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Abstract
Introduction—High birth weight (HBW) is an established risk factor for childhood acute
lymoblastic leukemia (ALL). The purpose of this study was to evaluate if birth weight (BW)
corrected-for-gestational age is a better predictor than BW alone for occurrence of ALL and other
malignancies in children.

Materials and Methods—Birth certificate data of 2254 children with cancer who were younger
than 5 years old at diagnosis and registered at Texas Cancer Registry during 1995–2003 were
compared to 11734 age-matched controls. Multivariable logistic regression was used to compare
models with BW corrected-for-gestational age and BW alone.

Results—Compared to children who were appropriate for gestational age (AGA), children who
were large for gestational age (LGA) at birth had a 1.66 times (95%CI 1.32–2.10) higher odds of
ALL. Similarly, children with a BW≥ 4,000 grams had a 1.5 times (95%CI 1.18–1.89) higher
odds for ALL, compared to children who weighed >2,500 grams and <4,000 grams at birth. Using
model diagnostics, the model containing BW corrected-for-gestational age was a better predictor
than the model with BW alone [Akaike’s Information Criterion (AIC) 4646 vs. 4658,
respectively]. Odds ratios were similar for LGA children who were <4,000 grams and LGA
children who were ≥4,000 grams (OR=1.5, 95%CI 0.97–2.5 and OR=1.67, 95%CI 1.29–2.16,
respectively). BW was not an independent risk factor for acute myeloid leukemia or brain tumors.

Conclusion—BW corrected-for-gestational age is a better predictor than BW alone of risk for
ALL. Future studies using BW variable should incorporate gestational age in their analyses.
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Introduction
High birth weight (HBW) has been reported as a risk factor for childhood cancer by the
majority of the studies in the literature1–17. The most consistent relationship has been
reported for children with acute lymphoblastic leukemia (ALL), particularly those diagnosed
at an age younger than 5 years1;2;4–6;9;18. Interest in the role of the insulin-like growth
factor (IGF) family and of other growth factors in cancer etiology has increased over the last
several years. IGF and other somatomedins are important in fetal growth and in cord blood
are directly associated with birth weight (BW)19–29. One proposed biologic mechanism for
leukemia development relates to the interplay of growth factors and their stimulus of
hematopoietic progenitor cells17. These and other growth factors may be necessary for the
initiation or promotion of malignant transformation in some patients.

If growth factors are involved in the process of oncogenesis, absolute BW alone may not be
the most accurate measure of risk. Length of gestation as measured by gestational age is also
strongly associated with BW. Most previous studies exploring association between
childhood cancer risk and BW have dichotomized BW by using 4,000 grams as the cutpoint.
A dichotomous classification of risk based upon a single BW when viewed from the
perspective of a growth curve for neonates of various gestational ages would consider
virtually all pre-term infants as being in the non-risk group, as they generally weigh less
than 4,000 grams (Figure 1). One could expect that in the presence of elevated growth
factors, BW at a given gestational age would be high relative to the norm, though not
necessarily high as an absolute measure. One potential reason for why a number of studies
that did not find an association between childhood leukemia and high birth weight may be
due to the lack of appropriate adjustment for gestational age and ultimately a
misclassification of at-risk infants to the non-risk category. To better characterize the impact
of this proposed biological mechanism on risk of childhood cancer and more accurately
identify at-risk children, we explored the relationship between risk and BW using BW
corrected-for-gestational age (large for gestational age [LGA], appropriate for gestational
age [AGA], small for gestational age [SGA]) as an independent variable in a review of
13,988 childhood cancer cases and controls from the Texas Cancer Registry.

