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Abstract

Background: Obesity at diagnosis of childhood acute lymphoblastic leukemia (ALL) is
associated with greater risk of relapse; whether this association extends to obesity during
maintenance is unstudied.

Methods: This study used data from AALLO3NL1 to calculate median body mass index (BMI) for
676 children over 6 consecutive months during maintenance therapy; BMI percentile (BMI1%ile)
were operationalized as normal/underweight (<85% ile), overweight/obese (85%—98%ile), and
extreme obesity (=99%ile). Hazard of relapse was estimated using multivariable proportional
subdistributional hazards regression after adjusting for all relevant demographic and clinical
predictors.

Results: Median age at study enrollment was 6 years and median length of follow-up was

7.9 years. Overall, 43.3% of the cohort was underweight/normal weight, 44.8% was overweight/
obese, and 11.8% had extreme obesity. Cumulative incidence of relapse at 4 years from study
enrollment was higher among those with extreme obesity (13.6% = 4.5%) compared to those

with underweight/normal weight (9.0% % 2.1%). Multivariable analysis revealed that children with
extreme obesity had a 2.4-fold (95% confidence interval [Cl], 1.1-5.0; p=.01) greater hazard

of relapse compared to those who were underweight/normal weight. Overweight/obese patients
were at comparable risk to those who were underweight/normal weight (hazard ratio, 0.8; 95%

Cl, 0.4-1.6). Erythrocyte thioguanine nucleotide (TGN) levels were significantly lower among
children with extreme obesity compared to those with underweight/normal weight (141.6 vs. 168.8
pmol/8 x 108 erythrocytes; p=.0002), however, the difference in TGN levels did not explain the
greater hazard of relapse among those with extreme obesity.

Conclusions: Extreme obesity during maintenance therapy is associated with greater hazard
of relapse in children with ALL. Underlying mechanisms of this association needs further
investigation.

Lay summary:
« Findings from this study demonstrate that extreme obesity during maintenance therapy is
associated with a greater hazard of relapse among children with acute lymphoblastic leukemia.

» We show that children with obesity have lower levels of erythrocyte thioguanine nucleotides even
after adjusting for adherence to oral chemotherapy.

» However, these lower levels do not explain the greater hazard of relapse, paving the way for
future studies to explore this association.
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INTRODUCTION

Five-year disease-free survival rates among children with acute lymphoblastic leukemia
(ALL) now approach 90%.1-3 Predictors of relapse include disease biology, treatment
response, and nonadherence to 6-mercaptopurine (6MP) during maintenance.*° An
association between higher body mass index (BMI) at diagnosis and relapse risk has been
reported by some,87 but not others.8:2 These conflicting reports likely stem from the use
of a single BMI measurement at diagnosis to determine risk of relapse that occurs months
to years later; however, BMI changes significantly over the course of ALL therapy.10-12
This point is highlighted by a study that found an association between extremes in body
weight during the post-induction but pre-maintenance phase and relapse risk in children with
high-risk ALL.13 However, evidence for an association between BMI during maintenance
therapy and relapse risk is lacking.

The Children’s Oncology Group (COG) study AALLO3NL1 enrolled children with ALL
entering maintenance in first remission to determine the association between adherence to
oral 6MP and relapse risk.# As part of this study, monthly height and weight, methotrexate
and 6MP dose intensity, and erythrocyte 6MP metabolite levels were measured for 6 months
and patients were followed for up to 10 years. We used this unique resource to test our
hypothesis that a higher BMI during maintenance is associated with a greater hazard of
relapse. Additionally, we explored whether variations in erythrocyte thioguanine nucleotide
(TGN; anti-leukemia metabolite of 6MP) exist between BMI categories, and whether the
association between BMI and relapse risk is explained in part by erythrocyte TGN levels.

