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Abstract
Background—Branched-chain amino acid (BCAA) concentrations are elevated in response to
overnutrition, and can affect both insulin sensitivity and secretion. Alterations in their metabolism
may therefore play a role in the early pathogenesis of type 2 diabetes in overweight children.

Objective—To determine whether pediatric obesity is associated with elevations in fasting
circulating concentrations of branched-chain amino acids (isoleucine, leucine, and valine), and
whether these elevations predict future insulin resistance.

Research Design and Methods—Sixty-nine healthy subjects, ages 8 to18 years, were
enrolled as a cross-sectional cohort. A subset who were pre- or early-pubertal, ages 8 to 13 years,
were enrolled in a prospective longitudinal cohort for 18 months (n=17 with complete data).

Results—Elevations in the concentrations of BCAA’s were significantly associated with BMI Z-
score (Spearman’s Rho 0.27, p=0.03) in the cross-sectional cohort. In the subset of subjects
followed longitudinally, baseline BCAA concentrations were positively associated with HOMA-
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IR measured 18 months later after controlling for baseline clinical factors including BMI Z-score,
sex, and pubertal stage (p=0.046).

Conclusions—Elevations in the concentrations of circulating branched-chain amino acids are
significantly associated with obesity in children and adolescents, and may independently predict
future insulin resistance.
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INTRODUCTION
Type 2 diabetes is a global public health crisis1 that may have its origins early in life. Insulin
resistance often develops during adolescence, is exacerbated by obesity2,3 and may
contribute to the progression to type 2 diabetes in youth4.

Adults with obesity, with or without diabetes, demonstrate hyperaminoacidemia. In
particular, increases in the concentrations of the branched-chain amino acids (BCAA’s,
leucine, isoleucine, and valine) along with tyrosine and phenylalanine, have been described5.
Unlike other essential amino acids, the BCAA’s are degraded in skeletal muscle, and their
circulating levels are elevated post-prandially6. Elevations in BCAA’s may influence
glucose homeostasis, because oxidation of branched-chain amino acids spares glucose
utilization in skeletal muscle7. Infusion studies have demonstrated that increased
concentrations of plasma amino acids (AA’s) disrupt insulin signaling at the molecular
level8 and inhibit glucose transport and phosphorylation, resulting in lower rates of glycogen
synthesis9. These mechanisms have been posited to underlie AA-induced decreases in
insulin sensitivity. An amino acid “signature”, including the BCAA’s and several
downstream products of their catabolism (glutamate, and C3 and C5 acylcarnitines)10, is
correlated with obesity-related insulin resistance in adults. In adults without significant
abnormalities in glucose homeostasis, elevations in current levels of BCAA’s, along with
tyrosine and phenylalanine, are also associated with an increased future likelihood of
developing type 2 diabetes, even after accounting for established baseline clinical risk
factors11.

Fewer studies have investigated the association between branched-chain amino acid
concentrations and adverse metabolic profiles in children, in whom a relatively shorter
duration of obesity, ongoing linear growth, and pubertal hormones may be expected to yield
different results. One previous investigation showed that the concentrations of branched-
chain amino acids rose after a 24-hour fast in obese children12. Another study found that a
fall in branched-chain amino acid concentrations occurred after a 30-hour fast in children13.
Both of these protocols employed prolonged fasting conditions that may not reflect
physiology in more typical post-absorptive states. Thus, the primary objective of this study
was to determine whether elevations in the fasting concentrations of branched-chain amino
acids are related to obesity in children and adolescents, and whether they are independently
associated with insulin resistance in a prospective, longitudinal cohort.

METHODS
Study Design

The study was approved by the Partners, Massachusetts General Hospital, and MIT
Institutional Review Boards; conducted according to the Declaration of Helsinki; and
registered with ClinicalTrials.gov (NCT00577174). Written informed consent and assent
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were obtained from all participants, as appropriate. Participants were recruited by local
advertisements, from pediatricians in the community, and from the obesity programs at
MGH and Children’s Hospital Boston, to target a goal of 50% obese subjects, from June
2007 through April 2009.

