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Analyzing transformation of myelodysplastic syndrome to secondary
acute myeloid leukemia using a large patient database

Ofir Shukron,® Vladimir Vainstein,*? Andrea Kiindgen, Ulrich Germing,® and Zvia Agur?

One-third of patients with myelodysplastic syndrome (MDS) progress to secondary acute myeloid leukemia
(sAML), with its concomitant poor prognosis. Recently, multiple mutations have been identified in association
with MDS-to-sAMLtransition, but it is still unclear whether all these mutations are necessary for transformation.
If multiple independent mutations are required for the transformation, sAML risk should increase with time
from MDS diagnosis. In contrast, if a single critical biological event determines sAML transformation; its risk
should be constant in time elapsing from MDS diagnosis. To elucidate this question, we studied a database of
1079 patients with MDS. We classified patients according to the International Prognostic Scoring System
(IPSS), using either the French-American-British (FAB) or the World Health Organization (WHO) criteria, and
statistically analyzed the resulting transformation risk curves of each group. The risk of transformation after
MDS diagnosis remained constant in time within three out of four risk groups, and in all four risk groups, when
patients were classified according to FAB or to the WHO-determined criteria, respectively. Further subdivision
by blast percentage or cytogenetics had no influence on this result. Our analysis suggests that a single random
biological event leads to transformation to sAML, thus calling for the exclusion of time since MDS diagnosis

from the clinical decision-making process. Am. J. Hematol. 00:000-000, 2012.

Introduction

Myelodysplastic syndromes (MDS), one of the most prev-
alent hematological disorders, constitute a heterogeneous
class of stem cell malignancies, characterized by ineffective
hematopoiesis in one or more bone marrow (BM) lineages
[1]. About one-third of patients with MDS progress to MDS-
related acute myeloid leukemia (secondary AML, sAML),
whereas the remaining two-thirds can succumb to progres-
sive BM failure, which leads to bleeding, recurrent infec-
tions, and severe anemia [2]. The prognosis of patients
who undergo transformation from MDS into sAML is gener-
ally grave; most patients are resistant to currently available
treatment options and the long-term survival rate among
treated patients is <10%.

MDS is genetically heterogeneous, showing various mul-
tiple cytogenetic abnormalities, whose causative role in dis-
ease progression is still not completely understood [3].
Recently reported fluorescence in situ hybridization (FISH)
analysis demonstrated that cytogenetic evolution is not
always associated with progression [2,4] and a study of
gene mutations in a large cohort of patients with MDS iden-
tified five genes which correlate with worse prognosis [5].
Notwithstanding the large phenotypic heterogeneity in
MDS, it is still unclear whether the onset of sAML is trig-
gered by a single mutation or epigenetic event, or by an
accumulation of multiple events. Some authors argue that
one genetic event is sufficient for causing sAML [6-8]
whereas others believe that several genetic events are
required for the transformation [9,10]. The latest report on
deep sequencing of the genome in patients with MDS
before and after transformation to sAML [11] demonstrates
complex clonal evolution with acquisition of multiple addi-
tional mutations, co-existing with the MDS founding clone.
This phenomenon may represent general genetic instability
without necessary causative relation. Indeed, recent reports
of mutation analysis in de novo AML suggest that the vast
majority of the detected genetic alterations do not play any
important causative role in leukemogenesis [12].

If SAML transformation depends on the accumulation of
multiple mutations, then the risk of developing sAML should
increase over time. In contrast, if SAML depends on a sin-
gle decisive mutation event, then the risk of transformation
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is expected to remain constant following MDS diagnosis
[14]. Physicians must take into account this risk pattern
when making critical treatment decisions, such as whether
and when to suggest hematopoietic stem cell transplanta-
tion (HSCT), as is done in other high risk premalignant con-
ditions [15]. Currently, HSCT, although highly toxic, is the
only curative treatment that can prevent MDS from deterio-
rating to sAML [16], but studies, examining an optimal
HSCT timing for patients with MDS, vary in their conclu-
sions [17,18]. A statistical model, assuming constant risk of
transformation, proposes delaying transplantation to
improve survival [17], whereas early transplantation has
been recommended based on the observations that
patients with MDS who underwent HSCT relatively late, had
shorter overall survival [18]. Therefore, elucidating the pat-
tern of the sAML transformation risk since MDS diagnosis
may have an important impact on the decisions about
HSCT timing.