Materials and Methods
Selection of Cases and Controls

This study was approved by the Texas Cancer Registry (TCR) institutional review board
(IRB) for use of the its data, the Texas Department of Health (TDH) IRB for use of birth
records from the Bureau of Vital Statistics, and the University of Texas School of Public
Health IRB. In this population-based case-control study we identified all children that were
singleton births and aged less than five years who were residents of Texas, and had
gestational age data, as well as diagnosed with a malignancy between 1995 and 2003, which
was registered by the TCR of the TDH. TCR, a population-based registry, was estimated to
have documented more than 95% of all childhood cancer cases diagnosed in Texas1. We
linked TCR data to birth certificate data using a probabilistic linkage software program
AUTOMATCH Generalized Record Linkage System software (Match Ware Technologies,
Inc., AUTOMATCH generalized Record Linkage System, Silver Spring, MD, 1992), which
matched 2673 of the initially identified 3450 total cases (77%) to their birth records.
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The control subjects were drawn from the residual (non-matched) Texas birth files for the
study period and frequency-matched at a 5:1 ratio to all cancer cases on birth year only.
Thus, of the more than 4.8 million birth records available for the study period, we selected
13,365. No known cancer cases were selected as controls, although there is the possibility
that an unmatched case was selected. Subjects were excluded if BW was missing (n = 9); if
the BW was less than 500 grams (n = 15); or if conditions diagnosed at birth were likely to
cause death during infancy (n = 10). No cases were excluded due to these criteria. As in our
selection of cancer cases, twin and triplet births were excluded (n = 339) because of the
relatively low BWs in those infants. Finally, we excluded those cases for which gestational
age data were missing or implausible (246 cases and 1258 controls), leaving 2254 cases and
11734 control subjects for analysis in our study (Figure 2).

Data abstraction
We extracted data from the birth certificate files for variables previously reported to be
associated with childhood cancer or plausibly associated with BW, gestational age, or
childhood cancer. These were the BW, gestational age, ethnicity (recorded on the birth
certificate as the race of the mother), and gender of the child; abnormal conditions (e.g.,
meconium aspiration, presence of acidosis), and congenital abnormalities present in the
child; plurality, maternal and paternal age; and the mother’s pregnancy history, medical risk
factors such as diabetes (associated with LGA infants), and hypertension (associated with
lower BW), previous history of an infant greater than 4,000 grams, and any tobacco or
alcohol use during pregnancy. BW (in gram), gestational age (in weeks), and race- and
gender-specific growth curve data30 were used to categorize each subject’s weight
corrected-for-gestational age as SGA, AGA, or LGA [ Data provided in Appendix 1]. The
LGA category comprised children whose weight at the given gestational age was greater
than the 90th percentile; the SGA category consisted of those children whose weight at each
gestational age in weeks was below the 10th percentile. To facilitate comparison between
ours and previous studies, we divided BW into three categories: ≤ 2,500 grams (low BW
[LBW]), 2,501 grams to 3,999 grams (normal BW), and ≥ 4,000 grams (HBW).

Statistical analysis
For all analyses cases were grouped into the following categories: all cancers, all leukemias,
ALL, acute myeloid leukemia (AML), and all central nervous system (CNS) tumors. We
computed descriptive statistics for cases and controls, and then analyzed the differences
between them using Pearson’s chi-square test, Fisher’s exact test, or a two sample t-test
where appropriate. Unconditional logistic regression analysis was used to calculate odds
ratios (OR) and 95% confidence intervals (CIs). Case subgroups by cancer type were
compared to the entire control group. Multivariable logistic regression models were
constructed for all cancers, all leukemias, ALL, and all CNS tumors by considering factors
shown to be significantly associated with the risk of cancer at p<0.25 in the univariate model
and factors plausibly associated with biological risk. The final model included only the
factors significantly associated with risk at the p≤0.05 level in univariate analyses,
biologically plausible risk factors, and year of birth. Measures of goodness of fit were
calculated to compare logistic regression models by using Akaike’s Information Criterion
(AIC) and Receiver Operating Characteristic (ROC) curve for model selection31. Lower
value of AIC and a higher value of ROC suggest an improved model. The Net
Reclassification Index (NRI)32 which quantifies overall improvement in model sensitivity
and specificity was also used to evaluate whether the model which included BW corrected-
for-gestational age improved the classification of cases and controls compared to the model
involving BW. A net improvement in risk classification (NRI>0) implies upward
reclassification of cases (higher risk) and downward reclassification of the controls (lower
risk).
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All statistical tests were two-sided and performed with SAS software (Version 9.1, SAS
Institute Inc., Cary, NC). We considered a p-value of <0.05 as significant. We also evaluated
the agreement between BW and BW corrected-for-gestational age with the kappa statistic33.
The kappa statistic quantifies the extent of agreement beyond the expected level of
agreement from chance alone. Kappa values range from 1 (perfect agreement), 0 (no
agreement) to −1 (perfect disagreement), with values around 0.5 representing fair
agreement.

