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ABSTRACT

Background: Long-term survival rates for children with acute lymphoblastic leukemia (ALL) have not improved in some countries, with undernutrition
and obesity identified as potential contributing factors.

Objectives: To evaluate the relationship between undernutrition and obesity in long-term survival in Mexican children with ALL.

Methods: A cohort study included children <18 y, newly diagnosed with ALL between 2010 and 2013, treated at 8 public hospitals in Mexico City.
Patients were followed from the diagnosis confirmation. Nutritional status at diagnosis was classified with body mass index (BMI) using the World
Health Organization (WHO) and the Centers for Disease Control and Prevention (CDC) criteria. The primary outcome variables were relapse and death
>5 y of follow-up. Hazard ratios (HR) with 95% confidence intervals (CI) were reported using a Cox proportional hazards model adjusting for sex,
socioeconomic status, immunophenotype, NCI risk classification, and treatment protocol.

Results: A total of 1254 children were diagnosed with ALL. Information was complete for the WHO classification in 1072 patients (85.5%) and for the
CDC classification in 997 patients (79.5%). Using WHO criteria, 7% of patients were undernourished, and 13% were overweight or obese; with CDC
criteria, the corresponding prevalences were 14.8% and 27.1%. A higher risk of relapse was observed among patients with overweight and obesity (aHR
= 1.43; 95% CI: 1.02, 2.00) using the WHO classification. Following the CDC classification, patients with obesity also showed an increased risk of
relapse (aHR = 1.33; 95% CI: 0.94; 1.89). Additionally, a higher risk of death was noted among patients with overweight or obesity (aHR = 1.65; 95%
CI: 1.25, 2.19) using WHO criteria, whereas under the CDC classification, the increased risk of death was observed in patients with obesity (aHR =
1.65; 95% CI: 1.24, 2.20). No significant associations were found between undernutrition and either relapse or death.

Conclusions: Undernutrition was not associated with long-term survival in pediatric patients with ALL. However, overweight and obesity at diagnosis
were associated with relapse and increased mortality, highlighting the importance of addressing these factors through interventions focused on nutri-
tional optimization, especially regarding obesity prevention and management, at or prior to diagnosis, to improve outcomes in Mexican children with
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ALL.
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Introduction

Acute lymphoblastic leukemia (ALL) is the most common child-
hood cancer worldwide [1]. In Mexico, incidence continues to rise [2],
and mortality remains higher than in other countries [3], with no recent
improvement [4]. Concurrently, Mexico ranks among the nations with
the highest prevalence of childhood overweight and obesity [5].
Although several predictors of adverse outcomes in pediatric ALL are
well established, including host characteristics, leukemia biology,
treatment protocols, and treatment adherence [6], the prognostic sig-
nificance of having overweight or obesity at diagnosis remains
inconsistent. Some studies suggest that these conditions increase
relapse risk and reduce event-free survival [7-10], whereas others do
not confirm these associations [11-13]. In parallel, research on bone
marrow adipose tissue (BMAT) has advanced considerably [14].
BMAT, which constitutes nearly 45% of marrow volume, is now
recognized as a dynamic endocrine organ influencing hematopoiesis.
Its effects are mediated by adipokines such as leptin, although evi-
dence regarding their impact on B-lymphopoiesis remains conflicting
[15,16]. Moreover, the bone marrow niche is increasingly understood
as a protective sanctuary for leukemic cells, contributing to disease
initiation, progression, and treatment resistance [14-20]. Adipocytes
appear to support these processes by providing metabolic substrates
and shielding leukemic blasts from chemotherapy-induced apoptosis
through multiple mechanisms [21-24].