Epidemiological studies assessing the risk of AML show
that the risk of all types of AML increases with age [19].
Surveillance Epidemiology and End Results Program,
U.S.A (SEER) estimates the AML age-specific risk for
patients examined between 1975 and 2007 (all races, both
sexes), as 1.4-2 cases per 100,000, per year, when
patients’ age is <65, and 10 times higher for older patients
(www.seer.cancer.gov). In contrast, a surveillance study of
a small cohort of patients with MDS, showed that the risk
of developing sAML declines with time after MDS diagno-
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sis. This decline in risk is said to be due to the tendency of
patients with MDS to succumb to various age-related dis-
eases before sAML transformation [4]. It appears, then,
that the observed pattern of sAML transformation risk over
time is still unclear, and cannot be associated with a spe-
cific pattern of biological events leading to sAML.

Analysis of age-dependent incidence data can be a sim-
ple way for estimating the risk of SAML transformation over
time. Since the biological mechanism, leading patients with
MDS to sAML transformation is not fully understood, this
analysis seems to be the only presently available way of
deducing whether the transformation results from a single
event or from multiple events.

Statistical analysis of cancer incidence combined with
mathematical modeling of the underlying dynamics has been
employed to decipher the number of genetic events required
for malignant transformation in cancer [20,21]. Such analysis
is yet to be performed for MDS—sAML transformation.

In this study, we statistically analyzed a large database
of patients with MDS from the Disseldorf University Hospi-
tal registry, to evaluate sAML risk as a function of time fol-
lowing MDS diagnosis. By calculating the cumulative sAML
risk curve and studying its qualitative behavior over time,
we deduce the dependence of sAML transformation risk on
time from MDS diagnosis. The time-dependence pattern,
we discern, enables to assert whether a single event, for
example, genetic mutation, or multiple events, lead to
sAML transformation.

Methods

Patients. We retrospectively analyzed data from the Dusseldorf
MDS registry, Heinrich-Heine University Hospital, Germany. Patients
were registered and followed between the years 1982 and 2003. All
patients had given written informed consent before any study proce-
dure and the protocol was approved by the local ethics committee.

Patients in the database were grouped according to the IPSS criteria
[22] into Low, Intermediate-1 (Int-1), Intermediate-2 (Int-2), and High
risk groups; grouping is based on the number of cytopenias, BM blast
percentage, and clonal cytogenetic changes. The cutoff for sSAML defi-
nition used in IPSS is 30% according to FAB classification.

We studied the records of 1079 patients, excluding 50 patients, due
to missing or contradicting data records. Ten additional patients had
undergone HSCT and were also excluded. Among the remaining 1019
patients, 98 were secondary MDS. One hundred forty-three patients
had received red blood cell transfusions during the follow-up period.
Median age at MDS diagnosis was 66 years (range: 13-99). The
patient group included 609 males and 410 females (ratio, 1.5:1).

Over the follow-up period, 311 (30.5%) patients were diagnosed with
sAML. Median time to sAML (TTA, defined from the MDS diagnosis till
transformation to sAML) was 17 months (range: 0-410). Median sur-
vival time with sAML was 4.2 months (range: 0—186). Median follow-up
time was 22 months (range: 1-410). Three hundred forty-eight patients
were still alive at the end of follow-up (year 2003). Of these patients,
29 had developed sAML.

Statistical analysis. We used the Kaplan—Meier product-limit estima-
tor method [23] to calculate empirical cumulative hazard functions
(CHFs) of the MDS-sAML transformation time. Censored patients were
defined as those who died before sAML diagnosis or did not develop
SAML during follow-up.

Using a log-rank test [24], we performed a univariate analysis to exam-
ine the effects of age at MDS diagnosis (higher or lower than median
age), gender, and IPSS risk category on TTA. To examine the simultane-
ous effect of these factors on sAML transformation time, we carried out
multivariate analysis using the Cox proportional hazard model [25].