MATERIALS AND METHODS

The eligibility criteria for enroliment on COG-AALLO3NL1 included: (1) age <21 years at
diagnosis of ALL, and (2) first remission when entering maintenance. All participating sites
had approval from local institutional review boards and written informed consent and/or
assent was obtained from patients and/or parents or legal guardians before enrollment on
AALLO3NL1. The study schema is provided in Figure S1. Additional details of AALLO3N1
and its primary findings have been previously described.#>14-16 For this secondary analysis,
we excluded patients >19 years because BMI percentiles (BMI1%ile) are not available for
these individuals through the Centers for Disease Control and Prevention (CDC).

Clinical characteristics (age at ALL diagnosis, sex, age at study enrollment, National
Cancer Institute [NCI] risk grouping [standard risk: age, <9.99 years and white blood

cell count <50,000/mms3 at ALL diagnosis; high risk if otherwise], ALL subtype, leukemic
blasts cytogenetics [favorable: #(12;21), hyperdiploidy, trisomy 4 and 10, or trisomy 4,

10, and 17; unfavorable: #9:22), t(4,11), hypodiploidy, or extreme hypodiploidy; neutral:
neither favorable nor unfavorable]) were provided by participating sites. Patients and/or
parents self-reported race/ethnicity, parental education, and annual household income. The
monthly height and weight measurements provided by the participating sites were used

to calculate the BMI (weight in kilograms/height in meters)? and averaged across the 6
months. Dose intensity of 6MP (6MPDI) and methotrexate (MTXDI) were calculated by
dividing monthly prescribed doses (as reported by participating sites) by planned protocol
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doses (6MP = 75 mg/m?/day; MTX = 20 mg/m?/week). Participating sites reported the dates
when oral chemotherapy was held for illness or toxicity. Erythrocyte TGN (in pmol/8 x 108
erythrocytes) was measured from monthly blood samples submitted by participating sites
and averaged across the 6 months. Intrapatient coefficient of variation (CV%) in erythrocyte
TGN was calculated as a ratio of standard deviation to the mean of all measurements

for an individual patient.* Annual updates on clinical outcomes (vital status, relapse, or
second neoplasm) were collected from the sites for up to 10 years from diagnosis. A
subgroup of patients (63%) used the electronic medication monitoring device (TrackCap
Medication Events Monitoring System [MEMS]; MWV Switzerland, Ltd) for measuring
6MP adherence; this group was labeled as the MEMS subcohort. Patients with heterozygous
or homozygous 7PMT-deficiency or mutant NUDT15 genotype (8.9%) were excluded from
the current analysis to ensure homogeneity of the study population.

Statistical analysis

Absolute BMI was converted into BMI percentiles using the CDC age- and sex-adjusted
data.1” Patients were classified into three groups based on BMI percentiles: underweight/
normal weight (<85% ile), overweight/obese (85%—98%ile), and extremely obese (=99%ile)
per American Academy of Pediatrics definitions.1® Because definitions of extreme obesity
have evolved, we also conducted sensitivity analysis defining extreme obesity as BMI
>120% of 95%ile for age and sex.1? Patients from households with annual household
income <$50,000 and parental education <high school were classified as having low
socioeconomic status (SES). Demographic and clinical data were compared across BMI
categories. Logistic regression analyses were used to determine the association between
extreme obesity and age at study entry, sex, race/ethnicity, and SES.

Cumulative incidence of relapse was estimated across BMI categories by treating second
neoplasms and death as competing risks. We examined the hazard of relapse using
proportional sub-distribution hazard regression models by BMI1%ile category (<85%ile
[reference], 85%—-98%ile, and =99%ile) after adjusting for age at study entry, sex, race/
ethnicity, SES, NCI risk group, blast cytogenetics, 6MPDI, MTXDI, number of days
chemotherapy was held due to toxicity/illness, erythrocyte TGN levels, and time from start
of maintenance therapy to study enrollment. For patients in the MEMS subcohort, models
for relapse risk included 6MP adherence (calculated as average of monthly adherence across
the 6 months on study) in addition to the above variables.