Study participants
In the cross-sectional cohort were children, 8 to 18 years, without chronic medical illness, a
personal history of diabetes or diabetes in a first-degree relative, history of smoking, medical
condition or medication related to obesity or diabetes risk status. Of 74 participants in the
cross-sectional cohort, 69 had metabolomic profiling performed; the balance had incomplete
samples due to difficulty with phlebotomy. By design, approximately half (52%) of the
cross-sectional cohort were overweight or obese. A small number of siblings were permitted
to enroll and included in the final analysis, 9 subjects (from four families) in the cross-
sectional cohort, and 4 subjects (from two families) in the longitudinal cohort. Similar
results were obtained when analyses were performed with data from only one participant per
family (data not shown). A subset of children ages 8 to 13 with initial metabolite profiling
were enrolled to participate in the longitudinal component of the study (n=25). Children
were pre-pubertal and early- to mid-pubertal (Tanner stages I – III), and approximately two-
thirds (64%) of the longitudinal cohort were overweight or obese. Seventeen subjects have
complete data at 18 months. Initial observations from these cohorts have been
published14,15,16.

All participants underwent a baseline evaluation, including a complete medical and family
history; physical examination, including Tanner staging by a pediatric endocrinologist
(A.F.); blood pressure by oscillometry; dietary and exercise questionnaires; and baseline
laboratory testing. In addition, glucose and insulin values were obtained at baseline under
fasting conditions and every 30 minutes for 120 minutes after 1.75 g/kg (up to a maximum
of 75 g) of an oral glucose load. Anthropometric measurements were performed and dietary
records were reviewed by nutrition staff. BMI percentile and Z-score for age and sex were
based on Centers for Disease Control 2000 growth charts. For the longitudinal cohort, all
baseline measures, including the OGTT, were repeated annually, with fasting laboratory
studies and anthropometric measurements performed at interim visits every 6 months, for up
to 18 months.

The primary outcome variable in the longitudinal cohort was future insulin resistance, as
estimated by the homeostasis model assessment for insulin resistance (HOMA-IR)17.
HOMA-IR measures basal insulin resistance and in children correlates with the gold
standard hyperinsulinemic euglycemic clamp18. The whole-body index of insulin sensitivity
(WBISI) was also measured utilizing data from the annual OGTT. This index is defined as
(10,000/square root of [fasting glucose x fasting insulin] x [mean glucose x mean insulin
during OGTT] and is associated with the rate of glucose disposal as assessed by euglycemic
clamp19.

Questionnaires
Three-day food records were collected at the baseline evaluation and reviewed by nutrition
staff with analysis by Nutrition Data Systems, Minneapolis, MN. Self-reported levels of
physical activity were assessed with pediatric-specific modifications made to the Modifiable
Activity Questionnaire20 to quantify the daily amount of sedentary time, as well as moderate
and vigorous physical activity.
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Laboratory analyses
The serum insulin was measured using one of two RIA’s (Diagnostic Products Corp., Los
Angeles, CA or Access Immunoassay System, Beckman Coulter, Chaska, MN) due to NIH-
required CTSA laboratory site change during the study period. In same-sample comparisons,
inter-assay correlation was excellent (r =0.99), using identical linear scales, without
systemic differences in the results of the assays by Bland-Altman analysis21. Serum glucose
and lipids were measured using standard methodologies. Insulin-like growth factor 1 was
measured by enzyme immunoassay (ALPCO Diagnostics, Salem, NH).

Metabolite profiling
Targeted LC-MS/MS-based profiling was performed as previously reported for 60
metabolites, including the four specific amino acids of interest (leucine, isoleucine, valine,
and glutamate), with detectable levels in more than 90% of subjects22. In order to generate a
combined index of the relative magnitude of the concentrations of the three BCAA’s, Z-
scores were calculated for each subject, i.e., for each of leucine, isoleucine, and valine, the
subject’s Z score reflects the number of standard deviations above or below the mean.
Metabolite LC-MS/MS output for each metabolite was not normally distributed, and was
therefore first log-transformed prior to calculating Z-scores. The log-transformed metabolite
concentrations were used to generate within-cohort Z-scores for each of the 3 BCAA’s; the
simple sum of these Z scores was defined a priori and assessed with respect to its
relationship to obesity and as a candidate biomarker of future insulin resistance. A within-
cohort Z-score was also generated for glutamate, to explore the possible role of BCAA
catabolism in producing insulin resistance. A within-cohort summed Z-score was similarly
generated for the balance of the amino acids in the metabolite profile, to account for any
effect of overall hyperaminoacidemia.