To examine the temporal dependence of the TTA on sAML risk, we
plotted the empirical Kaplan—-Meier CHF of the TTA for each IPSS
group, using a parametric form. We assumed that each biological event
in the sequence leading from MDS to sAML is a Poisson process, hav-
ing a constant occurrence rate. On the basis of this assumption it can
be shown that if transformation to sAML is caused by a single random
event, the resulting transformation risk curve will be constant, repre-
senting the uniform likelihood of this biological event at any given time
[14]. The corresponding CHF is then a linearly increasing function. In
contrast, a patient’s transformation to sAML, being a multistage pro-

cess, will result in a monotonically increasing risk function of sAML
transformation over time, which, accordingly, has a CHF that increases
at a higher-than-linear rate. The pattern of risk is then observed as the
likelihood of undergoing the required number of successive or inde-
pendent biological events, a likelihood that increases over time follow-
ing the MDS diagnosis.

A CHF was initially calculated for each IPSS groups, incorporating all
patients. A deviation from the trends expected of the CHF suggests
heterogeneity among patients in these groups. To prevent a bias due to
heterogeneity, patients with unusually long TTAs were excluded from
the analysis. We excluded patients whose TTA or censoring time
exceeded twice the inter-quartile range above the third quartile of their
risk group’s TTA (box plot criterion). Using the log-rank test, we com-
pared characteristics of the excluded patients to those of the remaining
patients in their respective risk groups to determine the nature and
extent of the differences and to justify their exclusion.

We considered several nested families of parametric distribution (e.g.,
log-normal, generalized gamma, F, etc.) for describing the empirical CHF
of the TTA. We graphically examined the goodness of fit of the various
distributions, using the Cox-Snell residual plot. We chose to use the Wei-
bull distribution in our analysis, owing to its simplicity, flexibility, and the
good agreement with data obtained with the Cox-Snell residual plot (data
not shown). Additionally, abundant theoretical and empirical evidence
robustly support the a priori choice of this distribution [14]. The Weibull
functions for the sAML transformation risk, h(#), and for the CHF, H({),
are given by the parametric forms:

H(t) = &t
h(t) = Ay’

where L > 0 is the scale parameter, and y > 0 is the shape parameter.

We note that the Weibull is a nested distribution, the exponential
being a particular case for y = 1. The parameters of the Weibull CHF
were estimated using the maximum likelihood estimator (MLE) method.
We used log-likelihood ratio statistics for hypothesis examination of the
values of the y MLE shape-parameters [26].

To distinguish between an increasing-risk CHF and a constant-risk
CHF, we used the calculated MLE parameters and examined the fol-
lowing null hypothesis:

Ho : v = 1: The underlying distribution is exponential (implying con-
stant transformation risk) against the alternative.

Hy : vy # 1: The underlying distribution is pure Weibull (implying non-
constant transformation risk). In all statistical tests, results with a P
value <0.05 were considered as statistically significant.

To comply with the new WHO definition of sSAML cutoff point, namely
20% BM blast cell percentage [27], we reiterated our database analysis
after excluding patients having BM blast cell percentage above the new
cutoff point.

In our analysis we avoided the use of frailty or mixture models and
adhered to the simplest models available to explain the TTA distribu-
tion. Although mixture models provide parametric descriptions of sur-
vival times in the presence of heterogeneity, use of these models would
be hard to interpret. Such complications stem from a priori assumptions
about frailty distribution. In addition, we used a simple objective exclu-
sion criterion. Other, more sophisticated, exclusion or outlier detection
techniques seemed too cumbersome.

Further analyses. Each IPSS Risk group was further subdivided
according to blast percentage of its constituent members, and accord-
ing to the IPSS cytogenetic score. Analysis of the CHF and hypothesis
examination was performed on each subgroup similar to the analyses
described earlier.

To eliminate a possible effect of the, rather, arbitrary IPSS cutoff
point, we reiterated all the previous analyses after reclassifying the
patients according to the newly updated definition of MDS, so that
patients whose BM blast cell percentage exceeded 20% were consid-
ered as sAML patients [27]. The total number of patients remaining af-
ter this exclusion was 263, 396, 227, and 51 in Low to High risk
groups, respectively. Among these, the number of patients who devel-
oped sAML was 35, 85, 104, and 30, respectively.

