibrosis and osteosclerosis. In addition, we tested the hypothesis
that objective quantification of osteosclerosis can aid in the classification of MPN.
Furthermore, we compared the performance of an objective, numerical scoring system for
fibrosis with the subjective grading systems currently in use. We also determined whether there
is a correlation between molecular abnormalities (mutations in JAK2 and cMPL) and the
objective fibrosis and osteosclerosis scores.

Materials and Methods

Selection of study group

University of Utah Institutional Review Board approval was obtained prior to initiating this
study. We conducted a retrospective review of cases given a definitive diagnosis of chronic
MPN between 1991 and 2009 at the Department of Pathology at the University of Utah Health
Sciences Center. Classification of all cases was performed according to the 2008 WHO criteria
[1], via comprehensive review of the bone marrow core biopsy, aspirate smears, peripheral
blood counts, molecular studies, and clinical data. Cases with insufficient clinical data,
inadequate core size, extensive fragmentation, and/or extensive crush artifact were excluded.
A total of 101 patients (122 biopsies) were eligible for inclusion in the study.

Histomorphologic assessments were performed on posterior superior iliac spine trephine
biopsies (2 mm diameter, median length 15 mm; range 8-29 mm) obtained at the time of
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diagnosis for all patients. In addition, 41 serial interval biopsies from 13 patients, representing
multiple biopsies over time, were included. The cases of MPN included PMF, ET, PV,
unclassifiable MPN or MPN/MDS, and chronic myelogenous leukemia (CML). Since bone
turnover modulation has been reported in CML patients taking BCR-ABL kinase inhibitors
(Imatinib) [10], all CML specimens were from untreated and newly diagnosed subjects. Cases
of PV and ET were subdivided into pre-fibrotic and post-fibrotic stage, based on their reticulin
scores according to the European consensus classification system [6,7]. Cases with fibrosis
scores of 0 or 1 were placed into the pre-fibrotic category and labeled as “ET” or “PV”, whereas
cases with fibrosis scores of 2 or 3 were labeled as “post-ET myelofibrosis” or “post-PV
myelofibrosis”.

Selection of controls

The normal marrow control group consisted of 69 patients undergoing initial lymphoma staging
at the University of Utah Health Sciences Center / Huntsman Cancer Hospital (Table 1). We
selected only bone marrow core biopsies that showed no evidence of lymphoma or other disease
processes. We excluded patients who had any prior history of bone or bone marrow disease,

bone trauma, or prior treatment for malignancy.

Objective quantification of fibrosis

Adequately reticulin-stained bone marrow core biopsies were digitally scanned with the
ScanScope® XT system (Aperio Technologies, Inc., Vista, CA, USA). Three representative
well-preserved areas (0.5 mm? each) of hematopoietic marrow space from each biopsy were
selected. Areas with lymphoid nodules, medium or large vessels, and fibers framing adipocytes
were excluded. The percentage of black pixels (i.e., percent reticulin positivity) was calculated
using a color deconvolution algorithm provided in the ScanScope® software (Aperio
Technologies, Inc., Vista, CA, USA). The three percentages were averaged to determine an
objective numerical quantification of reticulin staining.

The color deconvolution algorithm separates the image into multiple channels, corresponding
to the actual colors of the stains used. This allows the pathologist to accurately measure the
area for each stain separately, even when the stains are superimposed at the same location. The
example shown in Figure 1 is a result of running the algorithm for the reticulin stain color
channel, and shows isolation of reticulin fibers as the other stains are removed. The area for
reticulin staining is given as a numerical output by the algorithm, i.e., as a percentage of the
total positive staining area. The total stained area is calculated in mm2, from which the actual
area for reticulin stain is calculated.

Three pathologists (M.S., S.P., and C.T.) provided a subjective score of reticulin fibrosis for
the same cases by viewing the reticulin-stained slides, in conjunction with trichrome-stained
slides when available. They were blinded to the objective reticulin score, the other pathologists'
subjective scores, and the clinical diagnosis. Fibrosis was scored using the Bauermeister system
(0-4) as well as the European consensus system (0-3). This resulted in two sets of fibrosis
scores determined by each pathologist. The objective numerical score, obtained via digital
imaging using the color deconvolution algorithm, was plotted against a majority consensus
subjective score of both systems from the three pathologists to determine correlation using
Spearman's rho [11], a measure of the linear relationship (magnitude and direction) between
two variables. The closer the correlation is to either +1 or -1, the stronger the correlation.