Statistics
Statistical analyses were performed using JMP SAS-based software and R version 2.11.1.
Non-parametric (Spearman’s) or parametric (Pearson’s) correlations were used as
appropriate to evaluate the relationship between variables of interest and the summed Z
scores of these three amino acids. In unbiased, exploratory analyses to determine whether
other metabolites exhibited correlations with the outcome variables of interest in the cross-
sectional cohort, raw concentrations of analytes were used to generate individual
Spearman’s correlation coefficients and p-values for each metabolite. A Bonferonni-
corrected p-value threshold of 0.05/60 = 0.00083 (where 60 is the number of metabolites
analyzed) was used to account for multiple comparisons.

Paired-sample Wilcoxon signed-rank tests were used to evaluate differences in subject
characteristics obtained at baseline and after 18 months in the longitudinal cohort. The
association of the BCAA’s with HOMA-IR at 18 months was further assessed using
multivariate regression analysis controlling for demographic, anthropometric and metabolic
factors. A two-sided p-value of 0.05 was used as a threshold for statistical significance. This
was supplemented by an unbiased, exploratory analysis to investigate whether other
metabolites, measured at baseline, exhibited correlations with HOMA-IR, measured at 18
months. Raw concentrations of analytes were used to generate individual Spearman’s
correlation coefficients and p-values for each metabolite, and a Bonferonni-corrected p-
value threshold of 0.00083 (=0.05/60) was again used.
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RESULTS
Cross-sectional Cohort

Sixty-nine children, ages 8 – 18 years, had laboratory testing following an overnight fast.
Clinical and laboratory characteristics are summarized in Table 1 and dietary intake in Table
2. No individuals in the baseline cohort met diagnostic criteria for diabetes or had impaired
fasting glucose; two had impaired glucose tolerance.

Obese children (i.e., those whose BMI was greater than or equal to the 95%ile for age and
sex) had higher concentrations of the BCAA’s (p = 0.008, two-sample t-test). Elevations in
the BCAA’s were also positively associated with BMI Z-score (Spearman’s Rho 0.27,
p=0.03) in all subjects. This result also holds in the subset of children who were pre- or
early-pubertal (Tanner stages I or II, Spearman’s Rho 0.59, p=0.004). Elevations in
glutamate were also positively associated with BMI Z-score (Spearman’s Rho 0.5, p <
0.0001). Elevations in the BCAA’s were also positively associated with waist circumference
percentile (Spearman’s Rho 0.25, p=0.04) and waist-to-hip ratio (Spearman’s Rho 0.28,
p=0.02).

There was not a significant association between BCAA concentrations and baseline insulin
resistance, expressed either as HOMA-IR or WBISI, in the cross-sectional cohort. There was
no relationship between dietary intake of the BCAA’s and their plasma concentrations after
an overnight fast. BCAA concentrations were not related to race, ethnicity, daily caloric
intake, self-reported physical activity or inactivity (expressed either as number of episodes
of vigorous exercise per week, or amount of screen time), family history of Type 2 diabetes,
Tanner stage, or IGF-1 level.

In exploratory, unbiased analyses using all 60 metabolites, glutamate was positively related
(Spearman’s Rho, 0.50, unadjusted p<0.0001) and citrulline negative related (-0.41, 0.0004)
with BMI Z-score. Valine (0.34, 0.005), leucine (0.21, 0.07), and isoleucine (0.22, 0.07)
were individually each positively associated with BMI Z-score, but these relationships did
not remain statistically significant after Bonferonni correction. (Complete data are shown in
Appendix 1A.) Using the same unbiased approach to investigate all 60 metabolites,
glutamate (Spearman’s Rho 0.55, unadjusted p<0.0001) and 3-hydroxyanthranilic acid
(0.43, 0.0002) were positively associated and citrulline negatively associated (-0.47,
p=0.0001) with HOMA-IR. (Complete data are shown in Appendix 1B.)

