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ARTICLE INFO ABSTRACT
Atticle history: Objectives: Leptin is a hormone produced by adipose tissue that promotes satiety, and some evidence suggests
Received 23 August 2018 that greater early life leptin exposure prevents excessive adiposity gain in later life. However, few studies have

Accepted 3 November 2018 analyzed dynamic changes in leptin throughout childhood in relation to later cardio-metabolic health. Our

study aims to identify distinct leptin trajectories in childhood, and to examine their associations with cardio-

i(ey words: metabolic outcomes in adolescence.
Ci;i)lt(;r}lléﬁectones Methods: Among children in the Project Viva cohort born 1999-2002 in Massachusetts, we used latent class

growth models to identify leptin trajectories independent of maternal BMI, child sex, race/ethnicity, size at
birth and current age and size among 1360 children with leptin measured at least once at birth, early childhood
(mean 3.3 4 SD 0.3 years), or mid-childhood (7.9 & 0.8 years). At research visits in early adolescence (13.2 £
0.9 years), we assessed cardio-metabolic outcomes including adiposity measures, fasting biomarkers, and
blood pressure among 855 children. We then applied multiple regression models to examine associations of
the leptin trajectories with these cardio-metabolic outcomes in early adolescence, adjusting for child age at out-
come, maternal age, education, prenatal smoking and glucose, total gestational weight gain and paternal BMI.
Results: The latent class growth model identified 3 distinct leptin trajectories: “low stable” (n = 1031, 75.8%),
“high-decreasing” (n = 219, 16.1%) and “intermediate-increasing” (n = 110, 8.1%). In adjusted models, the
intermediate-increasing leptin trajectory was associated with higher early adolescence adiposity measures
(e.g. BMI z-score: 0.62 units; 95% confidence interval: 0.28, 0.96 and odds of obesity: 2.84: 1.17, 6.94), but
lower systolic blood pressure (—0.46 z-score units; —0.74, —0.18), compared to the low-stable group.
Conclusions: Our findings on leptin trajectories in childhood suggest important differences and associations with
later metabolic outcomes.
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the hypothalamus to regulate satiety and long-term energy balance
[1,2]. Plasma leptin levels correlate positively with adiposity in new-
borns, children and adults [3-5]. Higher plasma leptin is associated
with obesity-related inflammation biomarkers not only in adipose tis-
sue but also in the circulatory system [6-8]. However, few studies
have examined the extent to which early life leptin levels predict later
cardio-metabolic risk markers including adiposity, blood pressure and
biomarkers of insulin resistance.
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We have previously reported that higher maternal and cord blood
leptin were associated with lower offspring adiposity from early child-
hood to early adolescence [3,5]. However, higher plasma leptin in
early childhood was associated with greater adiposity in later childhood
in our cohort as well as in others [3,9-11]. These studies however, only
analyzed the associations of leptin measured at a certain (static) time
point with either current or subsequent adiposity. Since leptin reflects
real-time adiposity accumulation and is associated with subsequent
adiposity, the dynamic changes in leptin levels throughout early life
(from birth to mid-childhood) independent of BMI, may predict subse-
quent cardio-metabolic outcomes in adolescence.

Individual children may exhibit distinct leptin trajectories, which
may differentially influence the development of adverse cardio-
metabolic outcomes later in life. Two cohorts—the Center for the Health
Assessment of Mothers and Children of Salinas (CHAMACOS) (n = 80)
and the Europe Childhood Obesity Project (CHOP) (n = 459)—have
described longitudinal changes of leptin in children [10,12]. These
studies both measured leptin since birth or infancy and followed the
children until mid-childhood (8-9 years). Both studies reported
three leptin trajectories based on unadjusted leptin values, and found
adiposity measures across early and mid-childhood (e.g. higher BMI
and waist circumference) distinguished different courses of leptin
trajectories [10]. However, these two studies used different trajectory
plotting methods and did not account for maternal and offspring
major determinants in their leptin trajectories, which makes the
distinctive patterns inconsistent with each other.

Recent progress in statistical techniques such as latent class growth
modeling (LCGM) make it possible to study the potential heterogeneity
in longitudinal changes of leptin in childhood [13]. LCGM is a semi-
parametric statistical technique that is used to analyze longitudinal
data based on structural equation modeling [ 14], and it assumes that in-
dividuals in the sample need not come from a single underlying popula-
tion, but rather from multiple, latent (unobserved) subgroups.
Therefore, in our Project Viva cohort, we aimed to: 1) develop our leptin
trajectories using the LCGM method, after standardization for major
maternal and fetal determinants; 2) investigate the predictive values
for comprehensive cardio-metabolic outcomes at early adolescence
with different courses of leptin trajectories. We hypothesized that dis-
tinct leptin trajectories from birth to mid-childhood would be predictive
of early adolescent adiposity, blood pressure, and biomarkers of cardio-
metabolic risk.