Quantification of osteosclerosis

To quantify the area of each bone marrow core biopsy occupied by trabecular bone,
hematoxylin and eosin-stained bone marrow core biopsy slides were digitally scanned with the
ScanScope® XT system (Figure 2A). The entire hematopoietic area was circled manually to
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allow for calculation of the total biopsy area (Figure 2B). Cortical bone, fragmented areas, and
areas with crush artifact were excluded. Each bony trabecula was also circled manually, in
order to allow for calculation of total trabecular area (Figure 2C). Areas were quantitated using
the ImageScope software's area pixel count algorithm. Trabecular volume (TV) was calculated
as a percentage by dividing total trabecular area by total biopsy area.

Correlation with molecular abnormalities

The clinical records of PMF, ET, and PV patients were searched to determine JAK2 and cMPL
mutation status if evaluation had been performed. Patients with a BCR-ABL mutation (CML)
or pre-existing complex cytogenetic abnormalities (MPN/MDS) were excluded from this
analysis since JAK2 and cMPL were not done for these cases. Mutation status was correlated
with the objective scores of fibrosis and osteosclerosis.

Statistical analysis

Results

All statistical analyses were performed using SAS software, Version 9.1 of the SAS System
(© 2002-2003 SAS Institute, Inc., Cary, NC, USA). Interobserver variability in the subjective
assessment of fibrosis was determined for both the Bauermeister and European consensus
systems, by calculation of the Cronbach's alpha coefficient of correlation [12] (= 0.9 =
excellent, > 0.8 = good, > 0.7 = acceptable, > 0.6 = questionable, > 0.5 = poor, < 0.5 =
unacceptable). Correlation of digital scoring of fibrosis with each of the two subjective scoring
systems was carried out using Spearman's rho.

Receiver operating characteristic (ROC) analysis was used to select the optimal osteosclerosis
value for separating MPN entities.

All but one case of primary myelofibrosis presented in fibrotic stage, with a reticulin score of
2 or 3. The single bona fide case of pre-fibrotic PMF was excluded from statistical analysis.
Our analysis included a total of 121 MPN specimens including PMF (n = 34), ET (n = 34), PV
(n = 21), unclassifiable MPN or MPN/MDS (n = 22), and untreated, newly diagnosed CML
(n=10), as well as 69 controls (Table 1). Our subclassification of cases with ET and PV using
reticulin fibrosis resulted in 20 cases of ET, 14 cases of post-ET myelofibrosis, 14 cases of PV,
and 7 cases of post-PV myelofibrosis.

Osteosclerosis

To establish a frame of reference for comparison, TV (i.e., percentage of marrow space
occupied by trabecular bone) was determined objectively via area pixel count for the 69
controls. There were no significant differences in age and gender between controls and MPN
patients. The control group had an average trabecular volume of 14.7% + 4.8%. TV decreased
slightly with age; however, this was not statistically significant. TV did not show significant
gender differences (Figure 3).

TV was assessed in the same fashion for MPN patients. All categories of MPN showed higher
bone TV than did the control group (Figures 4 and 5). This difference was statistically
significant for all MPN groups, except for newly diagnosed CML (Table 2). PMF displayed a
striking increase in TV, when compared to both ET (p <0.0001) and PV (p <0.0001). Most
important, primary myelofibrosis tended to have a higher TV than did secondary myelofibrosis
in other MPN. This difference was statistically significant for post-ET myelofibrosis (p
=0.0004), but not for post-PV myelofibrosis (p =0.0725).
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ROC analysis (data not shown) disclosed a maximum efficiency at 23% TV for separating
PMF from controls (sensitivity 89%, specificity 98%, area under the curve [AUC] 0.9696),
and at 30% TV for separating PMF from ET and PV (sensitivity 72%, specificity 87.5%, AUC
0.8429).