Longitudinal Cohort
Of the individuals followed in the longitudinal cohort, none had impaired fasting glucose or
impaired glucose tolerance (IGT) at baseline. None developed diabetes mellitus and five
developed impaired fasting glucose and/or impaired glucose tolerance at the final
measurement.

The fasting concentrations of BCAA’s, measured at baseline, were strongly associated with
HOMA-IR at 18 months (r2=0.44, p=0.004, Figure 1). Elevations in the concentrations of
BCAA’s were also associated with reduced insulin sensitivity, as estimated by the WBISI at
12 months (r2=0.3, p=0.03), as OGTT’s were only performed annually. The concentration of
glutamate, measured at baseline, was also positively associated with HOMA-IR at 18
months (r2=0.4, p=0.007). Multivariate modeling demonstrated that absolute HOMA-IR at
the 18-month visit was independently associated with the concentrations of BCAA’s
measured at baseline after controlling for clinical factors assessed at baseline, including sex,
BMI Z-score, and Tanner stage (Table 3). The relationship also remained significant
(p=0.01) after baseline HOMA-IR was added to the model. Finally, the relationship between
BCAA’s measured at baseline and HOMA-IR at 18 months was also statistically significant
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(p=0.003) after adjusting for a summary measure reflecting the concentrations of all other
amino acids at baseline (i.e., excluding BCAA’s and glutamate). Baseline concentrations of
BCAA’s predicted a worsening in HOMA-IR over time in those subjects whose initial
HOMA-IR was normal, i.e., less than 2 (r2=0.40, p=0.02, n=13), but not when subjects with
already elevated HOMA-IR were included (p=0.33).

In exploratory analyses including all 60 metabolites, phenylalanine (Spearman’s Rho 0.79,
unadjusted p=0.0002), valine (0.76, p=0.0004), leucine (0.75, p=0.0005) and glutamate
(0.75, 0.0005) measured at baseline were positively associated with HOMA-IR measured at
18 months. (Complete data are shown in Appendix 1C.)

DISCUSSION
We have demonstrated in a cross-sectional cohort of children and adolescents that obesity is
associated with elevations in the fasting circulating concentrations of three BCAA’s as well
as glutamate, one of the downstream products of BCAA catabolism. In a subset of these
children followed longitudinally, these elevations are positively associated with insulin
resistance measured 18 months later, even after accounting for baseline clinical
characteristics. These findings suggest that disordered BCAA catabolism may be an early
manifestation of the adverse metabolic consequences of overnutrition. In addition, our
findings extend prior mechanistic studies that implicate persistently elevated concentrations
of BCAA’s in the development of future insulin resistance e.g.,8,9.

The etiology of obesity-related increases in the concentrations of BCAA’s remains
incompletely understood. One possibility is that obese individuals have a higher dietary
content of BCAA’s. Intake of leucine, isoleucine, and valine, particularly in the context of a
high-fat diet characteristic of diet-induced obesity, could also be a cause of insulin
resistance10. Insulin resistance, in turn, could lead to the failure of insulin’s physiologic
capacity to suppress BCAA levels23. In the present study, however, self-reported dietary
intake of BCAA’s did not appear related to circulating BCAA levels in the fasted state. As
reviewed in Matthews et al.6 , a role for the BCAA’s as peripheral “nutrient signals” has
been posited. The current study did not explore the potential role of post-prandial levels of
BCAA’s as indicators of overall energy intake.

The relationship between disrupted BCAA metabolism and future diabetes risk is also the
subject of ongoing investigation. One hypothesis is that global resistance to the many
dimensions of insulin action, including suppression of proteolysis, leads to increased release
of BCAA’s from muscle and increased circulating levels. However, recent work suggests
individuals vary with respect to their responsiveness to insulin’s many unique effects. For
example, Shaham et al.,24 have used metabolite profiling technology to show that some
individuals display differential sensitivity to insulin-induced suppression of proteolysis as
compared to lipolysis. Also, as noted above, elevated BCAA levels may appear long before
other indices of insulin resistance become abnormal11. Taken together, these findings reflect
the many different, interacting ways in which insulin action affects energy utilization.