Results
Descriptive analysis

Study characteristics are summarized in Table 1 in 2552 cases and 13331 controls. There
were 913 total leukemias, 727 patients with ALL, 124 with AML, and 438 patients with a
CNS tumor. In the ALL group, as expected more patients were males, of white or Hispanic
ethnicity, had parents of older maternal or paternal age, were LGA weight, BW ≥ 4,000
grams and had a diagnosis of Down syndrome. However, in the CNS group, only males and
patients of white ethnicity were overrepresented. In the AML group, higher proportions of
patients were males, had parents of older maternal or paternal age, and had a congenital
malformation/Down’s syndrome.

Univariate logistic regression analyses
Being LGA at birth increased the odds for ALL by more than 50% compared to being AGA
(OR=1.57, 95%CI 1.25–1.97, Table 2). Similarly weighing≥ 4,000 grams at birth also
increased the odds for ALL (OR=1.59, 95%CI 1.28–1.96). BW corrected-for-gestational age
or BW alone was not associated with risk for AML. Having a BW ≥ 4,000 grams was
associated with almost a 40% higher odds of a CNS tumor (OR=1.37, 95%CI 1.03–1.83).
This relationship was not observed between gestational age corrected BW and risk of CNS
tumors. In agreement with previous data, male gender, white and Hispanic ethnicity, older
maternal and paternal age, and a Down syndrome diagnosis were associated with a higher
odds of ALL. For AML, variables associated with the higher odds included older maternal
and paternal age, congenital malformations and Down syndrome. Finally, males, non-
Hispanic white ethnicity and congenital malformations were also associated with increased
odds of a CNS tumor.

Multivariable analysis
Table 3 shows the results of multivariable analyses for all cancers, all leukemias, ALL, and
CNS tumors in 2240 cases and 11729 controls as described before. Subjects with Down
syndrome (14 cases and 5 controls) were excluded from all multivariable analyses. Models
were reanalyzed after replacing BW for gestational age with BW categories and continuous
BW for comparison to previous studies. Because of the associations observed in the
univariate analyses, we included the congenital malformations variable only in the all
cancers model for multivariable analysis. In the model containing BW corrected-for-
gestational age, LGA was associated with a modest increased risk of any cancer (OR = 1.29,
95%CI 1.11–1.49), any leukemia (OR = 1.49, 95%CI 1.20–1.85), and ALL (OR = 1.66,
95%CI 1.32–2.10), independent of all other variables. When BW and gestational age were
included in the model individually, BW ≥ 4,000 grams had a 50% increased risk for
development of ALL (OR=1.5, 95%CI 1.18–1.89). For the odds of ALL alone, male gender,
black ethnicity and birth year were significant variables in the model. Calculated AIC and
ROC values for the ALL model containing BW corrected-for-gestational age were 4646.2
and 0.624, respectively compared to 4658.3 and 0.618, respectively for the model with BW
alone. This suggested that the model with BW corrected-for-gestational age is a superior
model than the one containing BW and gestational age as two separate independent
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variables. The NRI was 17.4% overall (P<0.001) and 26.7% among ALL cases and −9.2%
among controls, implying that the ALL model with BW corrected-for-gestational age had
higher sensitivity but lower specificity compared to the model with BW alone. The
agreement between the two measures was almost perfect, as shown by a kappa of 0.95 (95%
CI 0.91–0.99) for cases and 0.99 (95% CI 0.98–1.00) for the controls. The risk estimates
were similar for LGA children who were <4,000 grams and LGA children who were ≥4,000
grams (OR=1.5, 95%CI 0.97–2.5 and OR=1.67, 95%CI 1.29–2.16, respectively). BW ≥
4,000 grams was not an independent risk factor for development of CNS tumors in these
analyses.

Discussion
BW is an established risk factor for development of childhood ALL. However, in all of the
studies that have examined this relationship, BW was used either as a continuous variable or
a categorical one, with gestational age being a covariate. In this population-based case-
control study, we explored whether we could increase the predictive role of BW by
combining these variables into one (weight for age) in relation to occurrence of pediatric
ALL. We found that BW after correction for gestational age is a better predictor of risk for
childhood ALL compared to BW alone. Two other groups have reported on recent efforts to
refine the BW variable in relation to childhood ALL risk. Milne et al.34 demonstrated a
significant improvement in the multivariable model when they used proportion of optimal
BW (POBW), a variable calculated by a regression equation including terms for duration of
gestation, maternal height, parity and infant sex. The relationship between POBW and ALL
risk was strongest for the 0–4 year age group. In contrast to our study, Schüz and Forman35
showed that there was poor agreement between BW alone and BW corrected-for-gestational
age in identifying at risk patients (kappa 0.45, 95%CI 0.37–0.53) for development of ALL in
a population based sample from Germany, however they did not directly compare the two by
comparing two logistic models. By examining BW in the context of each subject’s
gestational age, a better proxy measure for fetal growth and, therefore, growth factors, which
are thought to be associated with cancer incidence is created. The variability in results in
previous studies may be due to misclassification of at risk subjects. In the study by Reynolds
et al.13, a decreased risk was seen in subjects with higher gestational age. As evidenced by
the growth curve (Figure 1), more children are likely to be misclassified as being at risk with
HBW (> 4,000 g) even though they are AGA; and perhaps this explains their finding of a
decrease in risk with increasing gestational age.