To objectively quantify the amount of reticulin fibrosis, 62 cases with marrow fibrosis due to
MPN were selected for analysis [PMF (n = 26), ET (n = 8), fibrotic-phase ET (n = 11), PV
(n = 6), fibrotic-phase PV (n = 6), other MPN (n = 5)]. Cases with inadequate sample quality
or suboptimal staining were excluded. The numeric digital scores obtained with color
deconvolution for PMF (range 5.6-36.1%, mean 13.45%), post-ET myelofibrosis (range
3.88-33.3%, mean 11.68%) and post-PV myelofibrosis (range 9.91-14.1%, mean 12%) were
significantly higher than those for ET (range 0.25-7.7%, mean 3.55%) and PV (range
3.66-9.46%, mean 5.39%). Subjective scores of fibrosis determined in MPN biopsies by the
three pathologists, using both the Bauermeister and the revised European systems, were
compared. The overall concordance between the three pathologists was in the “excellent”
category for both the Bauermeister system (Cronbach's alpha coefficient 0.92) and the revised
European consensus system (Cronbach's alpha coefficient 0.90). The objective numerical
score, obtained via digital imaging using the color deconvolution algorithm, was plotted against
a majority consensus subjective score for each case (Figure 6). Correlation of the objective
numeric score was similar for both the Bauermeister system (rho = .78) and the revised
European system (rho = .66).

Correlation of objective and subjective fibrosis and osteosclerosis scores with clinical status

Seven of the thirteen patients with two or more serial biopsies showed progressive increase in
TV over time. Five of these thirteen patients underwent bone marrow transplantation, and had
available pre- and post-transplant bone marrow biopsy specimens. Increased TV and fibrosis
was noted in all pre-transplantation samples. Post-transplant biopsies from three of the five
patients (in one PMF patient and two patients with myelofibrosis secondary to ET) showed
reduced TV with no morphologic evidence of residual / recurrent disease as evident by normal
or reduced cellularity and lack of fibrosis as well as 100% donor chimerism. The objective and
subjective assessments of fibrosis and osteosclerosis in one representative PMF patient are
shown as an example (Table 3 and Figure 7). His three pre-transplant biopsies showed
osteosclerosis and increasingly reticulin fibrosis and collagen deposition. TV was around 30%
in all three pre-transplant biopsies. However, his two post-transplant biopsies showed
decreased TV at 23% and 21%, respectively. Reticulin fibrosis increased gradually from 11.8%
to 15.2% in the three pre-transplant biopsies, and then decreased to 13.5% and 6.2% in the two
post-transplant biopsies. The same trend was noted by subjective scoring of reticulin fibrosis.
In this patient, the objective measurements of TV and reticulin fibrosis correlate very well with
disease status.

The remaining two of the five transplants, both on patients with primary myelofibrosis, showed
persistently high objective and subjective measurements of fibrosis and TV in post-transplant
samples. Post-transplant biopsies from these two cases disclosed morphologic evidence of
persistent PMF indicating recurrent disease, which was further supported by mixed chimerism
(32% recipient DNA and 97% recipient DNA, respectively).

Correlation of objective fibrosis and osteosclerosis scores with JAK2 and cMPL status

Of the 75 patients with PMF, ET, and PV, 51 (68%) had undergone testing for mutations in

JAK?2 and cMPL. Of the patients with molecular results, only 2 (4%) had a mutation in cMPL.
One of these patients was also JAK-2 mutation positive. Thirty-two patients (63%) were JAK?2
positive and cMPL negative, whereas 17 (33%) were negative for mutations in both JAK2 and
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cMPL. We found no statistical relationship between JAK2 status and either trabecular volume
or reticulin score. The number of cMPL mutations was too low to perform statistical analysis.

