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ABSTRACT
Background: Developing dietary strategies to prevent excess weight gain during childhood is critical to stem the current obesity epidemic and
associated adverse cardiometabolic consequences.
Objectives: We aimed to assess how participation in a family-based weight-management intervention affected nutrient biomarkers and
cardiometabolic risk factors (CMRFs) in children (7–12 y old; n = 321) with baseline BMI z score (BMIz) ≥85th percentile.
Methods: This was a secondary analysis from a randomized-controlled, parallel-arm clinical trial. Families of children, recruited from a largely
Hispanic population, were assigned to Standard Care (SC; American Academy of Pediatrics overweight/obesity recommendations), or
SC + Enhanced Program (SC + EP; 8 skill-building cores, monthly support sessions, targeted diet/physical activity strategies). Nutrient biomarkers
(plasma carotenoids, fat-soluble vitamins, RBC fatty acid profiles, desaturase indexes) and CMRFs were measured in archived blood samples
collected at baseline and the end of the 1-y intervention.
Results: Children in both groups had significantly lower trans fatty acid and higher pentadecylic acid (15:0), PUFA n–3, and β-carotene
concentrations, indicative of decreased hydrogenated fat and increased dairy, vegetable oil, fish, and fruit/vegetable intake, respectively. Similar
changes were seen in de novo lipogenesis and desaturase indexes, as well as CMRFs (BMIz, lipid profile, inflammation, adipokines, liver enzymes)
in both groups. Using multiple logistic regression, increase in carotenoids and decrease in endogenously synthesized SFA, MUFA, PUFA n–6, and
desaturase indexes were associated with improvements in BMIz, blood pressure, lipid profile, glucose metabolism, inflammatory biomarkers,
adipokines, and liver enzymes. Trans fatty acids were associated with improvements in BMIz, glucose metabolism, and leptin, with less favorable
effects on inflammatory markers and adiponectin.
Conclusions: Providing targeted family-based behavioral counseling, as part of SC, can help overweight/obese children adopt healthier eating
patterns that are associated with modest improvements in BMIz and several CMRFs. Limited additional benefit was observed with SC + EP. These
results provide critical data to design subsequent interventions to increase the impact of family-based obesity prevention programs. This trial was
registered at clinicaltrials.gov as NCT00851201. Curr Dev Nutr 2019;4:nzz138.
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Introduction

During the past 2 decades the prevalence of overweight and obesity in
children has rapidly increased worldwide (1) and it is associated with
adverse health outcomes throughout the life span (2, 3). Obesity dis-
proportionally affects children in the lowest socioeconomic category,
who have a significantly higher 5-y risk of becoming overweight and
developing chronic diseases than those in the middle and highest so-
cioeconomic categories. In addition, obesity rates are higher among His-
panic (22%) and non-Hispanic black (20%) than among non-Hispanic
white (15%) children (1). Thus, developing strategies to prevent excess
weight gain during childhood in minority communities in order to tar-
get health disparities is of critical importance.

Family-based weight management trials, especially lifestyle inter-
ventions with a dietary component, have been shown to lower rates
of body weight gain and improve cardiometabolic risk factors (CM-
RFs) (4–6). However, there is a paucity of data reporting dietary in-
take information and the extent to which dietary modification affects
changes in body weight and associated CMRFs (7–9). This is partly
due to the challenges associated with accurately measuring dietary in-
take, especially in children (10). We have previously reported changes
in BMI z score (BMIz) and CMRFs for the Family Weight Manage-
ment Study, a randomized-controlled clinical trial which evaluated the
effect of a 12-mo bilingual family-based weight-loss intervention in
7- to 12-y-old children with a BMIz ≥85th percentile, within a safety-
net pediatric primary care setting (11). Goals of the dietary inter-
vention component included increasing intakes of highly pigmented
fruits/vegetables, exchange of nonfat/low-fat milk for full-fat milk and
sugar-sweetened beverages, and reduced-fat for full-fat dairy products,
as well as minimizing the intake of fried foods and high-fat savory
snacks. These dietary factors were targeted because they have been as-
sociated with excess body weight gain in children (12, 13). The present
study is a secondary analysis from the Family Weight Management
Study (NCT00851201) (11). Our primary aim was to determine the ef-
fect of participation in a family-based weight management intervention
on objective indicators of dietary intake and endogenous metabolism
(nutrient biomarkers) in children with overweight and obesity, and to
assess their relation with CMRFs. We hypothesized that greater adop-
tion of the dietary recommendations would be reflected in circulat-
ing nutrient biomarker concentrations and lead to an improvement in
CMRF profile.