On the other hand, Mexico was among the first countries to
demonstrate that children with undernutrition and ALL experience
significantly poorer long-term survival than those with adequate
nutritional status [25]. A second study reported that children with
undernutrition had a 2.6-fold higher risk of death during remission
induction (95% CI: 0.55, 11.89) compared with well-nourished
counterparts [26]. More recently, the Mexican Interinstitutional
Group for the Identification of the Causes of Childhood Leukemia
(MIGICCL) evaluated undernutrition as a predictor of early mortality.
Although undernutrition was not associated with mortality during
remission induction, children with undernutrition and high-risk ALL

had a significantly increased risk of death at 6 mo (HR 2.08; 95% CI:
1.08, 4.01) [27]. In another study, the same group reported that having
overweight or obesity at diagnosis was associated with an increased
risk of early death, although not with early relapse [28]. Together,
these findings highlight that both undernutrition and excess weight
may influence prognosis in pediatric ALL, particularly in
resource-limited settings. However, heterogeneity across studies un-
derscores the need for additional research to clarify the long-term
impact of nutritional extremes.

Given these gaps, the present study aimed to evaluate the associ-
ation between nutritional status at diagnosis, specifically undernutri-
tion, overweight, and obesity, and long-term survival in children with
ALL treated in an upper-middle income country. We hypothesized that
overweight and obesity would be associated with higher long-term
risks of relapse and death, whereas undernutrition would not signifi-
cantly affect survival.

Methods

Study setting and participants

The MIGICCL conducted a multicenter retrospective cohort study
across 8 public hospitals in Mexico City. The study included children
diagnosed with ALL between January 1, 2010, and December 31,
2013, at any of the participating hospitals. Approval by the National
Scientific Research and Ethics Committee of the Mexican Institute of
Social Security was obtained with the number R-2015-785-070.
Written informed consent for participation was obtained from the
parents of the participants or their legal guardians.

The sample size was estimated based on an expected mortality rate
of 24% in patients with obesity compared with 10.8% in patients
without obesity, using a 2-sided test with 80% statistical power and a
95% confidence level. These estimates were informed by the study of
Baillargeon et al. [29] in a cohort of predominantly Hispanic children
with ALL. Based on these parameters, the minimum required sample
included 83 patients with obesity and 330 patients without obesity to
detect statistically significant differences in mortality between the
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groups. Each child was followed for 60 mo from the time of diagnosis
confirmation. The diagnosis of ALL was based on the morphological
and immunophenotypic characteristics of leukemic cells. The
participating institutions were the Instituto Mexicano del Seguro So-
cial (IMSS), the Secretaria de Salud (SS), the Secretaria de Salud de la
Ciudad de Mexico, and the Instituto de Seguridad y Servicios Sociales
de los Trabajadores del Estado. All patients were treated according to
the chemotherapy protocol of the hospital where they received medical
care, including the St. Jude Total Therapy Study XIII-B protocol [30],
the Modified ALL-BFM-95 protocol [31], and the DFCI-ALL Con-
sortium Protocol 00-01 protocol [32], which will be analyzed in
another manuscript.

Data collection

Information regarding child’s sex, age at diagnosis, place of resi-
dence, white blood cell (WBC) count, immunophenotype (B or T
lineage), weight, and height (or length when appropriate) at diagnosis,
and treatment protocol was collected from the patient’s clinical charts
by previously standardized staff. Maternal education was used as a
proxy for socioeconomic status (SES), categorized according to the
strata previously applied in the Childhood Cancer & Leukemia In-
ternational Consortium studies [33]: 0-9 y, 9.1-12.9 y, and >13 y.
Risk classification was based on the criteria of the National Cancer
Institute (NCI): standard risk (ages 1-9.99 y; WBC count < 50 x
10%/L) or high risk (age <1 y or >10y, or WBC >50 x 10°/L).
Mortality was defined as the death of a patient at any time and from
any cause, from the confirmation of diagnosis through 5 y of
follow-up. Relapse in the bone marrow was defined as the presence of
>25% lymphoblasts in a bone marrow aspirate after achieving com-
plete remission (CR). Central nervous system (CNS) relapse was
characterized by the presence of morphologically identified lympho-
blasts in cerebrospinal fluid cytocentrifuge preparations with a
mononuclear cell count >5/mL, cranial nerve paralysis, or any other
extramedullary site, > 60 mo following the first CR.