Results
Univariate analysis

A univariate analysis was carried out for evaluating the
influence of individual prognostic factors on the TTA data in
the studied patient group (609 men and 410 women; see
Methods section). Three prognostic factors were examined:
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TABLE I. Patient Characteristics
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Analysis Univariate Multivariate
No. of Patients sAML evolution sAML Overall TTA Hazard

Variable Group (% of total) (% of group) Age™ TTAM [mo] survival [mo] survival [mo] ratio (P value)

Gender

Male 609 (59.7) 186 (30.5) 66 15.3 4 20 1.0.8 (0.27)

female 410 (40.3) 125 (30.5) 66 22.6 3.8 275

IPSS

Low 263 (25.8) 35 (13.3) 66.3 50.3 3.7 431 2.7 (<1075)

Int-1 396 (38.8) 85 (21.5) 66.2 21.7 3.3 24.9

Int-2 227 (22.3) 104 (45.8) 66.5 8 5.5 13.5

High 133 (13.1) 87 (65.4) 65 5 4.6 9

Age 1(0.4)

<66 506 (49.6) 160 (31.6) 58.7 19.1 55 20

>66 513 (50.4) 151 (29.5) 72.4 15.2 3.4 19.5

The univariate analysis of the effect of individual prognostic variables on the TTA. The prognostic variables examined (light gray boxes) were tested for influence using
the log-rank test. Prognostic variables that were found significantly different in the log-rank test (P value < 0.05) are shaded dark gray. Hazard ratio found in the multivari-
ate analysis is shown only for the effect on TTA, the values appearing in the rightmost column are the exponential of the coefficient of regression found in the Cox propor-

tional hazard model when employed using the entire database.
m, median; M, mean; mo, months.
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Figure 1.
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Empirical cumulative sSAML transformation risk in each IPSS group decreases over time. Panel (A) Low risk group, (B) Int-1 risk group, (C) Int-2 risk group,

and (D) High risk group. Empirical cumulative SAML transformation risk in each IPSS group (dark solid line); error bounds (dotted light gray).

age (higher or lower than the median 66 years), IPSS, and
gender. Patients’ characteristics and the influence of each
prognostic factor on the TTA were summarized (Table I).
IPSS was found to be the only prognostic factor with a stat-
istically significant effect on TTA (P value <0.0005) [22].
This justifies the separate estimation of the CHF of each
IPSS group, without incorporating age and gender data.
IPSS groups Low, Int-1, Int-2, and High contained 263,
396, 227, and 133 patients, respectively. Age distributions
were similar across the various risk groups (data not
shown).
Decrease in sAML risk over time may be caused by
intra-group heterogeneity

Calculating the empirical CHFs of each IPSS group
shows that in all IPSS groups, the risk of transformation to
sAML decreases with the time elapsed from MDS diagnosis
at the late stages of follow-up (Fig. 1). This result does not
reflect a multi-event leukemogenesis, expected to yield
increasing transformation risk, nor does it reflect a single-
event hypothesis, for which constant transformation risk is
expected (see Methods).

A close inspection of the empirical CHF curves reveals that
a few patients in each IPSS group had unusually long TTAs,
disparate from the bulk of data of their respective risk groups.
The inclusion of these patients in the IPSS group led to risk-
group heterogeneity, which could obscure the underlying rep-
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resentative CHF, and was the plausible cause of the unex-
plained decrease in sAML transformation risk (see Discus-
sion). Therefore, we excluded these patients from the dataset.

First, we identified candidates for exclusion according to
the objective box-plot exclusion criterion. This criterion
yielded TTA cutoff points of 108.7, 67.7, 36.4, and 21.1
months for the four Low to High risk groups, respectively.
The numbers of patients having TTAs surpassing the cutoff
points were 40, 53, 34, and 16, in Low to High risk groups,
respectively. We statistically compared the data of the
excluded patients with the data of the other patients in their
respective IPSS groups, to determine the nature and extent
of the difference (Table Il). It was found that for IPSS groups
Low, Int-1, and High risk, the excluded patients were signifi-
cantly younger and their hemoglobin levels were signifi-
cantly higher than the other patients in their IPSS groups (P
values < 0.0005 and P values < 0.05, respectively). More-
over, in each IPSS group, the percentage of excluded
patients receiving red blood cell transfusion was lower than
that of the rest of the group. These statistics indicate better
prognosis for the excluded patients.