Methods

Study subjects and design
n = 321 children aged 7–12 y with baseline BMIz ≥85th percentile hav-
ing a plasma/serum and RBC sample at both baseline and the end of
the 1-y intervention were included in this study (Supplemental Figure
1). Details of the Family Weight Management Study, including inclu-
sion/exclusion criteria, sample size estimates, and primary endpoints
[BMI percentile for age and sex, and selected biomarkers (fasting and
2-h glucose and insulin, lipid profile, and liver enzymes) measured at
baseline and 12 mo after randomization], have been described previ-
ously (11). Briefly, the study was conducted in a safety-net pediatric
primary care setting in Jacobi Medical Center (Bronx, NY, USA) where

health services are predominately covered by public funding (Medicaid
and the Child Health Insurance Plan), thus providing access to those
with limited or no health care. Exclusion criteria included chronic ill-
ness, impairments that would affect ability or safety to follow the study
protocols, treatment with medications known to affect body weight, and
enrollment in another weight management program within 2 y. The
study was a 2-arm randomized, controlled, parallel-group trial compar-
ing Standard Care (SC) alone with SC + Enhanced Program (SC + EP).
The SC intervention was based on the American Academy of Pediatrics
evidence-based recommendations using pilot-tested materials (14). Pe-
diatrician visits were provided quarterly and the procedures followed
were similar for both groups. This included an initial comprehensive
visit to assess weight-related issues and to engage both the children
and parents/guardians in developing intervention goals collaboratively.
A 35-item Pediatric Symptom Checklist was used to screen for emo-
tional and behavioral dysfunctions (15), and a 5-item Habits question-
naire was used to assess dietary, physical activity, and sedentary behav-
iors (16). The follow-up pediatrician appointments were brief visits to
review the assessment themes and collaborative goals identified at the
initial visit. The pediatricians who provided the SC to both study groups
were blinded to treatment allocation.

The EP added a behavioral change component (8 Skill-Building
Core sessions and monthly Post-Core Support sessions focused on im-
proving dietary behaviors and increasing engagement in physical ac-
tivities) provided by bilingual multidisciplinary staff (dietitian, social
worker, and fitness instructor). The Skill-Building Core sessions in-
cluded alternating in-person groups and parent/guardian phone con-
sultations. The in-person core group sessions consisted of food prepara-
tion or other skill activities for parents/guardians and children, followed
by a physical activity session for the children and discussion session
for parents/guardians regarding their role in weight management. The
monthly Post-Core Support sessions consisted of engagement activities
that were designed to provide ongoing support to parents/guardians
and children during the remainder of the 1-y intervention program.
All study procedures were approved by the Institutional Review Board
of the Albert Einstein College of Medicine. Approval to analyze de-
identified samples and data was obtained from Tufts University/Tufts
Medical Center Institutional Review Board.

Selection of outcome variables
Nutrient biomarkers.
To overcome the inherent limitations associated with subjective assess-
ments of dietary intake (17), and to reflect in vivo nutrient exposure, a
consequence of both dietary intake as well as endogenous metabolism
(18), an objective multibiomarker approach was used. Dietary biomark-
ers measured were plasma carotenoid concentrations (pigmented fruit
and vegetable intake) (19, 20); fat-soluble vitamins A, D, E, and K (ani-
mal foods, fortified foods, supplements, and/or vegetable oils) (21); and
RBC fatty acid profiles including linoleic acid (18:2n–6), α-linolenic
acid (18:3n–3) (vegetable oil and vegetable oil–based margarines) (22),
EPA (20:5n–3), docosapentaenoic acid (22:5n–3), DHA (22:6n–3) (fish)
(23, 24), pentadecylic acid (15:0) (dairy products) (25), and trans fatty
acids (ruminant/partially hydrogenated fat) (26). Endogenously synthe-
sized SFA and MUFA profiles were also measured, and desaturase en-
zyme indexes estimated because they reflect de novo lipogenesis (DNL)
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(27, 28) and have been associated with abdominal adiposity and several
metabolic disorders (29).

CMRFs.
Available CMRF data from the primary clinical trial included BMIz,
lipid profile, glucose metabolism markers, and liver enzymes. Ad-
ditional CMRF outcomes measured in the present study included
proinflammatory [high-sensitivity C-reactive protein (hsCRP), TNF-α,
IL-6, IL-1β], vascular adhesion [E-selectin, P-selectin, soluble intercel-
lular adhesion molecule (sICAM)], and coagulation (thrombomodulin)
biomarkers. This panel of CMRFs was specifically selected given the
association between childhood obesity and chronic low-grade inflam-
mation, which is considered a precursor to several metabolic diseases
(30, 31). Adipokines (leptin and adiponectin) were also measured be-
cause they have been negatively associated with body fat and insulin
sensitivity (32).

Measurement of nutrient biomarkers and estimation of desaturase
enzyme activities.
Blood specimens were obtained after a minimum 8-h fast and archived
aliquots (plasma, serum, RBC) were stored at −80◦C until analysis.