Assessment of nutritional status at diagnosis of ALL

BMI (in kg/m?) at diagnosis was used in the analysis. In this study,
undernutrition was defined specifically as low BMI-for-age (thinness),
following international recommendations from the WHO and the
Centers for Disease Control and Prevention (CDC). This operational
definition corresponds to a BMI-for-age Z score below —2 SD (and
<—3 SD for severe undernutrition) using WHO standards, and <5th
percentile using CDC criteria [34]. It is important to note that in this
context, undernutrition refers exclusively to thinness based on
BMI-for-age and does not include other anthropometric dimensions,
such as chronic stunting (low height-for-age) or acute wasting (low
weight-for-height), which were not assessed due to data limitations.
Using WHO Anthro and AnthroPlus for PC software (version 3.2.2,
World Health Organization), the BMI-for-age z-scores were calculated
for each patient. Using the WHO classification, patients were cate-
gorized as normal (—1.9999 to 0.9999), undernourished (—2 to
—2.9999), severely undernourished (>—3), at risk of overweight (1 to
—-1.9999), overweight (2-2.9999), and obese (>3) [34]. In addition, the
BMI percentiles cutofts provided by the CDC were as follows: normal
(p5 — 84.9999), undernourished (< p5), overweight (p85 — 94.9999),
and obese (> p95). Children <2 y of age were excluded from the CDC
BMI classification analysis, as BMI measurements are less reliable for
this age group due to early childhood growth variations. Additionally,
the CDC calculator used in this study reports BMI data for children
and adolescents aged 2—19 [35]. This dual approach allowed us to
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conduct meaningful epidemiological comparisons using WHO
z-scores, while also reporting findings in clinically interpretable terms
using CDC percentiles. It also ensures consistency with prior literature
and guidelines, which often report results using both systems for
comparability [36-39].

The nutritional classification and validation of weight and height
measurements recorded in clinical files to classify patients' nutritional
status in the present study have been described elsewhere [27].

Statistical analysis

Data analyses were performed using SPSS version 30 (IBM Corp).
Descriptive statistics were generated to summarize baseline de-
mographic and clinical characteristics. Time-to-event outcomes
(relapse and death) were evaluated using Cox proportional hazards
models, and hazard ratios (HRs) with 95% confidence intervals (CIs)
were estimated. An alpha level of 0.05 was used as the threshold for
statistical significance. For all models, the reference group was defined
using the BMI classification system applied. Under the WHO criteria,
children with normal BMI-for-age values (—1.99 to +-0.99 SD) served
as the reference category. Under the CDC criteria, the reference group
consisted of children whose BMI-for-age percentiles fell within the
normal range (Sth to <85th percentile). All HRs presented in the re-
sults represent comparisons between each nutritional status category
and its respective reference group.

Survival analyses were conducted separately for relapse [disease-
free survival(DFS)] and mortality events [overall survival, (OS)]
over a follow-up period of >5 y. DFS was defined as the time from
diagnosis to the earliest occurrence of relapse, death, or last follow-up.
Patients who did not experience an event were right censored at the
date of their last contact. OS was measured from diagnosis until death
from any cause or last follow-up. Importantly, patients who experi-
enced relapse remained in risk set for the OS analysis. Right-censoring
was applied at the last known follow-up date for patients who were
alive at the end of the study period. The covariates included in the
multivariable models were selected a priori using a theory-driven
approach, based on their well-established association with relapse
and mortality in pediatric ALL, as documented consistently in the
literature, including age, sex, socioeconomic status, immunopheno-
type, NCI risk classification, and treatment protocol. Gene rear-
rangements were excluded due to incomplete data in a large proportion
of patients. A high correlation (0.64) was observed between age and
NCI risk classification using correlation matrix analysis. Two Cox
proportional hazards models were developed to address potential
collinearity between age and NCI risk classification. In the first model,
age was included; in the second, it was excluded. The hazard ratio for
obesity was 1.647 with age in the model and 1.648 without it, a
negligible difference of 0.06%. Given this minimal variation and to
avoid multicollinearity, age was excluded from the final model. NCI
risk classification was retained, as it already incorporates age and
white blood cell count, providing a more comprehensive risk stratifi-
cation. Interaction terms between nutritional status and each control
variable (treatment protocol, immunophenotype, sex, maternal edu-
cation, and NCI risk classification) were tested. To evaluate the rele-
vance of including these interactions, the models were compared with
and without interactions by estimating the difference in —2 log-
likelihood values and degrees of freedom, which showed no signifi-
cant improvement in model fit (X2 =23213,df=16,P > 0.1). As a
result, the final model excluded interaction terms. To assess the pro-
portional hazards assumption, the Schoenfeld residuals were calcu-
lated and plotted (data not shown). The analysis demonstrated that the
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hazards associated with undernutrition and obesity remained stable
over the 5-y follow-up period, under both WHO and CDC classifi-
cations. Consequently, the most parsimonious model included sex,
SES, immunophenotype, NCI risk classification, treatment protocol,
and nutritional status.