When we excluded patients with unusually long TTAs
from the analysis, the decreasing deviations of the empiri-
cal CHFs were weakened in Low to Int-2 groups, and the
curves tended to be linearly increasing, implying a constant
sAML transformation risk (Fig. 2). Note that a slight
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TABLE Il. Comparison of Candidates for Exclusion and their Respective Risk Group

Variable Group Age® % BM blasts’ PLT? HB? sAML surv. [mo] Karyo? %Ind? Mean TTA* [mo]
Low

Group 67.3 2 285 10.1 3.5 0 2 -
Excluded 59 1.9 264.2 11 13.3 0 0 186 (173)
Int-1

Group 67.5 41 143.4 9.7 3.2 0 10 -
Excluded 57 3.4 162.9 10.4 4.6 0 4 93 (119)
Int-2

Group 66.6 10.9 108.7 9.2 5.3 0.5 20 -
Excluded 65.8 11 141 10.4 6.7 0.25 16 52 (76)
High

Group 66 21.6 77.9 8.8 4.3 1 43 -
Excluded 59.4 20.3 61.7 9.7 1 0.5 62 29 (108)

A summary of the differences in prognostic variables between long TTA patients (Excluded) and the remaining patients in their risk groups (Group). Variables,
compared using the log-rank test, are shaded in light gray. Variables that differ significantly (P value < 0.05) between the groups are shaded in dark gray.
PLT, platelets; HB, hemoglobin; Karyo, karyotypes (scored by IPSS method, 0—Low, 0.5—-intermediate, 1—High); Ind, induction; mo, months.

2 Mean/
® Median.
* TTA for uncensored patients, time of death for censored-patient data.
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CHF
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Figure 2.
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CHF following exclusion of patients with unusually long TTA suggest a constant age-dependent sAML transformation risk. The parametric exponential CHF

(thin black line) is plotted with its given error bounds (dotted gray) showing the adequacy of the single event model (exponential) in describing the TTA distribution in risk
groups (A) Low, (B) Int-1, and (C) Int-2. (D) In High risk group, a Weibull distribution with decreasing risk appears favorable according to the log-rank ratio statistic test.
However, the apparent decrease in sAML risk over time stands in contrast to both hypotheses of multistage and single event leukemogenesis (see further details in

Results and in Discussion).

decrease of the transformation risk over time was still seen
in the High risk group.
The risk of sAML transformation is constant over time

The observed linearity in the CHF curves, following
exclusion of outlier data, led us to hypothesize that MDS
duration from diagnosis bears no prognostic relevance to
sAML transformation risk. This hypothesis, if true, implies
that a single genetic or epigenetic event, occurring at a ran-
dom point in time, is likely to be responsible for the sAML
transformation (see Methods for explanation). To examine
this hypothesis, we described the empirical CHF by a para-
metric Weibull distribution and statistically tested the value
of its shape parameter, vy, in each IPSS group. This value
indicates whether the risk of transformation as a function of
time is increasing, decreasing, or constant (y = 1). Results
show that in three out of four IPSS groups, the risk of
transformation is constant. In the IPSS High group, the
transformation risk still slightly decreases with time at the
late stages of the follow-up (Table III).

These findings show that for patients in the IPSS Low,
Int-1, and Int-2 risk groups, the risk of SAML transformation

remains constant after MDS diagnosis, indicating a single
genetic or epigenetic event underlying the transformation to
sAML. For the IPSS High group, the constant transforma-
tion risk hypothesis was rejected, and a Weibull model with
decreasing risk over time was favored (y < 1). The para-
metric Weibull CHFs with constant risk (y = 1) are pre-
sented, superimposed on the empirical CHFs (Fig. 2).

To verify that our results do not depend on the IPSS BM
cutoff point defining sAML, which may be somewhat arbi-
trary, we reiterated our analysis after classifying patients
according to the newly updated definition of sAML [27].
Results of the univariate analysis of the corrected patient
groups are consistent with those of the uncensored data
(Table 1) and the null hypothesis was not rejected in any
IPSS group (P values <0.05), suggesting that the model
with constant sAML transformation risk is preferable over
the alternative with increasing risk, for describing the TTA
distribution (Weibull distribution parameter vy = 0.82, 1.13,
1.06, and 1.05 for IPSS groups Low to High, respectively).
This result could also be inferred from the clear linear
trends seen for the CHF (Fig. 3). We conclude that a

American Journal of Hematology



TABLE lll. Test for Constant sAML Risk
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Group Model parameters Low Int-1 Int-2 High
Weibull