Discussion

MPN are clonal disorders that are characterized by the abnormal proliferation of hematopoietic
cells from one or several cell lineages, and that share several overlapping clinical and
histomorphologic features [13]. Although a combination of clinical, molecular and
histomorphologic features is frequently required to render a final diagnosis of MPN, the
recently revised 2008 WHO diagnostic criteria reflect an increasing awareness of the role of
bone marrow histology. The identification of proliferative hematopoietic lineages, abnormal
megakaryocytic morphology and distribution, and reticulin fibrosis aid in the classification of
MPN. Nevertheless, limitations exist, largely due to the fact that most of these diagnostic
criteria are predominantly based on expert evaluation or consensus statements and lack strict
criteria or credible gold standards. This is further impeded by the lack of studies that attempt
data validation of proposed histomorphologic features or rare reports showing an inability of
expert reviewers to reproducibly apply morphologic criteria in making the diagnosis [9].

Reticulin and trichrome stains are routinely used to assess the presence or absence of marrow
fibrosis in bone marrow core biopsies of MPN patients. The most frequently used grading
systems to assess myelofibrosis are based on the Bauermeister system (0-4 scale) [4] and the
recently revised European consensus system (0-3 scale) [6,7]. The presence and grading of
fibrosis is not only important to diagnose MPN, but also guide treatment decisions and patient
stratification in clinical trials. However, controversy continues regarding the optimal system
for routinely and reproducibly determining reticulin fiber content. The European consensus
system incorporates osteosclerosis into its grading scheme, and is favored by many pathologists
because of its simplified 0-3 scale. Interestingly, our results showed equivalent interobserver
variability for both the Bauermeister system and the European consensus classification, with
excellent Cronbach's alpha coefficients. Although the digital numerical scores showed high
correlation with both systems, the Bauermeister system demonstrated slightly better
performance than the European consensus classification. It is unclear whether this reflects
familiarity with the grading systems, as experience with the European consensus system is
limited.

Unlike fibrosis, osteosclerosis does not have defined subjective (or objective) scoring criteria
or a grading system for routine clinical use. This is reflected in the observation that
osteosclerosis currently is not a diagnostic criterion in the 2008 WHO classification of MPN,
despite the recognition that it is a morphologic component in many MPN. The literature
contains rare examples of objective quantification of osteosclerosis via manual measurement
of trabecular volume [8,10,14,15]. However, these measurements are somewhat laborious and
time-consuming. Consequently, few hematopathologists have utilized them in routine practice,
despite consistent observation of increased osteosclerosis in PMF and other MPN [3,8,16].
Likewise, it is not known whether the degree of osteosclerosis can help differentiate one MPN
from another. In keeping with previous reports [8], our study indicates that all categories of
MPN, except newly diagnosed CML, showed significantly higher TV than did the control
group. Most important, our findings show a strikingly higher TV in PMF compared to both ET
and PV (p <0.0001 in both cases). Use of a 30% TV cut-off showed maximum efficiency for
separating PMF from ET and PV by ROC analysis. In addition, primary myelofibrosis tended
to have a higher TV than did myelofibrosis secondary to other MPN. This difference was
statistically significant for post-ET myelofibrosis but failed to attain statistical significance for
post-PV myelofibrosis, most likely because the post-PV myelofibrosis group was small and
displayed marked TV variation. We also identified a progressive increase in TV over time in
seven of thirteen MPN patients with available serial biopsies. Similarly, we saw a decrease in
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TV in the post-transplant specimens of MPN patients with no evidence of disease. This
preliminary evidence suggests that the fibrosis and osteosclerosis scores obtained by digital
imaging correlate with disease status, and may provide and objective way of classifying disease
severity at diagnosis and over time.

Digital imaging is an emerging technology, with great promise for numerous applications
throughout the field of pathology. Although its use is not yet ubiquitous, in some institutions
it has already become valuable in standardizing subjective measures such as Her2/neu
amplification in breast cancers [17]. Our study demonstrates the utility of digital imaging as
an objective quantification method for both bone marrow fibrosis and osteosclerosis. Digital
imaging can provide a simple, rapid and reproducible tool to quantify osteosclerosis and
fibrosis of bone marrow biopsies in both clinical practice and investigative pathology. The
increasing availability of pattern recognition software makes it possible to readily automate
the process of quantification of TV and reticulin fibrosis. An objective numerical assessment
of reticulin fibrosis and osteosclerosis would provide a more precise way of following patients
over time for disease progression or evaluating response to therapy, and would help standardize
assessment of fibrosis among pathologists.
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Figure 1.