Mean erythrocyte TGN levels were compared across the three BMI categories, after
adjusting for age at study participation, race/ethnicity, sex, 6MPDI, and time from start of
maintenance therapy to study enrollment, using generalized estimating equations to account
for repeated measurements. The same analysis was also conducted in the MEMS subcohort,
adding 6MP adherence to the above variables. The effect of erythrocyte TGN metabolites

in explaining relapse risk was assessed using proportional sub-distribution hazard regression
models.

All statistical analyses were performed using SAS software v9.4 (SAS Institute Inc) and
two-sided testes with p < .05 were considered statistically significant.
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Data sharing statement

Requests for AALLO3N1 de-identified data set should be directed to Dr. Smita Bhatia
(smitabhatia@uabmc.edu).

RESULTS

Patient characteristics

Overall, 676 patients were included in this analysis. Table 1 highlights the sociodemographic
and disease characteristics of the patients, overall and by BMI category. The median age

at ALL diagnosis was 5 years (range, 1-18 years) and at study enrollment was 6 years

(2-19 years). The cohort was followed for a median of 7.9 years from study entry (0.1-

13 years). The majority of patients were male (68.6%); 33.3% were non-Hispanic White,
33.3% Hispanic, 17.8% were African American, and 15.7% were Asian. Overall, 29.8% met
criteria for low SES. Most patients had B-lymphoblastic leukemia (88.8%), NCI standard
risk disease (58.0%), and neutral cytogenetics (51.7%). The demographic and clinical
characteristics of the 435 patients in the MEMS subcohort are summarized in Table S1.
Table S2 compares characteristics of patients who participated in the MEMS subcohort to
those who did not. Patients in the MEMS subcohort were younger compared to those not in
the MEMS subcohort (4 years vs. 5 years, p=.04); there were no other differences between
the two groups.

BMI during maintenance therapy

The median BMI%ile for all patients was 88.5 (0-100). Using the predefined BMI cutoffs,
43.3% (n = 293) were underweight/normal weight (BMI <85%ile), 44.8% (7= 303) were
overweight/obese (BMI = 85%-98%ile), and 11.8% (/= 80) had extreme obesity (BMI
=>99%ile). On univariate comparison, patients with extreme obesity were significantly more
likely to be younger at time of diagnosis (p = .01), Hispanic (o =.0001), and from lower
SES (p=.03) when compared with those in the other two BMI categories. No significant
differences were observed in 6MPDI (0.84 vs. 0.88 vs. 0.87, p=.06) and MTXDI (0.85 vs.
0.88 vs. 0.87, p=.2) by BMI categories (<85% ile, 85%—-98%ile, and =99%ile, respectively)
(Table 1). Similarly, among patients in the MEMS subcohort, neither 6MPDI (0.80 vs. 0.87
vs. 0.90, p=.4), MTXDI (0.85 vs. 0.89 vs. 0.89, p=.7), nor adherence to 6MP (91.6% vs.
91.7% vs. 89.8%, p = .4) varied by BMI categories (<85%ile, 85%-98%ile, and =99%ile,
respectively) (Table S1). Median number of days maintenance chemotherapy was held due
to toxicity or illness was also not significantly different between BMI categories among all
patients (o = 0.3, Table 1) and those in the MEMS subcohort (p= 0.7, Table S1).

In a logistic regression model examining factors associated with extreme obesity, Hispanic
ethnicity was associated with twofold greater odds of extreme obesity (95% confidence
interval [CI], 1.03-3.9; p=.02) compared to non-Hispanic White race/ethnicity (Table S3).