»[Cl] 0.002 [9.3 X 107, 3.8 x 1079] 0.0069 [5.1 X 1073, 0.5 X 1079 0.042 [0.034,0.052] 0.140.12,0.18]
v [Cl] 0.82 [0.64, 1.07] 1.13[0.96, 1.32] 0.91[0.8, 1.03] 0.78 [0.68, 0.89]
Exponential

r[Cl 0.0028 [0.002, 0.0036] 0.0062 [0.0045, 0.0068] 0.045 [0.038, 0.053] 0.15[0.12, 0.17]
sAML transformation risk Constant Constant Constant Decreasing

The maximum likelihood estimators of Weibull and exponential model parameters are given alongside the results of the log-likelihood ratio statistics test for adequacy

of each model to describe the TTA distribution.
Cl, confidence interval.

0 20 40 60 80
Time (months)

CHF

0 10 20 30
Time (months)

Figure 3.

CHF
o
[N

0 20 40 60
Time (months)

High

CHF
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Cumulative risk of sAML according to WHO criteria (2008). Cumulative risk of SAML for the patients in the clinical database, excluding those with more than

20 blast cell percentage, is shown to increase linearly with time following MDS diagnosis in each risk group. The maximum likelihood estimator for the risk () parameter
of the exponential distribution, calculated based on patients’ TTA (thick black line), shows the agreement between the observed empirical TTA and an exponential distribu-
tion (gray line; confidence interval is shown in dashed gray lines). In each box, the x-axis represents time post MDS diagnosis, y-axis is the cumulative hazard value.

similar mechanism of transformation exists in the IPSS
High group, as in Low Int-2 groups, suggesting that a single
biological event drives sAML transformation in the High
group as well.

A large heterogeneity exists in MDS. Even within the
IPSS groups, patients vary in blast percentage and cytoge-
netic abnormalities at diagnosis. Therefore, we checked
whether or not further subdivision of the patients within
each IPSS group according to these two parameters can
alter our conclusions (see Methods). Our results show that
the risk of transformation was mostly similar within each
IPSS group (As of the exponential distributions); the risk
group High could not be evaluated, as it contained only two
blast subgroups (Fig. 4). Moreover, the risk of transforma-
tion from MDS diagnosis is constant in all blast subgroups
of all risk groups (Fig. 4).

The number of cytogenetic subgroups was: 1, 3, 3, and 2
in risk groups Low to High, respectively. All patients in risk
group Low had Good cytogenetic scores, whereas no
patients had Good cytogenetic score in risk group High. In
risk groups Int-1 and Int-2 all subgroups were populated
(not shown).

These results show that the exponential distribution was
favored over the Weibull in all risk groups except in the In-
termediate cytogenetic score subgroup, Int-1. One should
conclude, then, that a constant risk of SAML transformation
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characterizes the majority of cytogenetic and blast sub-
groups, consistently with our main conclusion, namely, a
single transformation event from MDS to sAML.

Discussion

Recent genome sequencing shows that MDS-to-sAML
transformation is characterized by multiple cycles of muta-
tion and clonal selection [11]. However, the causal relation-
ships between these dynamic processes and MDS transfor-
mation to sAML is not clear. One possibility is that multiple
mutations are essential for transition to sAML, so that early
medical intervention can reduce its risk. Alternatively, the
multiple mutations that characterize sAML may result from
a permissive mutation-selection process following a single
gene-driven transformation event. In the latter case the risk
of sAML is expected to be constant in time.

In this study we analyzed a large population-based data-
base of patients with MDS, showing that the risk of trans-
formation of MDS to sAML is constant in time elapsed from
MDS diagnosis. The most probable molecular mechanism
underlying this risk pattern is a single genetic or epigenetic
event occurring at a random time after MDS diagnosis in
any single patient. This conclusion is primarily based on
our finding that the risk of developing sAML is constant
over time in three out of four IPSS groups and in all four
risk groups when patients were classified according to the
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WHO-determined blast percentage cutoff point for sAML.
Other plausible molecular scenarios, such as a sequence
of several obligatory random events, would have resulted in
a significant increase in the transformation risk [14,28].