Carotenoids and fat-soluble vitamins. Plasma carotenoid and vi-
tamin A and E concentrations were determined by HPLC (33).
Carotenoids separated using this method (lutein, zeaxanthin, cryptox-
anthin, β-carotene, and lycopene) were quantified by determining peak
areas calibrated to known amounts of external standards. Concentra-
tions were corrected for extraction and handling losses by monitor-
ing the recovery of the internal standards and standardized by express-
ing values per milligram of triglyceride (TG). The intra-assay CV was
4% and interassay CV was 3.9%. Vitamin D (25-hydroxyvitamin D)
was measured using a commercially available kit (DiaSorin). The intra-
assay CV was 9% and interassay CV was 10%. Vitamin K (phylloqui-
none) was measured using HPLC (34). Two pooled plasma samples
were run as low (CV: 12%) and high (CV: 8%) controls with every
batch.

Fatty acid profiles. RBC fatty acid profiles, an indicator of relatively
long-term dietary intake (35), were quantified using an established GC
method (36). Peaks of interest were identified by comparison with au-
thentic fatty acid standards (Nu-Check-Prep) and the data expressed as
molar percentage (mol%) proportions of fatty acids relative to the inter-
nal standard. A pooled plasma (control) sample was run monthly and
an external standard run daily with every batch of samples to ensure in-
strument precision. The interassay CVs ranged from 0.5% to 4.3% for
fatty acids present at levels >5 mol%, 1.8% to 7.1% for fatty acids present
at levels between 1 mol% and 5 mol%, and 2.8% to 11.1% for fatty acids
present at levels <1 mol%.

Estimated desaturase enzyme activities. These were calculated
as product to precursor ratios of individual fatty acids and in-
cluded stearoyl-CoA-desaturase [SCD1: palmitoleic acid/palmitic acid
(16:1n–7/16:0) and SCD2: oleic acid/stearic acid (18:1n–9/18:0)], δ-
6-desaturase [D6D: dihomo-γ -linolenic acid/linoleic acid (20:3n–
6/18:2n–6)], and δ-5-desaturase [D5D: arachidonic acid (20:4n–
6)/dihomo-γ -linolenic acid] (28).

Measurement of CMRFs.
CMRF data were collected at baseline and the end of the 1-y interven-
tion. Height, weight, and blood pressure were measured as previously
described (11). BMIz was based on the CDC growth charts for chil-
dren by age and sex (37). Fasting total cholesterol (TC), LDL cholesterol,
HDL cholesterol, TG, insulin, glucose, and liver enzymes [aspartate
transaminase (AST), alanine transaminase (ALT), and alkaline phos-
phatase (ALP)] were assessed using standard methods, as described for
the primary study. A glucose load of 1.75 g/kg body weight (Glucola™)
was administered for the 2-h oral-glucose-tolerance test. HOMA-IR, a
measure of insulin resistance, was calculated as follows: glucose (mg/dL)
× immunoreactive insulin (mmol/L)/22.5 (38).

Additional CMRFs.
Markers of inflammation (TNF-α, IL-6, IL-1β), vascular adhesion (E-
selectin, P-selectin, sICAM), and coagulation (thrombomodulin), and
adipokines (leptin, adiponectin) were measured in serum by com-
mercially available multiplex assays (electrochemiluminescence detec-
tion sandwich immunoassay: V-PLEX Human Cytokine Assays; V-
PLEX Human Biomarker Assays; Human Metabolic Assays) from Meso
Scale Discovery (MSD) using a Meso Scale Discovery SECTOR Imager
2400. The mean intra-assay CVs were <5% and interassay CVs were
<7%. hsCRP was measured by solid-phase, 2-site chemiluminescent
immunometric assay using the IMMULITE 2000 (Siemens Healthcare
Diagnostics). The intra- and interassay CVs were 3.0% and 5.0%, re-
spectively.

Statistical analyses
Sample size estimates for the primary clinical trial which provided the
samples for the present study have been reported previously (11). There
were 160 children in the SC group and 161 children in the SC + EP
group with an archived blood sample to perform the nutrient biomarker
and additional CMRF panel analyses proposed in the present study. We
conservatively assumed a difference in the 1-y change in RBC fatty acid
and carotenoid concentrations between the SC and SC + EP groups of
0.36 SD. With the prespecified sample size of 160 per group, we had
80% power to detect differences with a 2-sided type I error rate of 5%.
In addition, to account for multiple comparisons, with a type I error
rate = 0.005 under the most conservative Bonferroni adjustment with
80% power, the minimum detectable standardized effect size was 0.41
SD, considered a medium (0.3–0.5) effect size (39).