Results

During the study period, 1254 children were diagnosed with ALL
at the participating hospitals; their baseline characteristics are shown
in Table 1. Of these, 26 children (2.1%) were excluded due to Down
syndrome, as their biological and clinical profiles require a separate
analytical approach. An additional 113 children (9%) could not be
included because they were nonresidents of Mexico City and lacked
follow-up information, and 43 children (3.5%) were excluded due to
missing weight and/or height measurements at diagnosis, which pre-
vented BMI calculation. Consequently, 1,072 patients (85.5%) had
complete anthropometric data for WHO BMI classification, and 997
patients (79.5%) had complete information for CDC BMI classifica-
tion (Figure 1). A comparative analysis demonstrated significant dif-
ferences in 3 baseline characteristics between patients included in the
BMI analysis and those excluded due to missing BMI data: sex, age,
and treatment protocol. Among patients without available nutritional
status measurements, 13.5% were aged >15 y compared with 6.7%
among those included (P = 0.04), 54.5% were female compared with
44.4% in the included group (P = 0.02), and 82.1% had received the
St. Jude Total XIII-B regimen compared with 47.9% of those included
(P < 0.01).

Among the 1,072 children eligible for WHO classification, 75 (7%)
were younger than 24 mo and were therefore not included in the CDC
classification, in accordance with CDC guidelines, which do not
recommend BMI-for-age percentiles for children <2 y of age. For this
age group, WHO charts are preferred. A comparison of demographic
and clinical features between children >24 mo and those <24 mo
showed no significant differences in sex distribution, immunopheno-
type, NCI risk status, parental education, or household crowding (data
not shown). However, infants (<24 mo) exhibited significantly higher
frequencies of adverse prognostic indicators, including leukocyte
counts >50 x 10°/L, high-risk genetic rearrangements (e.g., MLL-
AFF1, BCR-ABL1), CNS-3 involvement, and increased rates of
relapse and death (P < 0.01).

Using the WHO BMI classification, 660 patients (61.6%) had a
normal nutritional status, 197 patients (18.4%) were at risk of over-
weight (ROW), 95 patients (8.8%) had overweight (OW), and 45
patients (4.2%) had obesity (OB). Using the CDC classification, the
distribution was as follows: 579 patients (58.1%) had a normal
nutritional status, 148 patients (14.8%) had undernutrition, 129 pa-
tients (13%) had OW, and 141 patients (14.1%) had OB. Most patients
classified as OW by WHO (92%) also met the criteria for OB using
CDC BMI classification.

A total of 300 relapses (24.8%) occurred in the entire population.
The primary sites of relapse were bone marrow (62.6%), followed by
the central nervous system (4.7%). Furthermore, the overall mortality
rate <5-y was 30.7% (n = 385) (Table 1). The variables associated
with an increased risk of relapse or death are presented in Supple-
mentary Table 1.

