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Abstract

Growing insight into prognosis of pediatric acute myeloid leukemia (AML) survival has led to
improved outcome over time and could be further enhanced through investigation using a large
number of patients. To characterize the extent of the association of pediatric AML survival with its
identified prognostic factors, we analyzed the United States population-based Surveillance
Epidemiology and End Results (SEER) large dataset of 3442 pediatric AML patients diagnosed
and followed between 1973 and 2011 using a Cox proportional hazards model stratified by year of
diagnosis. Patients diagnosed between 10 and 19 years of age were at a higher risk of death
compared to those diagnosed before age 10 (adjusted hazard ratio (aHR): 1.30, 95% confidence
interval (CI): 1.17-1.44). African Americans (1.27, 1.09-1.48) and Hispanics (1.15, 1.00-1.32)
had an elevated risk of mortality than Caucasians. Compared to the subtype acute promyelocytic
leukemia, AML with minimal differentiation (2.44, 1.78-3.35); acute erythroid leukemia (2.34,
1.60-3.40); AML without maturation (1.87, 1.35-2.59); and most other AML subtypes had a
higher risk of mortality, whereas AML with inv(16) had a substantially lower risk. Age at
diagnosis, race-ethnicity, AML subtype, county level poverty and geographic region appeared as
significant prognostic factors of pediatric AML survival in the US. Contrary to previous findings,
the subtypes of AML with #(9;11)(p22;923)MLLT3-MLL, AML without maturation and acute
myelomonocytic leukemia emerged to be indicative of poor outcome.
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1. Introduction

Acute myeloid leukemia (AML) is a heterogeneous group of leukemias that arise from
clonal disorder caused by malignant transformation of a bone marrow-derived, self-renewing
stem cell or myeloid progenitor, which demonstrates a decreased rate of apoptosis as well as
aberrant, and usually limited, differentiation capacity [1]. AML contributes to 18% of
childhood leukemia cases [2] and about 50% of all deaths of pediatric leukemia in the
United States [3]. The age-adjusted incidence rate of childhood AML in the US has been
increasing at 1% per year between 1975 and 2011 and is currently estimated to be 8.5 cases
per million [3,4]. The outcomes of pediatric AML patients vary by morphology, phenotype,
cytogenetics, white blood cell counts, response to therapy and host factors such as age at
diagnosis, race-ethnicity, sex, body mass index, genetic polymorphism and socio-economic
status [5-9]. Survival of childhood AML has dramatically improved in recent decades. The
five-year survival rate has risen to 64% in 2009 from 21% in 1975 [10]. Contributing factors
to the improved survival include refinement in the diagnosis of AML and advancement in
therapeutic approaches. The French—British—American (FAB) classification was proposed in
1976 to classify AML subtypes by morphology [11]. The World Health Organization
(WHO) developed a more refined classification system upon the FAB classification in 2001
by incorporating cytogenetics information and then expanded the subtyping to include more
recent findings in2008 [12,13]. It has been reported that the presence of t(15;17), #(8;21),
inv(16), £16;16), 49;11), Down syndrome, FAB type M3 and molecular evidence of these
abnormalities are favorable; and monosomies of chromosomes 5 or 7, deletion of the long
arm of chromosome 5 (del5q), abnormalities of the long arm of chromosome 3, complex
karyotypes and resistant disease defined as more than 15% bone marrow blasts on recovery
from the first course of chemotherapy are unfavorable prognostic factors of survival. Other
cytogenetic abnormalities or a normal karyotype are stated as indicators of a standard risk of
mortality [14-19]. After adjustment for the effects of cytogenetic and other prognostic
factors, children age 10 years or older at the time of diagnosis are at a greater risk of death
than those diagnosed before age 10 [15]. African American patients have a significantly
worse outcome than their white counterparts [17,18]. Low socio-economic status is reported
to be associated with poor prognosis [6].