Analysis methods.
The analysis was based upon the intention-to-treat approach. Only chil-
dren with nutrient biomarker and CMRF data at both baseline and
1 y were included in the analyses. Data from each child were analyzed
as per his/her initial assignment in the primary clinical trial to the SC
or SC + EP group regardless of actual compliance to the regimen. The
data were checked to identify and resolve reasons for missing values,
inconsistencies, and out-of-range values. Descriptive analyses of the
baseline characteristics of the SC and SC + EP groups were summa-
rized using either mean ± SD, median (IQR) for skewed variables, or
proportions. The nutrient biomarkers and CMRF data at baseline and
the end of the 1-y intervention were summarized for each group using
geometric means and SDs estimated from log-transformed values (40).
The effect of the intervention on the nutrient biomarkers and CMRFs
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(dependent variables) was assessed using a mixed-effects random in-
tercept linear model with group, time, and group-by-time interaction
as factors. Robust SEs were used to account for possible model mis-
specification. Subject was included as a random effect within the model
and P values were presented from the corresponding F test for each
fixed effect. Dependent variables were log transformed to facilitate re-
porting differences as mean percentage differences (95% CIs) and were
calculated from back-transformed model-based least-square means as
{2.72

∧
[LSMEANS(1 y − baseline)] − 1}×100%. False discovery rate

(FDR) correction was applied to tests of the intervention effect among
the nutrient biomarkers, and separately for the CMRFs. An FDR thresh-
old of 0.25 was used for adjusted P values. To evaluate any difference by
sex, the 3-way interaction term (sex by group by time) was included in
the mixed-effects model. In addition, given the lack of intervention ef-
fect, pooled data are presented from the mixed-effects model without
the group, and group-by-time terms, to provide an overall summary
of the 1-y change in nutrient biomarkers and CMRFs for all children.
Associations of nutrient biomarkers with CMRFs were estimated us-
ing multiple linear regression models with CMRF at 1 y as the depen-
dent variable and adjusted for sex, age, group, baseline BMIz, and base-
line CMRF value. Nutrient biomarkers and CMRFs were standardized
(mean: 0; SD: 1) and children in both groups were pooled for use in
the association models. Each combination of nutrient biomarker and
CMRF was estimated in a separate model. The coefficients from the es-
timated models represent the mean change in the CMRF (in SD units)
associated with an increase in 1 SD of the biomarker. Some of the CM-
RFs (hsCRP, IL-1, IL-6, leptin, E-selectin, P-selectin, ALT, and 2-h in-
sulin) were log transformed owing to nonnormal distribution. No other
violations of the linear regression models were detected after variable
transformations. Sensitivity analysis was run for the association models
incorporating a random effect for family to account for the nested struc-
ture of the data (children with the same parent/guardian). However, the
additional random effect did not improve the predictive quality of the
regression coefficients, thus the model assuming independent observa-
tions was reported throughout. All statistical analyses were performed
with SAS software version 9.4 (SAS Institute Inc.).

Results

Baseline characteristics
The median age (9.3 compared with 9.4 y), mean BMIz (2.0 compared
with 1.9), and sex distribution (47% compared with 50% females) were
similar between the groups at baseline (Table 1). The race/ethnicity dis-
tribution was also similar, with >70% of children self-identified as His-
panic/Latino and >70% of the parents self-identified as low income.

Nutrient biomarkers and desaturase enzyme indexes
Overall, children in the SC and SC + EP groups showed similar changes
in nutrient biomarker concentrations after the 1-y intervention (Table
2). After FDR adjustment, no significant differences were observed be-
tween groups, with the exception of higher RBC DHA and lower trans-
vaccenic acid (18:1n–7t) and vitamin E concentrations in the SC + EP
than in the SC group.

Given the minimal effect of the SC + EP intervention, nutrient
biomarker data from children in both groups were combined and the

TABLE 1 Baseline characteristics of the children1

Variables
SC

(n = 160)
SC + EP
(n = 161)

Age, y 9.3 (8–11) 9.4 (8–11)
Sex (%, females/males) 47/53 50/50
BMI z score 2.0 ± 0.4 1.9 ± 0.4
Race/ethnicity, %

Hispanic 72.5 75.8
Non-Hispanic 20.0 15.2
White, Asian, and other 7.5 9.0

Parent/guardian, %
Education ≤high school 81.2 75.7
Income <$30,000 74.5 72.8

1Values are percentages, medians (IQRs), or means ± SDs. EP, enhanced program;
SC, standard care.