Table 2 shows the percentage and HRs for relapse in patients with
ALL over a 60-mo follow-up, categorized by BMI using WHO and
CDC criteria. Using the WHO classification, patients with
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TABLE 1
Characteristics of pediatric patients with ALL diagnosed between 2010 and
2013 at participating hospitals in Mexico City (n = 1254)

Variable n (%)
Child’s sex
Female 570 (45.5)
Male 684 (54.5)
Age at diagnosis (age group in years)
<1 34 2.7)
14 486 (38.8)
5-9 354 (28.2)
10-14 286 (22.8)
>15 94 (7.5)
Leukocyte count at diagnosis in peripheral blood (/pL)
<50,000 978 (78.0)
>50,000 276 (22.0)
Immunophenotype
T-lineage 116 9.4
B-precursor 1084 (86.4)
Mature B-cells 20 (1.6)
Biphenotypic 34 (2.8)
Gene rearrangements
Performed 771 (61.5)
Detected 118 (15.3)
ETV6/RUNXI1 55 (7.1)
TCF3/PBX1 37 (4.8)
BCR/ABLI 18 (2.3)
MLL/AFF1 8 (1.0)
Not detected 653 (53.1)
Not performed 483 (38.5)
Risk classification'
Standard 691 (55.1)
High 563 (44.9)
Stacking level (Bronfmans criteria)
Not crowded 194 (15.5)
Semicrowded and crowded 1060 (84.5)
Place of residence
Outside Mexico City 286 (22.8)
Residents of Mexico City 968 (77.2)
Mother's education level (years of schooling)
0-9 314 (25.0)
9.1-12.9 749 (59.7)
>13 191 (15.2)
Father's education level (years of schooling)
0-9 330 (26.3)
9.1-12.9 690 (55.0)
>13 234 (18.7)
Nonrespondents 324 (25.8)
Nutritional status using WHO criteria (85%, N = 1072)
Severely undernourished (>—3) 26 2.4)
Undernourished (-2 to 2.99) 49 (4.6)
Normal (—1.99 to 0.99) 660 (61.6)
Risk of overweight (1-1.99) 197 (18.4)
Overweight (2-2.99) 95 (8.8)
Obese (>3) 45 4.2)
Nutritional status using CDC criteria (79.5%, N = 997)
Undernourished (<p5) 148 (14.8)
Normal (5-84.99) 579 (58.1)
Overweight (p85-94.99) 129 (13.0)
Obese (p > 95) 141 (14.1)
Relapse within 60 mo
No 909 (75.2)
Yes 300 (24.8)
Missing data 45 3.6)
Sites of relapse
Bone marrow (isolated) 194 (62.6)
Central nervous system (isolated) 59 “4.7)
Bone marrow + other site 41 3.3)
Testicle/ovary 9 0.7)

(continued on next page)
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TABLE 1 (continued)

Variable n (%)
Parotid 7 (0.6)
Death within 60 mo
No 824 (65.7)
Yes 385 (30.7)
Missing data 45 3.6)

! Risk classification using the National Cancer Institute criteria.

Children diagnosed with ALL during
the study period: 2010-2013
(n=1,254)

I ( Excluded ]

‘ L Down syndrome (n=26)
Cohort
(n=1,228)

Excluded
Non-Mexico City
residents due to loss to
follow-up (n= 113)
Missing anthropometric
data (n=43)

Children with complete WHO BMI
classification

(@=1072)

Children <24 months
_— excluded from CDC BMI
classification (n = 75)

Children with complete CDC BMI
classification

(n=997)

FIGURE 1. Children diagnosed with ALL, between January 1, 2010, and
December 31, 2013. Distribution of cases analyzed using WHO criteria and
CDC criteria.

TABLE 2
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undernutrition had a relapse HR of 0.62, which was not statistically
significant. In contrast, patients with OW showed a significantly
increased relapse risk (HR = 1.62; 95% CI: 1.11, 2.37), whereas OB
was not significantly associated with relapse. Using the CDC classi-
fication, the HRs for relapse in patients with undernutrition and
overweight were also not significant. However, obesity was signifi-
cantly associated with relapse (HR = 1.41; 95% CI: 1.00, 2.01).