Example of use of color deconvolution algorithm: A) Scanned reticulin stained core biopsy
image with rectangular region of analysis (yellow box) prior to analysis. B) The results after
running the algorithm for reticulin stain color channel, resulting in isolation of reticulin fibers.
The area of reticulin staining is given in the numerical output screen as a percentage of the
total positive staining area.
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Figure 2.

Quantification of osteosclerosis: A) Digitally scanned bone marrow core biopsy with the
ScanScope XT system (Aperio Technologies, Inc., Vista, CA). B) Total biopsy area calculated
using the pixel count algorithm included in Aperio's ImageScope software by encircling of
total biopsy (avoiding crushed or fragmented bone and cortical bone). C) Trabecular area
calculated using the pixel count encircling of trabecular bone. Trabecular volume (TV) was
calculated using the equation (TV%) = Sum of trabecular area / Total biopsy area.
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Figure 3.

Trabecular volume of control males and females by age.
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Figure 5.

Trabecular volume (%) of different groups of MPN patients: Box plots displaying distribution
of trabecular volume for each disease category and normal controls.
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Comparison of Subjective and Objective Reticulin Scores
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Correlation of subjective and objective assessment of fibrosis.
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Figure 7.

Pre- and post-transplant specimen values for TV and fibrosis in one patient. January, May and
June ‘08 represent pre-transplant samples. January and May ‘09 represent post-transplant
samples.
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Characteristics of MPN specimens and controls
number age M:F ratio
control 69 55.3+135 15:1
PMF 34 54.3+15.8 13:1
ET 20 49.1+20.4 08:1
post-ET MF 14 62.8 +13.3 07:1
PV 14 61.3+14.2 08:1
post-PV MF 7 70.1+4.0 08:1
CML 10 539+215 15:1
MPD/MDS, MDS-U 22 63.8+8.1 11:1

Table 1

Page 16

Control = normal bone marrows from lymphoma staging biopsies; PMF = primary myelofibrosis; ET = essential thrombocythemia; post-ET MF =
post - essential thrombocythemia myelofibrosis; PV = polycythemia vera; post-PV MF = post - polycythemia vera myelofibrosis; CML = chronic
myelogenous leukemia; MPN/MDS = combined myeloproliferative/myelodysplastic neoplasms and MPN-U = unclassifiable myeloproliferative

neoplasms
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Table 2
Statistical comparison of trabecular volume in MPN groups with normal controls (column
2) and primary myelofibrosis patients (column 3)
P value vs. control P value vs. PMF
control <0.0001
PMF <0.0001
ET 0.0015 <0.0001
post-ET MF <0.0001 0.0004
PV 0.0006 <0.0001
post-PV MF <0.0001 0.0725
CML 0.0461 <0.0001
MPN/MDS, MPN-U 0.0014 <0.0001

Control = normal bone marrows from lymphoma staging biopsies; PMF = primary myelofibrosis; ET = essential thrombocythemia; post-ET MF =
post - essential thrombocythemia myelofibrosis; PV = polycythemia vera; post-PV MF = post - polycythemia vera myelofibrosis; CML = chronic
myelogenous leukemia; MPN/MDS = combined myeloproliferative/myelodysplastic neoplasms and MPN-U = unclassifiable myeloproliferative

neoplasms

Leuk Res. Author manuscript; available in PMC 2011 July 1.



Page 18

Teman et al.

NIH-PA Author Manuscript

+1 +Z +£ +2 +2 (a1eas g-0) s1soiquy ulndney
z9 geT ZsT g€l 8711 (%) s1s01quy unanay
[4 ¥4 00°€¢ 80'T€ TE6¢C y1°0€ (%) awnjoA Jeinoagel L
6002 800¢ 800C  800¢ 8002
aunc  Jaqwadag aungc  AeN Auenuer

jue|dsuel-1sod

jue|dsueal-aid

1uaned JAId e ul saisdoiq juejdsueal-1sod pue -aad ul SIS0Aql) pue SIS019]9S091SO

€9lqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Leuk Res. Author manuscript; available in PMC 2011 July 1.