pooled change over 1 y is summarized in Figure 1. Results indicate a
significant increase in plasma concentrations of β-carotene (22%) from
yellow/orange fruits and vegetables and decrease in lutein (−6%) from
eggs, corn, and green leafy vegetables. A significant decrease in vitamin
A (−10%) and vitamin E (−20%) concentrations was observed, which
may be due to an overall decrease in intake of animal foods and forti-
fied sugary cereals, and fried foods prepared with vegetable oils, major
dietary sources of vitamins A and E, respectively (41). No significant
differences were observed in plasma vitamin D or K concentrations.
Among the fatty acids, total SFA was significantly decreased in both
groups (−3%), primarily due to lower proportions of lauric acid (12:0)
(−12%) and palmitic acid (−9%), with compensatory higher propor-
tions of the minor SFAs [2–24% for myristic acid (14:0), stearic acid,
arachidic acid (20:0), and lignoceric acid (24:0)]. MUFAs, especially
those in the DNL pathway [7–18% for palmitoleic acid, 7-hexadecenoic
acid (16:1n–9), gondoic acid (20:1n–9), and nervonic acid (24:1n–9)],
as well as total PUFA n–6s, eicosadienoic acid (20:2n–6), dihomo-γ -
linolenic acid, arachidonic acid, and adrenic acid (22:4n–6), were signif-
icantly increased (2–15%), with the exception of Osbond acid (22:5n–
6) which was significantly decreased (−13%), after the 1-y intervention
period in both groups. All PUFA n–3s including α-linolenic acid (21%)
from vegetable oils and EPA, docosapentaenoic acid, and DHA (5–10%)
from fish, were significantly increased in children in both groups. Trans
fatty acids, indicators of ruminant fat [trans-palmitoleic acid (16:1n–
7t), trans-7-hexadecenoic acid (16:1n–9t), trans-vaccenic acid, and 18:2
conjugated linolenic acid], and of partially hydrogenated fat typically
found in traditional margarines and in commercially prepared fried
foods and savory snacks [elaidic acid (18:1n–9t), trans-octadecenoic
acid (18:1n–10–12t)], were significantly decreased (−10% to −18%) in
both groups by the end of the study. Of the desaturase enzyme indexes,
SCD1 (8%) and D6D (13%) were significantly increased, whereas D5D
(−11%) was significantly decreased, in both groups. A trend toward a
decrease in SCD2 was also observed (−2%; P = 0.069).

CMRFs
CMRFs were divided into 7 broad categories: BMIz; blood pressure (sys-
tolic and diastolic); glucose metabolism (fasting and 2-h glucose and in-
sulin, HOMA-IR); lipid profile (TC, LDL cholesterol, HDL cholesterol,
TG); markers of inflammation (hsCRP, TNFα, IL-1, IL-6), vascular ad-
hesion (E-selectin, P-selectin, sICAM), and coagulation (thrombomod-
ulin); adipokines (adiponectin, leptin); and liver enzymes (ALT, AST,
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Lutein 
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Total trans  
16:1n–7t  
16:1n–9t  
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18:1n10–12t  
18:2t  

18:2C 

SCD1 (16:1n–7/16:0)  
SCD2 (18:1n–9/18:0)  

D6D (20:3n–6/18:2n–6)  
D5D (20:4n–6/20:3n–6)  

-30 -20 -10 0 10 20 30 40

FIGURE 1 Pooled 1-y change in nutrient biomarker concentrations and desaturase enzyme activities. For each individual nutrient
biomarker, the mean percentage difference is plotted as the symbol and the 95% CI is displayed as the bar. The mean percentage
difference values and 95% CIs were derived from least-square means calculated from a mixed-effects random intercept model with time
(baseline or 1 y) as a fixed effect and a random intercept for subject correlations. A separate model was fitted for each log-transformed
outcome. n = 253 and included children in the SC and SC + enhanced program groups with both a baseline and 1-y nutrient biomarker
value. D5D, δ-5-desaturase; D6D, δ-6-desaturase; SC, standard care; SCD, stearoyl co-A desaturase.

and ALP). At the end of the 1-y intervention period, BMIz was signif-
icantly decreased in both the SC and SC + EP groups, with no signifi-
cant difference between groups (Table 3). Both groups had favorable de-
creases in LDL cholesterol and TNF-α, and increases in P-selectin and

leptin concentrations at the end of 1 y. However, unfavorable increases
in insulin, HOMA-IR, TG, P-selectin, and sICAM concentrations were
observed in both groups. Children in the SC + EP group had a mod-
est additional improvement in hsCRP and liver enzyme activities (AST,
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FIGURE 2 Pooled 1-y change in CMRFs. For each individual CMRF, the mean percentage difference is plotted as the symbol and the
95% CI is displayed as the bar. The mean percentage difference values and 95% CIs are derived from least-square means calculated from
a mixed-effects random intercept model with time (baseline or 1 y) as a fixed effect and a random intercept for subject correlations. A
separate model is fitted for each log-transformed outcome. Numbers of children in the SC and SC + enhanced program groups with both
baseline and 1-y values were as follows: BMIz (n = 317); blood pressure (n = 270); glucose metabolism (n = 264); lipid profile (n = 265);
hsCRP (n = 261); other inflammatory, vascular adhesion, and coagulation markers, and adipokines (n = 221); and liver enzymes (n = 268).
ALP, alkaline phosphatase; ALT, alanine transaminase; AST, aspartate transaminase; BMIz, BMI z score; CMRF, cardiometabolic risk factor;
hsCRP, high-sensitivity C-reactive protein; sICAM, soluble intercellular adhesion molecule.