Table 3 presents the HRs for mortality, also over a 60-mo period
and based on WHO and CDC BMI classifications. For the WHO-based
analysis, groups with similar risk profiles observed in the separate
analyses (Table 2) were merged: patients with normal BMI and those
with risk of overweight were combined as the reference group,
whereas patients with OW and OB were grouped together, as were
patients with undernutrition and severe undernutrition. In this model,
the group with OW and OB had a significantly higher mortality risk
(HR = 1.65; 95% CI: 1.25, 2.19). The group with undernutrition and
severe undernutrition had a lower, nonsignificant mortality risk (HR =
0.87; 95% CI: 0.53, 1.43). Based on the CDC classification, normal-
weight and OW patients were grouped as the reference category. Pa-
tients with obesity had the highest mortality risk (HR = 1.65; 95% CI:
1.24, 2.20), whereas patients with undernutrition showed the lowest
risk (HR = 0.80; 95% CI: 0.54, 1.17).

Survival curves (Figures 2 and 3) visually confirm that patients
with OW or OB had the lowest survival probabilities. Using the WHO
classification, patients with OW or OB showed a higher risk of relapse,
whereas patients with undernutrition had a lower risk of relapse
(Supplementary Figures 1 and 2). However, after adjusting for cova-
riates, the HR associated with undernutrition and relapse was not
statistically significant (aHR = 0.73; 95% CI: 0.49, 1.09; P > 0.12),
indicating that the observed trend may be attributable to random
variation rather than a true protective association (Table 3).

Discussion

Consistent with prior evidence [40], children with overweight or
obesity included in the present research experienced poorer outcomes
in ALL. These observations align with broader evidence:
meta-analyses by Orgel et al. [41] and Amankwah et al. [42] reported
that higher BMI at diagnosis is associated with poorer survival and
increased mortality in pediatric ALL. Similarly, Egnell et al. [43]
observed greater relapse risk among children with low weight, OW, or

Association between Nutritional Status Classification based on age-specific BMI categories per WHO and CDC and relapse risk during the first 60 mo after acute

lymphoblastic leukemia diagnosis

No relapse Relapse HR (95% CI)
n (%) n (%)
WHO classification (n = 1072)
Normal (—1.99 to 0.99) (ref.) 489 (74.1) 171 (25.9) _
Risk of overweight (1-1.99) 148 (75.1) 49 (24.9) 0.96 (0.70, 1.32)
Overweight (2-2.99) 63 (66.3) 32 (33.7) 1.62 (1.11, 2.37)
Obese (>3) 35 (77.8) 10 (22.2) 1.04 (0.55, 1.97)
Undernourished (-2 to 2.99) 41 (83.7) 8 (16.3) 0.62 (0.30, 1.26)
Severely Undernourished (>—3) 20 (76.9) 6(23.1) 0.93 (0.41, 2.10)
CDC classification (n = 997)
Normal (5-84.99) (ref.) 437 (75.5) 142 (24.5)
Undernourished (<p5) 120 (81.1) 28 (18.9) 0.72 (0.48, 1.07)
Overweight (p85-94.99) 95 (73.6) 34 (26.4) 1.07 (0.74, 1.56)
Obese (p > 95) 101 (71.6) 40 (28.4) 1.41 (1.00, 2.01)

HR, hazard ratio; 95% CI, 95% confidence interval; CDC, Centers for Disease Control; Ref., reference group for all HRs.
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TABLE 3
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Association between nutritional status classification based on age-specific BMI categories per WHO and CDC and death and relapse risk during the first 60

months after acute lymphoblastic leukemia diagnosis

n (%) Death Risk Relapse Risk
aHR (95% CI) P value aHR (95% CI) P value

WHO (N = 1072)

Normal/risk of OW (ref.) 857 (79.4)