Relapse risk by BMI category

In this cohort of 676 children with ALL followed for a median of 7.9 years (0.1-13.0 years)
from study entry, 63 (9.3%) children experienced a relapse. The cumulative incidence of
relapse at 4 years from study enrollment was highest among patients with extreme obesity
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(13.6% + 4.5%) when compared to those who were overweight/obese (7.4% * 1.9%) or
underweight/normal weight (9.0% + 2.1%) (Figure 1). As shown in Figure 2, patients

with extreme obesity had a 2.4-fold (95% ClI, 1.1-5.1; p=.02) greater hazard of relapse
when compared to patients who were underweight/normal weight after adjusting for clinical
characteristics, race/ethnicity, SES, chemotherapy dose intensity, and median TGN levels.
Hazard of relapse among patients who were overweight/obese was comparable to patients
who were under/normal weight (hazard ratio [HR], 0.8; 95% CI, 0.4-1.6; p=.6). After
adjusting for adherence in addition to above covariates, we found a significantly greater
hazard of relapse among patients with extreme obesity in the MEMS subcohort (HR, 3.5;
95% Cl, 1.5-8.5; p=.005) (Table S4). Again, the hazard of relapse for those who were
overweight/obese was comparable to those who were underweight/normal weight (HR, 0.8;
95% Cl, 0.3-2.1; p=.7). Similarly, sensitivity analysis demonstrated an elevated hazard

of relapse among patients with BMI 2120% of the 95%ile (HR, 2.9; 95% CI, 1.5-5.7; p=
.002) in the entire cohort as well the MEMS cohort (HR, 3.8; 95% Cl, 1.6-8.6; p=.002)
compared to those who were under/normal weight (Table S5).

Erythrocyte TGN by BMI category

Compared to patients who were underweight/normal weight, lower erythrocyte TGN levels
were observed in patients who were overweight/obese (mean difference: —13.7 + 5.8 pmol/8
x 108 erythrocytes, p = .02) as well as in those with extreme obesity (mean difference: —27.2
+ 7.4 pmol/8 x 108 erythrocytes, p=.0002) after adjusting for age at study enrollment,
race/ethnicity, sex, 6MPDI, and time from start of maintenance therapy to study enroliment
(Figure 3). The same trends were observed in the MEMS subcohort (Figure S2), where
patients with extreme obesity and those who were overweight/obese had significantly lower
TGN levels (mean difference: —30.8 + 9.4 pmol/8 x 108 erythrocytes, p=.001 and -17.2
+9.4 pmol/8 x 108 erythrocytes, p = .03, respectively) after adjusting for age at study
enrollment, race/ethnicity, sex, 6MPDI, time from start of maintenance to study enrollment,
and 6MP adherence.

TGN levels and relapse risk by BMI category

Table 2 highlights our attempt to examine the role of erythrocyte TGN levels in the
association between BMI categories and relapse risk. Patients with extreme obesity had

a 2.4-fold greater hazard of relapse (95% ClI, 1.2-4.7) in an unadjusted model (model

1) when compared with underweight/normal weight patients. After adjusting for age at
study entry, sex, NCI risk group, blast cytogenetics, 6MPDI and MTXDI, number of days
chemotherapy held due to toxicity/illness, and time from start of maintenance to study entry
(model 2), patients with extreme obesity continued to have a significantly greater hazard
of relapse compared to those who were underweight/normal weight (HR, 2.7; 95% Cl,
1.3-5.7; p=.007). Successive addition of SES (model 3: HR, 2.8; 95% CI, 1.3-5.7; p=
.006), race/ethnicity (model 4: HR, 2.4; 95% CI; 1.1-5.1, p=.02) did not materially alter
the association between BMI and relapse risk. Finally, adding TGN levels (model 5: HR,
2.4;95% Cl, 1.1-5.1; p=.02) or TGN CV% (model 6: HR, 2.5; 95% Cl, 1.2-5.5; p=
.02) to model 4 did not explain the association between extreme obesity and the hazard
of relapse (Table 2). Because there was significant collinearity between NCI risk group
and disease phenotype in our cohort (p < .001) that precluded inclusion of both variables
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simultaneously in a model, we replaced NCI risk group with disease phenotype (T-cell
vs. B-cell [reference]) and found similarly elevated hazard of relapse among patients with
extreme obesity when compared to those who were underweight/normal weight (model
7: HR, 2.6; 95% ClI, 1.2-5.5; p=.02). Table S6 highlights effects of covariates on the
full model. In the MEMS subcohort (Table S4), similar findings were observed, even after
inclusion of adherence to the model (unadjusted model: HR, 3.0; 95% ClI, 1.3-6.5; p=.007,;
final model: HR, 3.5; 95% ClI, 1.5-8.5; p=.005).