ALT, and ALP). After FDR adjustment, only differences in hsCRP and
ALT remained significant in the SC + EP compared with the SC group.

When both groups were combined (Figure 2), an overall improve-
ment in CMRFs was observed including a significant decrease in BMIz
(−10%), LDL cholesterol (−4%), TNF-α (−21%), and liver enzymes
(−2% to −6%) and an increase in HDL-cholesterol (2%) concentra-
tions. However, unfavorable increases in fasting (23%) and 2-h insulin
(33%), HOMA-IR (26%), TG (10%), P-selectin (27%), sICAM (16%),
and leptin (17%) were also observed over the 1-y intervention period.

Association between biomarkers and CMRFs
A heat map of the association between the nutrient biomarkers and CM-
RFs is presented in Figure 3 with the β-coefficient for each associa-
tion in Supplemental Figure 2. Of note, no difference in either nutrient
biomarkers or CMRFs was observed between sexes.

Carotenoids.
Increase in plasma carotenoids was generally associated with an im-
provement in CMRFs including a decrease in BMIz (cryptoxan-

thin), diastolic blood pressure (zeaxanthin), TC (β-carotene), TG, glu-
cose, insulin, HOMA-IR, leptin (cryptoxanthin), and liver enzymes
(β-carotene and lycopene) and an increase in HDL cholesterol and
adiponectin (lutein, cryptoxanthin, lycopene).

Fat-soluble vitamins.
Increase in vitamin A was associated with a favorable decrease in fasting
glucose, hsCRP, and leptin. Increases in vitamins E and K were associ-
ated with an unfavorable increase in BMIz, TC, TG, fasting and 2-h in-
sulin, HOMA-IR, and leptin. No significant associations were observed
between vitamin D and any of the CMRFs.

RBC fatty acids.
Among the SFAs, associations with CMRFs varied by fatty acid
type. Total SFA and palmitic acid, the predominant SFA in the
diet, were associated with an unfavorable increase in TNFα, IL-1,
E- and P-selectin, sICAM, thrombomodulin, ALT, and AST and de-
crease in HDL cholesterol and 2-h glucose. Longer-chain SFAs (stearic
acid to lignoceric acid) were generally associated with an increase
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FIGURE 3 Heat map of the associations between nutrient biomarkers, desaturase enzyme activities, and CMRFs. The associations
between biomarkers and CMRFs were estimated using multiple linear regression models adjusted for sex, age, study group, and baseline
CMRF value. Each pixel represents the β-coefficients from the estimated models (mean change in the CMRF associated with an increase in
1 SD of the biomarker). Blue indicates a negative association, whereas red indicates a positive association, with the darkness of each color
corresponding to the magnitude of the β-coefficient. ∗Significant association. The number of children included in the association models
ranged from 208 to 253. Adipo, adiponectin; ALP, alkaline phosphatase; ALT, alanine transaminase; AST, aspartate transaminase; BMIz,
BMI z score; CLA, conjugated linolenic acid; CMRF, cardiometabolic risk factor; CRP, C-reactive protein; DBP, diastolic blood pressure;
D5D, δ-5-desaturase; D6D, δ-6-desaturase; E-sel, E-selectin; HDL-C, HDL cholesterol; LDL-C, LDL cholesterol; P-sel, P-selectin; SBP,
systolic blood pressure; SCD, stearoyl co-A desaturase; sICAM, soluble intercellular adhesion molecule; TC, total cholesterol; TG,
triglyceride; Throm, thrombomodulin.

in BMIz and leptin (lignoceric acid) and a decrease in TC [be-
henic acid (22:0)], TNF-α (stearic acid, arachidic acid), IL-1 and
IL-6 (behenic acid), P-selectin (stearic acid, behenic acid), sICAM
(stearic acid, arachidic acid), thrombomodulin (arachidic acid), and
liver enzymes (stearic acid). Interestingly, shorter-chain SFAs (lauric
acid and myristic acid) were associated with favorable decreases in
blood pressure and lipids (TC, LDL cholesterol, HDL cholesterol),
hsCRP, and adipokines. The odd-chain fatty acid, pentadecylic acid
(a biomarker of dairy fat), was associated with a favorable CMRF
profile (decrease in systolic blood pressure, glucose, IL-1, and P-
selectin).