Published reports on the associations of pediatric AML with its prognostic factors are based
mainly on studies involving relatively small number of patients, which may not be adequate
for comprehensive exploration of these heterogeneous associations. Also, the risk of
mortality has greatly reduced, and many factors may have lost their prognostic values over
time [5]. In this study, we used the Surveillance Epidemiology and End Results’ (SEER)
large dataset from patients diagnosed and followed between 1973 and 2011 to characterize
the extent of associations of pediatric AML survival with previously identified prognostic
factors. The SEER program of the National Cancer Institute is the most comprehensive and
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reliable source of population-based information in the US on cancer incidence and survival
[20]. Being large and well representative of the study population in the US, the SEER
dataset is ideal for characterizing the complex associations between pediatric AML survival
and its prognostic factors with greater precision. Patients in the SEER dataset were
diagnosed over a span of 39 years and were at varying risk of mortality at the time of
diagnosis as survival improved over time. We stratified the analysis by the year of diagnosis
grouped into 5-year intervals to account for the time-varying survival pattern and performed
a sensitivity analysis to assess the potential effect of using unequal interval of follow-up time
on the estimates.

Methods

SEER data

This study utilized case listings from 17 SEER registries between 1973 and 2011. SEER
currently collects data on patient demographics, incidence, mortality, primary tumor site,
tumor structure and follow-up information from population-based cancer registries covering
approximately 28% of the US population. The SEER covered population is comparable to
the general US population with regards to sex, race-ethnicity, measures of poverty and
education [20]. Detailed descriptions of the SEER data are available in the SEER Program
Coding and Staging Manual [21]. We identified 3450 AML patients aged 0-19 years at the
time of diagnosis. Excluding eight children with missing follow-up time, a total of 3442
subjects were used for the analysis. The following variables were included in this study:

Age at diagnosis
The SEER data included age at diagnosis as <1, 1-4, 5-9, 10-14, 15-19 years. We
dichotomized this variable to be <10 and 10-19 years based on previously established
clinical cut-offs [15,22,23].

Race/ethnicity

We used SEER variables “Race recode (W, B, Al, API)” and “Origin recode NHIA
(Hispanic, Non-Hisp)” to form the following mutually exclusive race—ethnicity groups: non-
Hispanic Caucasian (Caucasian), non-Hispanic African American (AA), Hispanics and
others.

Number of primaries

This variable was defined as the total number of independent reportable tumors of an
individual in the SEER data [24]. The minimum number of primaries was 1 and the
maximum was 3. In our preliminary exploration, we found 3264 (94.8%), 170 (5%) and 8
(0.2%) subjects with 1, 2 or 3 primaries, respectively. Hence, we collapsed this variable into
two categories: 1 and =2 primary tumors.

Receipt of radiation

Information about radiation therapy was recorded in the SEER data as (a) beam radiation,
(b) combination of beam radiation with implant or isotopes, (c) none, (d) radiation, not
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otherwise specified, recommended, (f) refused, and (g) unknown. To recode, (c) and were set
to be “no”; (a), (b), (d) were “yes”; (e) and (g) were “unknown”.

2.6. Year of diaghosis

This variable was recorded in single-year interval. We recoded this variable as 7 five-year
intervals (1973-1977, 1978-1982, 1983-1987, 1988-1992, 1993-1997, 1998-2002, 2003—
2007) and a four-year interval (2008-2011).