Obesity or other, as of yet unidentified, factors could also underlie the association between
alterations in BCAA metabolism and insulin resistance. She et al.,25 report that surgically-
induced weight loss brought down BCAA concentrations while restoring activity of
enzymes involved in BCAA catabolism. Shah et al.,26 found that elevated baseline
concentrations of BCAA’s identified the subjects who would go on to experience
improvements in insulin sensitivity associated with weight loss from a lifestyle intervention.
These results may indicate that BCAA’s are related to insulin resistance primarily as a
reflection of obesity. However, another recent study suggests that other factors may also
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modulate the relationship between BCAA’s and insulin sensitivity. Laferrere et al.,27

showed that BCAA levels declined more in obese subjects after gastric bypass surgery as
compared to obese subjects who lost similar amounts of weight through lifestyle
modification alone. Indeed, in the present study we found that although elevated
concentrations of BCAA’s were related to BMI at baseline, they appeared to contribute
independently to future insulin resistance. Changes in BCAA catabolism may be one way in
which this occurs. Newgard et al.,10 interpret an elevation of glutamate levels in obese,
insulin-resistant individuals as potentially reflecting increased BCAA catabolic flux. (The
first step in the catabolism of BCAA’s is their reversible transamination, producing
glutamate and branched-chain ketoacids.) We also observed elevations in glutamate in
association with both obesity and insulin resistance in our pediatric subjects. Finally,
glutamate, leucine and isoleucine in particular are insulin secretagogues28,29; if chronic
elevations in glutamate and BCAA’s potentiate insulin secretion they could contribute both
to hyperinsulinism and ultimately to beta-cell failure. Glutamate may also have direct
toxicity to pancreatic beta-cells30.

The relationship between circulating BCAA’s and insulin sensitivity is complex, as
illustrated by experiments demonstrating an improvement in insulin action and signaling in
mice fed a high-fat diet supplemented with leucine31, as compared to a worsening of insulin
resistance in rats fed a high-fat diet supplemented with all three BCAA’s10. The many
potentially important interactions between BCAA’s and fatty acid metabolism are the
subject of ongoing investigation, s reviewed in32.

We performed additional hypothesis-generating unbiased analyses of metabolomics data. In
our study, citrulline was negatively associated with both obesity and insulin resistance, and
3-hydroxyanthranilic acid was positively associated with insulin resistance in the cross-
sectional cohort. Citrulline is a part of the urea cycle. It is also a component of the arginine-
nitric oxide pathway that may reflect NO availability. One study found that obese children
had lower levels of both citrulline and circulating nitric oxide33. 3-hydroxyanthranilic acid
(3-HAA) is a tryptophan metabolite (via the kyurenine pathway) and may serve as an
endogenous NO scavenger34 and affect mitochondrial respiration35. In the present study,
exploratory metabolite profiling analysis also showed statistically significant positive
associations between baseline concentrations of glutamate, leucine, valine, and
phenylalanine and HOMA-IR measured at the 18-month visit. Isoleucine exhibited a similar
association that did not reach statistical significance. With respect to the relationship
between the aromatic amino acid phenylalanine and HOMA-IR, competition with BCAA’s
for uptake into tissues via their common large neutral amino acid transporter (LAT1) is a
possible etiology36. These exploratory data show that two BCAA’s, leucine and valine, as
well as glutamate, a product of BCAA catabolism, each exhibited independent, statistically
significant relationships with future insulin resistance. In fact, these amino acids
demonstrated the strongest associations among the 60 metabolites tested, supporting our
initial hypothesis about their potential role in the pathogenesis of insulin resistance.

The possible effects of pubertal growth in our sample warrant consideration, because growth
hormone secretion and protein turnover might be expected to affect the dynamics of BCAA
uptake into or release from muscle. One study in lean children and adolescents demonstrated
that proteolysis and protein oxidation appear to be reduced during puberty relative to pre-
puberty, which may be the result of growth-hormone-induced increases in IGF-137. Despite
reduced proteolysis and protein oxidation, no differences in the circulating concentrations of
BCAA’s between pubertal and pre-pubertal children were noted in that study37. Another
investigation in lean children and adolescents also failed to report an association between
BCAA concentrations and pubertal status38. In addition, growth hormone seems to cause
insulin resistance when insulin resistance is evaluated with respect to glucose homeostasis38.
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Controversy exists, however, with respect to the relative sensitivity of proteolysis (as
compared to glycolysis or gluconeogenesis) to suppression by insulin during puberty. In our
study of obese and normal-weight subjects, neither pubertal status nor IGF-1 levels were
significantly associated with the fasting concentrations of BCAA’s, suggesting that the
effect of overnutrition on BCAA’s might be primary.