Among the MUFAs, those produced by DNL were associated with
an adverse CMRF profile. Specifically, palmitoleic acid was strongly as-
sociated with an increase in BMIz, TC, TG, glucose metabolism, hsCRP,
IL-6, and leptin and a decrease in adiponectin. Total MUFA, predomi-
nantly oleic acid, was associated with an increase in ALT, whereas erucic
acid (22:1n–9) was associated with a decrease in ALP. Conversely, gon-

doic acid was strongly associated with a decrease in TC, LDL choles-
terol, TNF-α, E-selectin, thrombomodulin, and leptin, and along with
vaccenic acid a decrease in systolic blood pressure.

PUFA n–6s had differential associations with the CMRFs. Increases
in γ -linolenic acid (18:3n–6) and dihomo-γ -linolenic acid were asso-
ciated with increases in BMIz, systolic blood pressure, TC, LDL choles-
terol, TG, glucose metabolism, and leptin and a decrease in TNF-α.
However, total PUFA n–6s, arachidonic acid, and adrenic acid were as-
sociated with a decrease in TNF-α, IL-6, P-selectin, sICAM, thrombo-
modulin, and liver enzymes. Linoleic acid was associated with an in-
crease in liver enzymes.

PUFA n–3s, either plant derived (α-linolenic acid) or from marine
sources, were not strongly associated with many of the CMRFs; the ex-
ception was EPA that was associated with an increase in BMIz, systolic
blood pressure, TC, LDL cholesterol, hsCRP, and leptin. Favorable ef-
fects of total PUFA n–3s and DHA were observed with regard to the
liver enzymes, namely a decrease in ALT.
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Increases in trans fatty acids were associated with a favorable de-
crease in BMIz, blood pressure, glucose, insulin, HOMA-IR, and leptin
and an increase in adiponectin, but were also associated with unfavor-
able increases in inflammatory markers.

Desaturase enzyme indexes.
Unfavorable changes were observed in desaturase enzyme activities,
namely increases in SCD1 and D6D which were associated with in-
creases in most of the CMRFs (BMIz, TC, TG, glucose, insulin, HOMA-
IR, CRP, IL-6, leptin), whereas increases in SCD2 were primarily associ-
ated with an increase in 2-h insulin, AST, and ALT. In contrast, increase
in D5D was associated with a favorable decrease in 2-h glucose and in-
sulin, and ALT.

Discussion

Assessing changes in dietary intake resulting from a lifestyle interven-
tion is an important aspect of evaluating the effectiveness of weight-
loss programs in children and helps to refine dietary recommendations
to promote healthy weight. However, challenges associated with mea-
suring dietary intake, particularly in children, along with the inherent
limitations of subjective dietary assessment tools have contributed to
the dearth of information in this area. The present study is the first to
our knowledge to use a combination of nutrient biomarkers to objec-
tively assess the extent to which a family-based weight-loss interven-
tion shifted dietary behaviors and affected CMRFs in high-risk chil-
dren. Overall, results indicated a shift toward healthier eating patterns,
characterized by higher intakes of fruits and vegetables (carotenoids),
dairy (pentadecylic acid), vegetable oils/margarines (α-linolenic acid),
and fish (EPA, docosapentaenoic acid, DHA) and lower intakes of rumi-
nant and partially hydrogenated fat (trans fatty acids), in both groups.
These changes were associated with modest improvements in BMIz and
several CMRFs. With the exception of a few nutrient biomarkers (vita-
min E, DHA, trans-vaccenic acid) and CMRFs (hsCRP, ALT), limited
additional benefit was observed with SC + EP.

On a cautionary note, increases were observed in fatty acids resulting
from DNL, as well as SCD1 and D6D enzyme activities. DNL is the en-
zymatic pathway for converting excess dietary carbohydrate into fatty
acids (28), modulated by SCD1 which converts the SFA palmitic acid
to the MUFA 16:1 (palmitoleic acid) , and SCD2 which converts the
SFA stearic acid to the MUFA 18:1 (oleic acid). D6D and D5D are the
rate-limiting desaturase enzymes in the conversion of the essential diet-
derived fatty acids, linoleic acid and α-linolenic acid, via a series of in-
termediates to the long-chain PUFAs arachidonic acid and EPA, respec-
tively (42). Parallel activation of DNL and SCD1 activities has been re-
ported in response to low-fat, high-carbohydrate diets (43). In addition,
in vitro studies have shown that type of dietary fat can affect D6D activ-
ities, with dietary trans fatty acids decreasing D6D activities in rat liver
liposomes (44), and dietary PUFAs (linoleic acid and α-linolenic acid)
being associated with an increase in D6D activities in human peripheral
blood mononuclear cells (45). Based on these data, we speculate that the
decrease in dietary fat, especially trans fat intake, was at the expense of
increasing dietary carbohydrate, potentially accounting for the upreg-
ulation of DNL, SCD1, and D6D activities observed in the children at
the end of the 1-y intervention. The decreased conversion of dihomo-

γ -linolenic acid to arachidonic acid is most likely due to an increase
in long-chain PUFA n–3 intake, given competition between PUFA n–6
and n–3 for D5D (46).