Gestational diabetes, which is associated with risk for LGA infants, has been reported to be
associated with increased risk of cancer (OR=2.83, 95%CI 1.56–5.17)36, but was not found
to have an association in our study. Gestational diabetes is frequently misclassified in birth
certificate data therefore caution should be used in interpreting the results from this study
with respect to gestational diabetes as a risk factor 37;38.

This study had several limitations. The use of birth certificates for a control population
offers the benefit of a broadly accessible population-based sample that is likely to be more
representative of the study population from which cases would arise39, but the quality of the
data is variable and errors or omissions can lead to misclassification or loss of subjects. In
particular, gestational age can be difficult to accurately assess and can be improperly
recorded. By using this variable to define a risk group instead of BW alone, which is more
reliably and accurately measured, further misclassification bias may be introduced; however
the misclassification will be differential and will only attenuate the ORs to the null. The
variables in birth certificates do not include all suspected risk factors for childhood cancer
which limits the ability to control for other potential risk factors. Within a migratory
population, a significant proportion of a study population may be born in another state or
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country and not have an available birth record. As in this study, anyone not born in the
Texas is therefore excluded from a study using birth certificates. Third, the linkage between
available data sets (birth records and cancer registry data in this study) relies on a
probabilistic match through computer software and is imperfect. An increase in matched
subjects can be obtained but with a decrease in reliability, so a balance between numbers of
subjects and relative certainty of accurate matching must be made. Only 77% of cases could
successfully be linked, leading to a loss of one-quarter of all cases.

The strengths of this study include a large sample size and defining a new predictor of risk
for childhood ALL in relation to high birth weight with a reduction in misclassification. The
growth curve data provided by Alexander30, [Supplemental Appendix 1] which has been
used in this study, draws from a national sample of millions of infants of various ethnicities
which makes it a likely candidate for a new national standard for neonatal growth curves.

Further biologic studies are necessary to investigate the association between BW corrected-
for-gestational age and ALL. An assessment of the implicated growth factors in serum
samples from children with ALL, both at birth and at diagnosis, compared to controls can
help determine whether differences exist that suggest that these growth factors are part of
the causal pathway. Genetic and epigenetic analyses to determine whether polymorphisms
with the IGF family contribute to the risk can further strengthen the role of growth factors in
oncogenesis. Since fetal growth is associated with maternal nutrition and maternal weight
gain during pregnancy interventions during this period could be attempted if maternal
anthropometric status including gestation weight gain are implicated 40. Socio-economic
status, education, or access to health care may impact the BW corrected-for-gestational age
distribution between ethnic groups leading to different rates of childhood cancer among
them. Further studies are necessary to determine whether there are interactions between
these variables to explain the reduced risk of ALL in African-American children and in
females. Prenatal care for all women, which would include close monitoring of weight gain,
maintenance of ideal weight gain during the pregnancy, and information and education on
diet and physical activity during pregnancy to promote healthy weight gain, could, in
addition to improving the overall health of women and infants, lead to a decrease in LGA
infants and perhaps those who are at risk for ALL.

This study supports the hypothesis that BW corrected-for-gestational age is a better
predictor than HBW alone as an independent risk factor for childhood ALL. To better
identify these at-risk infants, a standard neonatal growth curve and more accurate measures
of gestational age (via improved access to prenatal care and fetal ultrasound) are necessary.
Future studies should explore biological reasons to explain this relation between BW and
risk for childhood ALL so that, ultimately, preventive measures can be initiated.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Growth curves comparing at-risk groups for birth weight corrected for gestational age and
high birth weight (>4,000 grams).
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Figure 2.
Flowchart of selection of cases and controls for the study.
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