Obesity itself has been associated with a higher rate of whole-body protein turnover (as
compared to lean control subjects) in adolescents without associated changes in circulating
levels of leucine39. This is explained by higher rates of both leucine appearance and non-
oxidative disposal, suggesting greater protein turnover, without a different in leucine
oxidation. Regional adiposity40,41, as well as exercise and lifestyle modification39,42 may
affect protein turnover in overweight adolescents and adults. Conclusions with respect to the
insulin sensitivity of proteolysis in obese individuals vary across studies, perhaps in part
related to differences in subjects and methodology, e.g.,40,43,42,41, highlighting the need for
additional investigations in this important area. In the present study, we found circulating
levels of leucine and the other BCAA’s were positively related to BMI Z-score, which could
be due to the larger sample size and greater subject heterogeneity; differences in dietary
intake of either leucine and/or other macronutrients44,45 not captured by self-report; larger
amounts of fat-free mass in obese subjects43 or decreased BCAA catabolism in adipose
tissue or skeletal muscle32. These factors, as well as the potential role of growth hormone,
were not studied directly but could be the focus of future investigation.

There are several additional limitations to the present study. The sample size was relatively
small, but despite this we were able to identify statistically significant relationships between
BCAA concentrations and future insulin resistance in a pediatric population. The relatively
low incidence of type 2 diabetes mellitus in this age group required us to use insulin
resistance, a proxy measure, instead of diabetes mellitus as the primary outcome of interest.
HOMA-IR, a surrogate index of insulin sensitivity, was used for its feasibility and
comparability to other pediatric studies. Similar results were obtained when fasting insulin
was used (data not shown). Finally, dietary information is self-reported and may not reflect
actual intake.

In conclusion, we have showed that obesity is related to elevations in BCAA concentrations
in children and adolescents, and that these elevations may be independently associated with
future insulin resistance, as estimated by HOMA-IR. Increased BCAA catabolic flux might
be one consequence of overnutrition apparent early in life that can lead to changes in insulin
action. Further studies are needed to determine the mechanisms by which altered branched
chain amino acid metabolism is related to insulin sensitivity in overweight children and
adolescents and how these findings might illuminate the pathogenesis of type 2 diabetes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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What is already known about this subject

• Circulating concentrations of branched-chain amino acids (BCAA’s) can affect
carbohydrate metabolism in skeletal muscle, and therefore may alter insulin
sensitivity.

• BCAA’s are elevated in adults with diet-induced obesity, and are associated
with their future risk of type 2 diabetes even after accounting for baseline
clinical risk factors.

What this study adds

• Increased concentrations of BCAA’s are already present in young obese
children and their metabolomic profiles are consistent with increased BCAA
catabolism.

• Elevations in BCAA’s in children are positively associated with insulin
resistance measured 18 months later, independent of their initial BMI.
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Figure 1.
Concentrations of branched-chain amino acids measured at baseline (expressed as the sum
of the cohort-specific Z-scores for each of leucine, isoleucine, and valine) and HOMA-IR
measured at 18 months.
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Table 1

Clinical characteristics of cross-sectional cohort and longitudinal cohort (at baseline and at 18 months).

Cross-sectional
Cohort
(n = 69)

Longitudinal
Cohort (n = 17),
baseline

Longitudinal
Cohort (n = 17),
18 months

Age (years) 13.3 ± 2.9 11.0 ± 1.6 12.5 ± 1.6

Sex (% female, n) 42% (29) 41% (7)

Race (%, n)

 African-American 30% (21) 24% (4)

 White 52% (36) 53% (9)

 More than one race/Other 17% (12) 24% (4)

Ethnicity (%, n)

 Hispanic 22% (15) 29% (5)

 Non-Hispanic 78% (54) 71% (12)

Tanner Stage

 I (%, n) 16% (11) 29% (5)

 II (%, n) 16% (11) 47% (8) 12% (2)

 III (%, n) 16% (11) 24% (4) 24% (4)