OW/OB 140 (13.0) 1.65 (1.25, 2.19) 0.000 1.43 (1.02, 2.00) 0.037

UN/SUN 148 (14.8) 0.87 (0.53, 1.42) 0.578 0.73 (0.42, 1.27) 0.261
CDC (N = 997)

Normal/OW (ref.) 708 (71.0)

OB 141 (14.1) 1.65 (1.24, 2.20) 0.001 1.33 (0.94, 1.89) 0.107

UN 148 (14.8) 0.80 (0.54, 1.17) 0.246 0.73 (0.49, 1.09) 0.124

Abbreviations: HR, hazard ratio; 95% CI, 95% confidence interval; aHR, adjusted hazard ratio; CDC, Centers for Disease Control; OW, overweight; OB,

obesity; UN, undernourished; SUN, severely undernourished.

The model was adjusted for sex, socioeconomic status, immunophenotype, NCI, risk classification, and treatment protocol. Ref., reference group for all HRs.
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FIGURE 2. The overall survival curve was estimated using the Cox proportional hazards model. The curves are presented using the WHO categories.

NL, normal.

OB compared with those with healthy weight, with age-stratified an-
alyses suggesting that the adverse impact of high BMI may be more
pronounced in adolescents than in younger children.

Undernutrition was not associated with poorer prognosis in our
cohort, with outcomes resembling those of children with normal
weight or at risk of overweight, consistent with some studies [40—43]
but differing from reports showing adverse effects [25,26,41]. This
null finding may reflect the urban setting, where undernutrition is less
prevalent and less severe than in other Mexican regions [44] and many
LMIC/UMIC contexts. Additional explanations include potential dif-
ferences in supportive care for undernourished patients, the lack of
data on duration or severity of undernutrition during follow-up, and
possible survivor bias if the sickest children died before diagnosis.
Although unadjusted analyses suggested a protective pattern, this was

not statistically significant after adjustment. Given that Mexico City
shares characteristics with other major urban centers, these results may
apply to similar settings but warrant caution when extrapolated to rural
or underserved populations. In contrast, substantial mechanistic and
clinical evidence links obesity with adverse outcomes in pediatric
ALL [45]. Leukemic blasts can migrate into adipose tissue, where
mediators such as Galectin-9 enhance survival [19]. Obesity-driven
increases in insulin, IGF-1, IL-6, TNF-a, and IL-1p activate
PI3K/AKT and mTOR pathways, promoting leukemic proliferation,
angiogenesis, and genomic instability [45,46]. Additional mechanisms
STAT3/NF-kB-mediated methotrexate resistance [47],
adipocyte sequestration and metabolism of chemotherapeutics through
AKR1C3 and CBR1 [48,49], and adipocyte-induced blast quiescence
that reduces sensitivity to cytotoxic therapy [50]. Adipocytes also

include
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FIGURE 3. The overall survival curve was estimated using the Cox proportional hazards model. The curves are presented using the United States Centers for

Disease Control and Prevention (CDC) categories. NL, normal.

supply metabolic substrates that reduce responsiveness to agents such
as L-asparaginase [49]. Moreover, chronic low-grade inflammation
and leptin-driven immune dysregulation further weaken antileukemic
immunity [51-53]. These effects may be amplified in Mexican chil-
dren, particularly in marginalized or semirural settings where OB often
coexists with metabolic dysfunction, inflammation, excess adiposity,
and micronutrient deficiencies [54].

Given this evidence, understanding how treatment exposures
interact with nutritional status is essential. Although the 3 protocols
used in this cohort have comparable overall survival, they differ in the
intensity, timing, and type of glucocorticoids and other agents
administered. The Modified ALL-BFM-95 protocol delivers the
highest cumulative dexamethasone dose during maintenance [31],
whereas DFCI-ALL 00-01 incorporates repeated prednisone pulses
and prolonged L-asparaginase exposure, both of which may influence
weight gain and metabolic parameters over time [32]. The St. Jude
Total XIII-B protocol also includes scheduled dexamethasone during
maintenance [30]. These pharmacologic differences may shape
nutritional trajectories during therapy and should be considered when
interpreting BMI-related risks. In our study, the nutritional status was
assessed exclusively before chemotherapy initiation. This approach
minimizes confounding from treatment-related weight fluctuations
and allows a more precise estimation of the prognostic impact of
baseline obesity and undernutrition.