DISCUSSION

Prior work has examined the association between obesity at diagnosis and relapse risk in
children with ALL.5-913 To our knowledge, this is the first study to show that extreme
obesity during maintenance therapy is independently associated with relapse in children
with ALL entering maintenance in first remission. We also find that erythrocyte TGN levels
decline with increasing BMI. However, erythrocyte TGN levels fail to explain the greater
hazard of relapse in children with extreme obesity.

The prevalence of obesity has increased over the past several decades among children

and adolescents in the United States.2% Although direct comparisons are not feasible, data
from CDC indicates that prevalence of extreme obesity during the time frame of this
study (2000-2010) averaged approximately 5%, which is lower than almost 12% observed
in this cohort.2! Children and adolescents with ALL have unique therapeutic exposures
(e.g., corticosteroids19), which coupled with limited mobility due to peripheral neuropathy
or during hospitalizations may disproportionately place them at higher risks of obesity
compared to the general population. Almost 60% of the patients in this cohort were at
least overweight or obese, a proportion that appears to be higher than that reported in the
general population, but similar to previous observations among children with ALL during
maintenance therapy.1!

Obesity at ALL diagnosis is associated with a greater likelihood of end of induction minimal
residual disease (MRD) (a strong determinant of relapse risk) and lower disease-free
survival.87 BMI increases significantly over the course of ALL treatment due to therapeutic
exposures®-12: it is possible that there is a concomitant change in the relation between
obesity and relapse risk. Our data indicate that extreme obesity (i.e., BMI =99%ile) during
maintenance is independently associated with a significantly greater hazard of ALL relapse
in children entering maintenance in first remission. Several mechanisms can be postulated
to explain this association between obesity and inferior outcomes in children with ALL.22
First, it has been shown in mice and in vitro models that adipose tissue deposits exert a
survival advantage to the leukemic blasts.23:24 Thus, it is conceivable that patients with
extreme obesity have a greater burden of “protected” leukemic blasts in adipose tissue

that subsequently leads to disease relapse. Second, drug pharmacokinetics in patients with
extreme obesity may be different compared to those who have lower BMIs.2® It has been
shown that mice with diet-induced obesity have lower systemic exposure to vincristine,

a key component of ALL therapy during maintenance, due to altered pharmacokinetics.2
Obesity also induces inflammation, which may contribute to tumorigenesis, drug resistance,
and propagation of leukemic blasts.2”-28 Finally, obesity is associated with obstructive
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sleep apnea, which is associated with intermittent hypoxemia and resistance of cancer
cells to treatment.2® These findings are important because targeted weight-management
interventions are feasible and effective in reducing gain in adipose tissue and improving
disease outcomes in children with ALL and should be tested on larger scale.30

The relationship between BMI and erythrocyte TGN levels has remained unclear in children
with ALL.8:31 We show that erythrocyte TGN levels vary by BMI category, with the
lowest levels being observed in those with extreme obesity. This finding confirms previous
observations among patients with inflalmmatory bowel disease of an inverse relationship
between BMI and erythrocyte TGN levels.32:33 ower erythrocyte TGN levels were
previously shown to increase relapse risk in children with ALL.3435 However, work done
through the COG-AALLO3N1 study has shown that intra-individual variations in TGN
levels, rather than absolute TGN levels, are associated with relapse risk.* We show that
neither absolute erythrocyte TGN levels nor intra-individual variations in the TGN levels
explain the association between BMI categories hazard of relapse, presenting a need to
explore other mechanisms to explain the association between extreme obesity and relapse
risk. Given these data, physicians should continue to dose chemotherapy on blood counts
and organ toxicity, rather than TGN levels even among individuals with obesity.