2.7. AML subtypes

AML subtypes were classified in SEER data by the International Classification of Diseases
for Oncology, third edition (ICD-0-3)/WHO 2008 definitions and were accessed using the
SEER variable “ICD-0O-3Hist/behav” [21,24]. The AML subtypes as they appeared in the
SEER data, along with italicized abbreviations used in this study, are as follows—9840/3:
acute erythroid leukemia (M6 type), AEL; 9861/3: acute myeloid leukemia, AML-NOS;
9866/3: acute promyelocytic leukemia (AML with 415;17)(g22;q12)) PML/RARA, APL;
9867/3: acute myelomonocytic leukemia, AMML; 9897/3: acute myeloid leukemia with
(9;11)(p22;923);MLLT3-MLL, AML £(9); 9910/3: acute megakaryoblastic leukemia,
AMKL; 9871/3: AML with inv(16)(p13.1922) or {16;16)(p13.1;922), CBFB-MYHL11,
AML inv(16); 9872/3: acute myeloid leukemia with minimal differentiation, AML min diff;
9873/3: acute myeloid leukemia without maturation, AML w/o mat; 9874/3: acute myeloid
leukemia with maturation, AML w/mat; 9895/3: AML with myelodysplasia-related changes
(multilineage dysplasia), AML-MRC; 9896/3: acute myeloid leukemia, £8;21)(q22;922)
RUNX1-RUNX1T1, AML £8); 9920/3: therapy-related (acute) myeloid neoplasm, £AML.
The ICD codes 9840/3, 9861/3, 9866/3, 9867/3, 9897/3 and 9910/3 were reportable since
1978, while the rest of the above were reportable since 2001. In addition, 9898/3: myeloid
leukemia associated w/Down Syndrome and 9865/3: acute myeloid leukemia w/46;9)
(p23;934) DEK-NUP214 became reportable since 2010; only 13 and 1 patients of these two
subtypes were in the data, respectively. None of these 14 patients experienced mortality.

2.8. Percentage of families in county with income below poverty level

The variable was a county-level attribute and indicated the percentage of families with
income below the poverty based on the Census American Community Survey 2007-2011.
The variable was categorized into quartiles. Patients in Quartile 1 were from counties with
the minimum percentage of family-income below the poverty level (approximately the
lowest 25%), while patients in Quartile 4 were from counties with maximum percentage of
family-income below the poverty level (approximately the highest 25%).

2.9. Geographic region

SEER registries are located in 5 regions of contract health service delivery areas (CHSDA)
in the US: East, Pacific Coast, Northern Plains, Southwest and Alaska. Thirteen patients
were from Alaska, and the hazard rate in this region was comparable to that in the Pacific
Coast. We collapsed data from these two regions.
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2.10. Follow-up time and survival status

The follow-up time was documented as the duration from the time of diagnosis to death or
the last day of the available survival information in the SEER registry. The SEER variables
“vital status recode” and “SEER cause-specific death classification” were used to determine
overall and AML-specific mortality, respectively. For the sensitivity analysis, those who did
not experience death within the first five years after diagnosis were censored.

2.11. Statistical analysis

Distribution of the overall and AML-specific mortality were summarized by study variables.
Kaplan—Meier survival curve was used to characterize the crude probability of survival over
time since diagnosis across groups of prognostic factors. A univariable Cox proportional
hazard model was used to determine the association of each study variable with the risk of
mortality of pediatric AML patients. A multivariable Cox proportional hazard model was
used to determine the significant prognostic factors of pediatric AML in the US. Models
were stratified by the year of diagnosis to account for the time-varying survival pattern of
pediatric AML. Age at diagnosis, sex, race-ethnicity, number of primaries, radiation, AML
subtype, percent families with income below poverty in county and geographic region were
used as predictors. Hazard ratios (HR) were reported with associated 95% confidence
intervals (CI). The rationale and a brief description of the stratified Cox proportional hazards
model are provided in the supplementary materials. In addition, we have repeated the
analyses using only the first five-year follow-up data to evaluate the sensitivity of the
estimates using unequal follow-up time. All analyses were two-tailed with the level of
significance of 0.05. The statistical software SAS 9.3 (SAS Institute, Cary, NC) was used for
data analyses.

3. Results

Among 3442 AML patients, there were 48% females, 52% Caucasians, 12% AA, 25%
Hispanics, 54% AML-NOS, 12% APL, 9% AMML and 7% AMKL. Approximately 47%
patients were diagnosed before 10 years of age. There were 1673 (49%) overall and 1383
(40%) AML-specific deaths.