 IV (%, n) 25% (17) 53% (9)

 V (%, n) 28% (19) 12% (2)

Episodes of vigorous
  exercise per week

3.7 ± 2.2 3.0 ± 2.1 3.2 ± 1.7

Hours of screen time daily 4.0 ±2.5 4.0 ± 2 3.5 ± 2

BMI (kg/m2) 24.9 ± 7.4 26.0 ± 7.1 27.9 ± 7.6*

BMI Z-score 1.04 ± 1.23 2.88 ± 2.17 2.95 ± 2.14

Cholesterol (mmol/L) 3.9 ± 0.8 4.2 ± 0.8 4.1 ± 0.8

LDL (mmol/L) 2.4 ± 0.6 2.5 ± 0.7 2.4 ± 0.5

HDL (mmol/L) 1.2 ± 0.3 1.3 ± 0.3 1.3 ± 0.3

Triglycerides (mmol/L) 0.8 ± 0.5 0.8 ± 0.4 1.1 ± 0.5*

Fasting insulin (uIU/mL) 9 ± 10 8 ± 5 10 ± 6

Fasting glucose (mmol/L) 4.3 ± 0.4 4.4 ± 0.2 4.4 ± 0.5

2-hour glucose (mmol/L) 5.8 ± 1.2 6.2 ± 1

HOMA-IR 1.84 ± 2.04 1.50 ± 0.87 2.11 ± 1.41

WBISI‡ 7.99 ± 5.98 7.00 ± 4.02

IGF-1, U/L 186 ± 88 156 ± 45

Means are presented ± standard deviations. HOMA-IR, homeostatic model of insulin resistance. WBISI, whole-body insulin sensitivity index.

*
indicates significant difference between the baseline and 18-month visits, by within-subject matched pair Wilcoxon signed rank test.

‡
OGTT and IGF-1 were not performed at the 18-month visit. To convert cholesterol, HDL, and LDL (mmol/L) to mg/dL, multiply by 38.6. To

convert triglycerides (mmol/L) to mg/dL, multiply by 88.5. To convert glucose (mmol/L) to mg/dL, multiply by 18.

Pediatr Obes. Author manuscript; available in PMC 2014 February 01.



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

McCormack et al. Page 15

Table 2

Dietary Information for baseline cohort and longitudinal cohort (at baseline and 18 months).

Baseline Cohort
(n = 58)

Longitudinal
Cohort (n = 13),
baseline

Longitudinal
Cohort (n = 12),
18 months

Calories (kcal/day) 1,877 ± 508 1,815 ± 360 1,761 ± 440

Protein (g/day) 76 ± 20 71 ± 15 68 ± 19

Protein (% of
energy)

16% ± 3 16% ± 3 15% ± 2

Isoleucine (g/day) 3.4 ± 0.9 3.2 ± 0.7 3.1 ± 0.9

Leucine (g/day) 5.9 ± 1.6 5.5 ± 1.2 5.4 ± 1.6

Valine (g/day) 3.8 ± 1.0 3.6 ± 0.8 3.5 ± 1.1

Glutamate (g/day) 15.3 ± 4.2 14.2 ± 2.7 14.3 ± 3.8

Fat (g/day) 69 ± 22 68 ± 16 66 ± 26

Fat (% energy) 33% ± 5 33% ± 4 33% ± 7

Means are presented ± standard deviations. Complete dietary history information is available for 58 subjects in the baseline cohort, and on 13 of the
longitudinal cohort at the baseline visit, and 12 at the 18-month visit.

Pediatr Obes. Author manuscript; available in PMC 2014 February 01.



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

McCormack et al. Page 16

Table 3

Multivariate Modeling for HOMA-IR at 18 months, Longitudinal Cohort (n=17). Relationship of BCAA’s and
clinical covariates at baseline to absolute HOMA-IR at 18 months. Adjusted R2 for model is 0.48, p = 0.03.

Covariates Coefficient P value

BCAA’s (baseline) 0.27 0.046

BMI Z-score (baseline) 0.18 0.29

Sex (female versus male) −0.22 0.48

Tanner Stage (baseline,
mid-pubertal, Tanner III,
versus pre- or early-
pubertal, Tanner I or II)

0.32 0.38
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