The changes in DNL and desaturase enzyme activities may also par-
tially explain the unfavorable effects observed in glucose metabolism
markers and TG concentrations. Although we cannot exclude the pos-
sibility that pubertal changes might have influenced these results (47),
it has been documented that a shift toward a lower-fat, higher-refined-
carbohydrate dietary pattern can upregulate hepatic DNL and increase
VLDL production, resulting in higher circulating TG concentrations
and over time in insulin resistance (48). Although the SC dietary guid-
ance provided to the children emphasized increasing intake of highly
pigmented fruits and vegetables, substituting nonfat/low-fat for full-fat
milk and dairy products, and decreasing intake of commercially fried
foods/savory snacks and sugary beverages, no specific instructions were
provided with regard to type of dietary carbohydrate. Additional guid-
ance to replace refined-carbohydrate foods with whole-grain foods may
have mitigated the adverse effects observed on glucose metabolism and
TG concentrations.

We also observed increases in adhesion molecules (P-selectin and
sICAM) that have been associated with endothelial dysfunction in obese
children (30, 31). This suggests that vascular injury may already be
present in this group of high-risk children and that the study interven-
tion was unable to slow or reverse this trajectory. In contrast, there was
a significant benefit of the intervention on liver enzymes, indicators of
nonalcoholic fatty liver disease, the prevalence of which is markedly in-
creasing in obese children (49). We observed an increase in leptin and
no significant change in adiponectin, consistent with the modest reduc-
tions in body weight after the intervention (50).

The association between nutrient biomarkers and CMRFs indicated
that increases in plasma carotenoids resulted in the most favorable
CMRF profile, consistent with previous reports (51). Interestingly, trans
fatty acids were associated negatively with BMIz, blood pressure, and
glucose metabolism and positively with inflammatory biomarkers. Di-
etary trans fatty acids represent a mixture of isomers, the relative pro-
portion of which differs between the 2 major dietary sources: par-
tially hydrogenated fat and ruminant fat. It has been shown that trans
fatty acids resulting from partial hydrogenation of vegetable oils (mar-
garines/shortening) result in a more unfavorable CMRF profile than
those found in dairy products (52). The children in this study decreased
consumption of high-fat dairy products; however, the increases ob-
served in α-linolenic acid and 18:2 trans fatty acids are indicative of
higher vegetable oil–based margarine intake (27), which might account
for the mixed CMRF results observed. Of note, in the United States and
many other countries the use of partially hydrogenated fat has now been
phased out (53), but it was a significant dietary contributor at the time of
this study. Despite an increase in fish consumption indicated by higher
long-chain PUFA n–3s, there were no major associations with CMRFs,
in contrast to previous work (54). In the current study, EPA was asso-
ciated with unfavorable effects on some CMRFs. This is probably due
to the fact that the sources of fish consumed were fried, which has been
shown to have less beneficial effects than non–fried fish sources on CM-
RFs (55).

This study has several strengths, including the first report of di-
etary changes in a family-based weight loss intervention using an ob-
jective multibiomarker approach. Nutrient biomarkers were specifically
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selected to be validated indicators of the foods targeted in the SC recom-
mendations. However, these biomarkers are unable to capture total en-
ergy intake/balance or quantity of the food consumed. Also, carotenoids
are stored in adipose tissue and may be released into the circulation in
response to weight loss. This was partially addressed during data anal-
ysis by expressing carotenoids per milligram of TG. The desaturase in-
dexes were estimated from RBC fatty acid profiles, so offer an indirect
rather than direct measure of enzyme activity. The similar trajectories in
nutrient biomarkers observed between the groups may reflect the expe-
rience of the study pediatricians providing the quarterly consultations,
as well as the increased interaction with research staff. However, we can-
not exclude the possibility that crosstalk between the groups may have
diminished the magnitude of the differences observed. Finally, gener-
alizability of our findings is limited to our study population: high-risk
children with overweight and obesity living in minority communities.

In conclusion, our data suggest that the SC intervention, based on
American Academy of Pediatrics evidence-based recommendations,
and provided by primary care pediatricians with expertise in weight
management and family-based behavioral counseling, can help over-
weight and obese children and improve theireating patterns, BMIz
scores, and several CMRFs. The addition of a more intensive lifestyle in-
tervention program resulted in limited additional dietary and metabolic
benefits. Neither intervention could reverse the unfavorable trajectories
in glucose metabolism, TGs, and vascular injury markers. These results
provide critical data with which to design subsequent interventions to
increase the impact of family-based obesity prevention programs and
emphasize the public health importance of such efforts to stem the tide
of childhood obesity in high-risk groups.
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