Fig. 1 displays the estimated Kaplan—Meier probability of pediatric AML patients surviving
at any given time since diagnosis by age-group at diagnosis, race—ethnicity and subtype. The
estimates represented the crude proportions of survivals as the analyses were not accounted
for the time varying survival patterns over diagnosis years.

Table 1 presents the distribution of overall and AML-specific mortality and their risks
associated with the study variables. The estimation of HR in this table accounted for the time
varying survival pattern as the model was stratified by year of diagnosis. No substantial
differences were found between the results obtained using overall and AML-specific
mortality except the results related to #AML subtype and number of primaries. Therefore,
results using overall mortality were illustrated unless otherwise mentioned. Compared to
those who were diagnosed before 10, patients between 10 and 19 years of age at the time of
diagnosis showed a higher risk of mortality, HR (CI): 1.23 (1.12,1.36). More on the effect of
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the age at diagnosis using alternative cut-offs could be found in Supplementary Table S1. No
substantial difference in the risks of mortality between males and females was observed (o =
0.20). Although the overall proportion of death was the lowest in Hispanic among the three
race—ethnicity groups, AA and Hispanic AML patients had a higher risk of mortality
compared to Caucasian patients; HR: 1.29 and 1.16 in AAs and Hispanics, respectively. The
presence of multiple primaries was associated with an elevated risk of overall death, HR:
1.25, while risk of AML-specific death in this group was 6 percent of that in the single
tumor group, HR (CI): 0.06 (0.02, 0.17). No substantial influence of the receipt of radiation
therapy was observed on the risk of mortality (o = 0.80). Differential risks of death were
associated with various AML subtypes. Subtypes #AML, AML min diff, AEL, AMML,
AML w/o mat, AML-NOS and AMKL exhibited worse prognosis than that of APL.
Although not significant (p>0.05), AML £9), AML-MRC and AML w/mat also showed a
substantially worse outcome. The estimated risk of mortality in AML inv(16) patients was
half that in the APL patients. The hazard risk of mortality was comparable between AML
#8) and APL. No AML-specific death occurred in the #£AML subtype. In terms of
geographic regions, registries located in the East showed the best prognosis while registries
in the Southwest exhibited worst. In addition to the Southwest, registries in the Pacific Coast
also exhibited a substantially worse prognosis compared to the registries in the East. In
terms of the county level percent families with income below poverty, the risk of mortality in
the Quartile 4 was 1.25 times of that in the Quartile 1. The risk was comparable among
Quartiles 1-3. Unequal follow-up time of patients was unlikely to influence the estimates.
No substantial differences were observed between results using the entire follow-up time in
Table 1 and only the first five years of follow-up time in the Supplementary Table S2.

Table 2 shows the adjusted hazard ratios (aHR) of pediatric AML patients associated with
the influential prognostic factors estimated using a multivariable Cox proportional hazards
regression model stratified by the years of diagnosis. In the multivariable model, age at
diagnosis, race—ethnicity, AML subtypes, geographic region and percentage of families
below poverty in the county remained as significant prognostic factors for the survival of
pediatric AML patients. Number of primaries failed to retain the significance that was
detected in the univariable model. Patients diagnosed with AML at or after the age of 10
years on average had a 30% increase in the risk of mortality compared to those diagnosed
before 10. Similarly, AA (aHR: 1.27) and Hispanic (aHR: 1.15) pediatric AML patients had
worse outcome than their Caucasian counterparts. The discrepancy in the risk of mortality
between AML subtypes remained as it was in the univariable model—+AML, AML with
min diff, AEL, AMML, AML w/o mat, AMKL and AML-NOS were associated with
elevated risk of mortality compared to that of APL, while, AML inv(16) exhibited an
average of two-fold survival advantage. The outcome of AML #8) was comparable to that of
APL.