Our study is limited in not having access to BMI at diagnosis or MRD at the end of
induction. Obesity at diagnosis is associated with greater likelihood of MRD-positivity at
end of induction.® It is possible that children enrolled on COG-AALLO3N1, despite being

in morphological remission when entering maintenance, had detectable MRD at end of
induction that contributed to greater relapse among those with extreme obesity. It has also
been recently shown that obese children are more likely to develop ALL with CRLF2
rearrangements, a recently recognized high-risk subtype that was not tested for at the time
of AALLO03N1.38 This is particularly important because both CRLF2-rearranged ALL37 and
obesity38:39 are more prevalent in children of Hispanic ethnicity; further studies that account
for these variables are needed. Despite these limitations, our study is the first to show
variations in 6MP metabolites by BMI in a large, racially/ethnically, and geographically
diverse patient population. Additionally, we were able to control for adherence to 6MP

and had BMI and 6MP metabolite measurements across several months of observation,
rather than at a single time point. Finally, AALLO3N1 was conducted during the time when
ALL protocols administered monthly corticosteroid pulses. With recent treatment strategies
administering corticosteroids less frequently, the prevalence of obesity may change in this
population, thus altering this relationship between obesity and ALL relapse.

In summary, we show that extreme obesity during maintenance therapy for ALL is
independently associated with greater hazard of relapse. We also find that BMI is inversely
related to erythrocyte TGN levels in children with ALL. Further studies are needed to
understand the mechanism of these observations, such that interventional studies aimed at
reducing relapse risk could be designed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Cumulative incidence of relapse after study enrollment by BMI category in children with
acute lymphoblastic leukemia. BMI indicates body mass index; SD, standard deviation.
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FIGURE 2.

Hazard of relapse by body mass index (BMI) category. Proportional subdistribution hazard
regression showing hazard of relapse by BMI category after adjusting for age at study entry,
sex, race/ethnicity, socioeconomic status, National Cancer Institute risk group, cytogenetics,
median 6MP dose intensity, median methotrexate dose intensity, median thioguanine
nucleotide levels, and time from start of maintenance.
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Fitted means of erythrocyte thioguanine nucleotide in all patients. Model adjusted for age at
study enrollment, race/ethnicity, sex, 6MP dose intensity, and time from start of maintenance

to study enrollment.
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TABLE 2

Hazard of relapse by BMI%ile category among all participants

BMI >99%ile vs. <85% ile  BMI 85%-98%ile vs. <85%ile

HR(95%CI) P HR (95% Cl) P
Model 12 24 (12-47) 01 0.9 (0.5-1.6) 7
Model 27 27 (13-5.7) 007 10(05-18) 9
Model 3¢ 28(1:3-57) 006 0.9(0.5-17) 8
Model 27 24 (11-51) 02 0.8 (0.4-1.6) 6
Model 5¢ 24 (1.1-5.1) .02 0.8 (0.4-1.6) 6
Model 67 25 (1255 02 0.9 (0.4-1.7) 7
Model 79 26 (1.2-5.5) 02 0.9 (0.4-1.7) 7

Abbreviations: %tile, percentile; BMI, body mass index; CI, confidence interval; CV, coefficient of variation; HR, hazard ratio; NCI, National
Cancer Institute; TGN, thioguanine nucleotide.

aUnadjusted HR for relapse risk by BMI category.

Adjusted HR for relapse risk by BMI category, adjusting for age at study entry, sex, NCI risk group, blast cytogenetics, median 6MP dose
intensity, median methotrexate dose intensity, number of days chemotherapy held due to toxicity/illness and time from start of maintenance.

CAdds to socioeconomic strata to covariates included in model 2.

dAdds race/ethnicity (ref: non-Hispanic White) to covariates included in model 3.
EAdds median TGN levels to covariates included in model 4.

fRemoves median TGN and adds TGN CV% to covariates included in model 4.

gSubstitutes NCI risk with disease phenotype (B-cell vs. T-cell [reference]) in model 5.
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