One may speculate that the event driving the transforma-
tion from MDS to sAML is a disruption of the apoptotic
mechanism in BM blasts. Experimental data from studies
examining the pathophysiological differences between MDS
and sAML patients show compelling evidence that the apo-
ptotic rate of immature BM blasts in SAML patients is signif-
icantly lower than that in patients with MDS, whereas prolif-
eration rates remain similar. This discrepancy exists despite
the fact that some anti-apoptotic genes can be activated,
and some pro-apoptotic genes can be down-regulated in
the early stages of MDS [9,29-32]. Probably, these muta-
tions are still insufficient to actually turn off apoptotic mech-
anisms and additional derangements are required.
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Figure 4. Exponential risk parameter of each blast cluster in each risk group as
a function of mean blast percentage of each blast cluster. A near constant trend
appears in all risk-groups (except for High, in which there exist only two clusters),
suggesting that in each risk-group the patients’ blast percentage at diagnosis is
not a predictor for the TTA.
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Our findings imply that even though many genetic altera-
tions take place during sAML evolution, only one random
biological event (genetic or epigenetic) is crucial, leading to
abrupt or gradual patient’s deterioration to sAML [33,34].
The majority of patients with MDS show abrupt type of pro-
gression [13].

Patients with MDS exhibit large heterogeneity in biologi-
cal characteristics and disease severity at diagnosis [4].
This may be due to the relatively high prevalence of the
disease in the population [35], the variability in the patho-
physiological definition of its onset [32,36], and the various
molecular and cytogenetic changes that are associated
with it. Although the IPSS classification criteria deal with
some of the heterogeneity, the stratification of patients with
MDS into only four groups may bias the risk estimation, as
several patients may present physical characteristics of one
risk group, yet their prognosis may well fit another. In our
analysis, the CHF for each IPSS group, incorporating all
the patients, initially showed a decrease in sAML transfor-
mation rate over time (Fig. 1). This decrease is not
expected to occur in either single- or multistage leukemo-
genesis, but can be explained by within-group heterogene-
ity caused by either early dying out of higher risk patients
or by misclassification of a small, lower risk, subgroup.
Therefore, we excluded from the statistical analysis of the
CHF, patients with unusually long TTAs (lower risk in com-
parison to their IPSS groups), by using a one-sided objec-
tive exclusion criterion. The exclusion of these outliers, who
constituted about 15% of their groups (1, 3, 9, and 6
patients for Low to High IPSS groups, respectively; Table
II), had a prominent effect on the shapes of the CHFs, as
was evident from the change in the qualitative behavior of
the CHF curves—from decreasing transformation rate to
constant transformation rate, in IPSS groups Low, Int-1,
and Int-2.

In the IPSS High group, even after exclusion of the long
surviving outliers, the sAML transformation risk remained
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Empirical CHF calculated for the different blast subgroups of each risk group. The increasing risk model (see Design and Methods) and a constant risk model

were evaluated using the empirical Kaplan—-Meier CHF curve (thick black line) for each subgroup (subgroup’s blast percentage limits appears in square brackets above
each box). Results show that in all blast clusters of all risk groups, the constant risk model (gray line) was favored over the non-constant risk model, in line with the single
event model. In each box, the x-axis represents TTA; the y-axis is the cumulative hazard value.
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Figure 6.

Testing the exponential TTA model for describing the empirical CHF of each risk group clustered according to cytogenetic changes score. Results show that

in nearly all clusters the exponential CHF (thin gray line) is favored over the Weibull. The only exception being the Intermediate (0.5) cluster of Int-1, for which the Weibull
with decreasing sAML risk was favored. This shows that homogenization of the risk groups according to karyotypes preserves the constant risk of transformation, in
agreement with the single event model of SAML transformation. Empirical CHF, thick black lines; score of cytogenetic changes, square brackets above each box; 0,

Good; 0.5, Intermediate; 1, Poor.

somewhat decreasing over time (Fig. 2). This result can be
attributed neither to multiple transformation events, which are
expected to yield an increasing sAML transformation risk, nor
to a single sAML transformation event, which is expected to
yield a constant sAML transformation risk. We believe that
this decline may be caused by the residual heterogeneity of
the IPSS High group, including patients who should already
be classified as having sAML. We checked the effect of elimi-
nating from the IPSS High group all the patients whose BM
blast percentage exceeds 20%, suggested by the new MDS
classifications as a threshold for definition of SAML [27]. Our
results show that following this exclusion, sAML risk is con-
stant in the IPSS High group (compare Figs. 2 and 3, lower
right panels). This result supports the generality to all IPSS
groups of our conclusion that the transformation from MDS
to sAML is constant in time. Note that the analyzed patients
were followed-up until 2003, that is, before wide acceptance
of hypomethylating therapeutic agents. Therefore, we disre-
gard the possibility that changes in the standard of care con-
tributed to patient heterogeneity.