Study limitations

A primary limitation of this study is the use of BMI as the only
indicator of nutritional status. Although widely applied in pediatric
oncology, BMI cannot differentiate between lean and fat mass and
may not fully capture the components of body composition most

relevant to prognosis in children with ALL [55]. Moreover, nutritional
status was assessed exclusively at diagnosis; therefore, changes in
BMI or weight trajectories during treatment, which may influence
treatment tolerance, metabolic responses, and overall prognosis, were
not evaluated [56]. Longitudinal assessments are required to clarify
how dynamic nutritional and metabolic alterations during therapy
affect outcomes.

In addition, discrepancies between the WHO and CDC growth
standards warrant consideration, as they generated markedly different
prevalences of children classified as having undernutrition in our
cohort (7% vs. 14.8%). The CDC 2000 charts, derived from a more
heterogeneous reference population, tend to identify a higher pro-
portion of children with undernutrition, particularly around 2 y of age
when the transition from WHO to CDC charts produces abrupt shifts
in growth percentiles [57]. These differences are further influenced by
methodological factors, including the change from recumbent length
to standing height and the absence of smoothing between reference
datasets. Although recently developed smoothed transition charts
substantially reduce these inconsistencies, minor misclassification
may persist in certain age groups [57]. Nevertheless, these discrep-
ancies are expected and do not compromise the interpretation of our
findings.

Another limitation is missing BMI measurements. Children
without BMI data differed in age, sex, and treatment protocol.
Although adolescents were more frequent among excluded cases, this
group also had a higher proportion of females, linked to more favor-
able outcomes in childhood ALL [58]. Furthermore, sensitivity ana-
lyses using both worst-case and best-case imputation scenarios
demonstrated consistent directions of association across WHO and
CDC classifications, with only minor variations in effect size, rein-
forcing the robustness of our conclusions (data not shown).
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It is also important to note that children <24 mo were excluded
from the CDC BMI-for-age classification. Although this exclusion did
not introduce systematic differences in baseline characteristics, these
infants exhibited higher-risk clinical features and poorer outcomes,
patterns consistent with the aggressive biology of infant ALL,
including MLL rearrangements, leukocytosis, and early CNS
involvement [59—-61]. Their exclusion does not compromise the val-
idity of BMlI-related results; instead, it highlights the need for
age-tailored therapeutic approaches in this particularly vulnerable
subgroup.

Finally, although formal testing confirmed that the proportional
hazards assumption was met, the possibility of residual bias due to
unmeasured confounding or subtle violations of model assumptions
cannot be entirely excluded. We also evaluated potential interactions
between nutritional status and covariates, which were not statistically
significant. These analyses strengthen the robustness of our findings;
however, inherent limitations of observational survival analyses
remain.

Public health and clinical implications

OW and OB at diagnosis were strongly associated with higher
relapse and mortality, highlighting their importance for both clinical
care and population health. Nutritional interventions should prioritize
preventing and managing obesity at diagnosis to improve survival in
pediatric ALL. Although undernutrition warrants clinical attention,
our data indicate it is less influential on survival than obesity in this
setting. In Mexico, where childhood obesity continues to rise, early
weight-focused strategies could mitigate treatment complications and
long-term cardiometabolic risks among survivors.

Conclusions

In this pediatric population with ALL, undernutrition was not
associated with long-term survival, whereas OW and OB at diagnosis
were strongly linked to higher relapse and mortality. These results
identify obesity as a key modifiable factor in ALL prognoses. Early
recognition and targeted weight management at or before diagnosis
may improve survival and reduce long-term health burdens, particu-
larly in settings, such as Mexico with rising childhood obesity rates.
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