4. Discussion

Studies recognized a growing list of prognostic factors of AML survival over the past few
decades. The better understanding of this disease allowed more precise treatment and
eventually contributed to improved survival patterns over time. Age at diagnosis, race—
ethnicity, socio-economic status, and cytogenetic and morphologic features emerged as the
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crucial factors in the prognosis of pediatric AML survival. The present study confirmed
previous findings and provided estimates with greater precision utilizing a large population-
based dataset with long-term follow-up to quantify the heterogeneous association between
prognostic factors and AML survival.

Likewise in previous studies [14-16], age at diagnosis remained as a significant independent
factor in our study. The risk of mortality in patients who were diagnosed at an older age (10—
19 years) was 1.30 times that of those who were diagnosed at a younger age. This estimate
was 1.63 in the study by Razzouk et al. [15]. Age-associated biological features and their
response to therapy might be the contributors of this difference in the survival of AML
patients [7,15,18]. Disparity in the distribution of AML subtypes over age groups in the
SEER dataset could partially support the age dependence of biological features. The
prevalenc of APL, AMML, AML inv(16), AML w/o mat, AML w/mat, AML £8) and #
AML were higher among patients diagnosed at ages =10 years; while most patients with
AMKL were diagnosed at ages <10 years. AML inv(16), the most survival-favorable
subtype in our study, exhibited an age dependence response. Six out of 32 patients of ages
10-19 years at diagnosis died in this subtype, while none of 16 patients diagnosed at a age
<10 years died.

AA and Hispanics had been identified to have a worse outcome than their Caucasian
counterparts [3,17,18]. Our study demonstrated that AAs had the poorest outcome (aHR:
1.27), followed by Hispanic patients (aHR: 1.15). The racial differences in AML survival
may be attributed to the genetics, differential access to the medical facilities and differential
response to therapies [17,18,25]. In SEER data, proportions of AA patients were relatively
lower in AML inv (16) and AML £8), two subtypes with survival advantages. The worst
survival in AA could be partly explained by the worse county level poverty. About 23% of
patients in Quartile 4 of the percentage of families in the county with income below poverty
level were AA, while the percentages of AA were 5-12%, monotonically increasing in
Quartiles 1-3.

Advances in identifying morphological and cytogenetic risk factors helped in classifying
AML patients into high-, low-, and intermediate-risk groups of mortality. Differential
survival outcomes of AML subtypes were demonstrated in numerous studies
[7,14,15,18,26]. In our study, AML with inv(16) and #AML showed the lowest and highest
risk of mortality, respectively. The order of the other subtypes from higher to lower risk
compared to that of APL are as follows: AML min diff, AEL, AMML, AML w/o mat,
AMKL, AML t(9), AML-NOS, AML-MRC, AML w/o mat. While others reported AML
#9), AML w/o mat and AMML as survival favorable subtypes [6,7,27,28], findings of our
study revealed these as highrisk subtypes, which could partly be attributed to the worse
response to therapy [29,30]. AEL is a heterogeneous subtype, and survival outcome was
reported to vary by cytogenetic abnormalities [28]. Our study demonstrated this as a high-
risk subtype. Findings of our study also demonstrated AMKL and AML-NOS as pediatric
survival unfavorable subtypes and AML-MRC with intermediate mortality risk. Like other
studies, our study indicated that AML w/mat, AML #£8), AML inv(16) and APL were
survival favorable subtypes. All 19 patients having #AML died from non-AML causes.
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Since tAML is a clinical syndrome recognized as a complication after cytotoxic and/or
radiation therapy [30], this result came as no surprise.

Our study confirmed the role of socio-economic status on the prognosis of AML survival
reported by Petridou et al. [6]. Patients from counties with higher percentages of families
below poverty level showed a worse prognosis. Our study identified patients from the
Southwest region of the US with the worst prognosis. No previous studies reported this fact
for AML.