Comparison between the prognostic variables of the
patients excluded from the different IPSS group and those
of the other patients in their respective risk groups further
support our exclusion procedure. This comparison showed
that the candidates for exclusion were significantly younger,
presented higher hemoglobin levels at MDS diagnosis, and
fewer of them received red blood cell transfusions. In addi-
tion, although not statistically significant in all risk groups,
candidates for exclusion had lower mean blast percentages
at MDS diagnosis. These factors positively correlate with
improved prognosis and lower risk [37], and thus give bio-
logical support to the exclusion of these patients from the
analysis (Table II).

Improvement in the IPSS scoring method has been sug-
gested by Germing et al., who proposed adding LDH as a
prognostic variable in addition to the IPSS group [38], and
Garcia-Manero et al. [39], who proposed refinement of crite-
ria for classifying lower-risk groups. Here, we propose that
patients with MDS stratification may be improved using addi-
tional recommended risk factors, such as those described
earlier. This will render risk groups more homogeneous and
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the analysis of MDS deterioration to AML more precise. In
general, our results suggest that it would be beneficial to use
a scoring system that stratifies patients into more than four
groups (such as the World Health Organization’s classifica-
tion system [27]) or takes into account time-varying prognos-
tic factors for treated patients, as does the system formu-
lated by Malcovati et al. (WPSS) [33]. Our analysis could
then be repeated for the newly defined risk groups. Cur-
rently, sufficiently long follow-up of large cohorts of patients
with MDS with specifications of all these new prognostic fac-
tors as well as defined mutational status of the aforemen-
tioned genes is unavailable.

Our finding of a constant risk of sAML transformation in
each IPSS group may have important implications. It sug-
gests that the likelihood of a newly diagnosed MDS patient
developing sAML is equal to that of a patient from the
same IPSS group who has had MDS for some time. Our
results further show that the risk of sAML transformation
differs between the IPSS groups, possibly because the
mean BM blast population size at MDS diagnosis, and the
number of patients with high risk cytogenetics, increase
with IPSS risk category (Table II) [22]. If, as we find most
probable, sAML transformation is driven by a single muta-
tion in BM blasts, then the transformation risks differ among
IPSS groups because these group vary in the multiplicative
effect of blast population size and the genetic susceptibility
to mutate (as reflected by cytogenetics).

Further subdivision of the patients within each of the
IPSS risk groups according either to blast percentage or
cytogenetic score did not change our main conclusion: the
transformation rate remained constant over time within 11
out of 15 subgroups according to blast percentage subdivi-
sion, and 7 out of 8 of the resultant cytogenetic score re-
sultant subgroups (Figs. 5 and 6).

In view of evidence that risk of cancer incidence
increases with time in chronic myeloid leukemia (CML) [21],
and pre-malignant conditions in colon cancer [15], it is of
clinical importance to point out the difference between
these diseases and sAML. In contrast to CML and colon
cancer, the risk of sAML transformation in patients with
MDS remains constant over time within each risk group.
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This establishes a scientific basis to the current clinical
practice that tends to ignore the time elapsing from MDS
diagnosis, when patients are considered for HSCT.

In conclusion, the pathophysiological implication of our
results is that only one obligatory stochastic, genetic, or
epigenetic event, is most probably responsible for trans-
forming patients with MDS to sAML. Our finding that the
risk of SAML transformation remains constant after MDS di-
agnosis lays the scientific basis for physicians’ disregard of
the time elapsed following MDS diagnosis, when prioritizing
patients for therapy, including HSCT. On the basis of cir-
cumstantial experimental evidence we speculate that an
aberration in the apoptotic mechanism of BM blasts turns
patients with MDS to sAML. Intensive research is war-
ranted, focusing on the apoptosis-driving pathways as the
plausible genetic aberration responsible for sAML transfor-
mation and as a possible target for therapeutic intervention.
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