Findings of our study did not suggest association of sex, radiation therapy, and number of
primaries with pediatric AML survival after adjustment for other prognostic factors.

Like most epidemiological studies, the current study was not without limitations. First, our
results might be driven in part by the effect of unmeasured confounders. There was limited
information of treatment in the SEER data. Secondly, event-free survival, an important
oncologic outcome, is missing in the SEER data. Thirdly, the follow-up periods tended to be
shorter for patients diagnosed more recently. However, our results were not limited by this
variability of the follow-up time, as verified by the sensitivity analysis. Lastly, AML survival
improved dramatically over time, causing the baseline hazard to differ during the study
period; also, proportion of Hispanics patients increased over time in SEER data. These
improved survival and increased proportion of Hispanic patients over time induced an
artifact (Fig. 1) in the non-stratified analysis that Hispanics had better outcomes than
Caucasians. The stratified analysis handled this constraint of the population-based data
successfully (Tables 1 and 2). This is the result of the well-known Simpson’s paradox.

In conclusion, the study identified age at diagnosis, race-ethnicity, AML subtypes, county
poverty level and geographic regions as key prognostic factors of AML survival in the
United States SEER large dataset. It also demonstrated the importance of employing a
proper strategy to address complicacies in the analysis of population-based dataset.
Although survival improved over time, prognostic values of host, disease, socio-economic
and environmental factors remained significant. Complex interactions of these factors,
unknown biological processes, and response to therapy might give rise to these associations.
Future research could focus on better understanding of interactions of these processes, and
elucidating their mechanisms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Time since Diagnosis (months)

Survival of pediatric AML patients by prognostic factors, SEER data, 1973-2011. Survival
(unadjusted) by AML subtype was displayed in two plots due to difference in SEER
reporting years (Table 1). Subtypes including APL and others (lower left) were available
since 1978; data for AML inv(16) and other subtypes (lower right) were available since

2001.
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Table 2

Association between prognostic factors and overall survival of pediatric AML patients in the multivariable
Cox proportional hazards model stratified by year of diagnosis, SEER data, 1973-2011.

Variables aHR? (95% Cl*) p-value

Age at diagnosis (years)

<10 - -

10-19 1.30 (1.17,1.44) <0.0001
Sex

Female - -

Male 1.02(0.93,1.13)  0.66
Race-ethnicity

Caucasian - -

Hispanics 1.15(1.00, 1.32) 0.05
AA 1.27 (1.09, 1.48) 0.002
Number of primaries

1 - -

22 1.11 (0.88, 1.40) 0.39
Radiation

No - -

Yes 0.94 (0.81, 1.10) 0.44
Subtype

APL - -

AML-NOS 1.77 (1.45, 2.15) <0.0001

AEL 2.34 (1.60, 3.40) <0.0001

AMML 1.96 (1.54,2.49)  <0.0001

AML inv(16)  0.48(0.21,1.10)  0.08
AML mindiff 244 (1.78,3.35)  <0.0001
AML wfomat  1.87 (1.35,259)  0.0002
AML w/mat 1.27(0.94,1.72) 0.3

AML-MRC 158(0.82,3.02) 017
AML 18) 1.08(0.64,1.82)  0.79
AML £9) 1.80(0.99,3.27)  0.06
AMKL 1.83(1.39,2.42)  <0.0001
t-AML 3.77(2.20,6.45)  <0.0001

Geographic region
East - -
Pacific Coast 1.15(1.01, 1.32) 0.03
Northern Plains  1.08 (0.92, 1.26) 0.38
Southwest 1.28 (1.06, 1.54) 0.01
Percent families below poverty
Quartile 1 - -
Quartile 2 0.97 (0.85,1.11)  0.65
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Variables aHR? (95% Cl*) p-value
Quartile 3 0.98 (0.86, 1.13) 0.82
Quartile 4 1.19 (1.02, 1.39) 0.03

*
Cl: confidence interval.

aaHR: adjusted hazard ratio.
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