2. Materials and Methods
2.1. Study Population

Project Viva is an observational, prospective birth cohort that re-
cruited pregnant women at in-person visits during the first trimester
of pregnancy from 8 obstetric offices of Atrius Harvard Vanguard Med-
ical Associations, a multi-site group practice in Eastern Massachusetts
since 1999 [15]. The study methodology has previously been published
[15]. We conducted follow-up in-person research visits at late 2nd
trimester (26-28 weeks gestation), delivery, early childhood (mean
3.3 + standard deviation 0.3 years), mid-childhood (7.9 + 0.8 years),
and early adolescence (13.2 &+ 0.9 years).

Among 2128 live births, we excluded 768 without leptin measured
at birth, early childhood or mid-childhood. Thus, 1360 eligible offspring
were included for leptin trajectory analysis. For each subsequent follow-
up visit, outcomes varied based on different sample sizes for adiposity
(n = 644-855), blood pressure (n = 847), and plasma biomarker
(n = 595) outcomes, as shown in Fig. 1.

Mothers provided written informed consent at enrollment and each
postnatal follow-up visit, and children proved verbal assent at the early
adolescent visit. The institutional review board of Harvard Pilgrim
Health Care approved the project, which we conducted in line with
ethical standards established by the Declaration of Helsinki.

2.2. Exposure - Offspring Leptin Measures

We collected cord blood at birth and offspring blood at early child-
hood and mid-childhood via venipuncture, and immediately refriger-
ated whole blood samples and spun them within 24 h according to a
standard protocol [3,5]. Plasma leptin was measured using an immuno-
assay (Linco Research Inc., St Charles, MO) as described elsewhere [3,5].

2.3. Outcomes - Cardio-Metabolic Measures at Early Adolescence

2.3.1. Adiposity Measures

Trained research assistants measured standing height and weight
according to standardized protocols [3,5,15,16]. We calculated BMI as
weight divided by height squared (kg/m?). We further calculated age-
and sex-specific height and BMI z-scores using Centers for Disease
Control and Prevention growth charts [17]. We defined children as
being obese if their BMI was above the 95th percentile for their age
and sex [18]. Waist and hip circumferences were measured to the
nearest 0.1 mm using a Hoechstmass measuring tape (Hoechstmass
Balzer GmbH, Sulzbach, Germany). Subscapular (SS) and triceps (TR)
skinfolds (mm) were measured to the nearest 0.2 mm with Holtain
Tanner Skinfold Calipers (Holtain Limited, London, UK) [3]. We calcu-
lated waist-to-hip ratio, and sum (SS + TR) and ratio (SS/TR) of the
two skinfolds. We performed whole body DXA scans with a Hologic
Model Discovery A fan-beam scanner (Hologic, Bedford, Massachusetts).
A single trained investigator assessed fat mass index, lean mass index
and trunk fat index according to a standardized protocol [3,15].

2.3.2. Blood Pressure

Trained research assistants measured blood pressure (BP) using
biannually calibrated automated oscillometric monitors (The Omron
HEM-907XL, Illinois, US) and appropriate cuff sizes on the child's
upper arm at 1-min intervals 5 times [19]. We included the mean of
the 5 measurements for both systolic (SBP) and diastolic blood pressure
(DBP) to improve precision when quantifying individual BP variability
[19]. We further calculated age-, sex- and height specific SBP and DBP
percentiles and z-scores according to the NHANES 2004 BP reference
for children and adolescents [20]. We defined children as having pre-
hypertension (HTN)/HTN if SBP or DBP was 290th percentile according
to the same reference [20].

2.3.3. Plasma Biomarkers and Metabolic Score

Trained technicians collected fasting blood specimens. We centrifuged
all samples within 24 h and stored plasma aliquots at —80 °C. Fasting glu-
cose, insulin, c-peptide, high-density lipoprotein (HDL), total cholesterol,
triglycerides, alanine aminotransferase (ALT) and C-reactive protein
(CRP) were all measured according to standard protocols [21]. We calcu-
lated insulin resistance using the homeostasis model assessment
(HOMA-IR) [22], and metabolic risk score using z scores internally stan-
dardized for age and sex for waist circumference, SBP, triglycerides, HDL
and HOMA-IR, as reported elsewhere [23].

24. Covariates

24.1. Antenatal Maternal Characteristics

At recruitment, mothers reported their age, race/ethnicity, pre-
pregnancy weight, height, smoking history (smoking during pregnancy,
past smoker and never smoker), personal history of chronic systemic
disease including diabetes and HTN, highest education (which we
categorized as lower than college degree and college degree and
above), exercise during pregnancy, and father's weight and height via
questionnaires and interviews. We used measured weights recorded
in the outpatient medical records and self-reported pre-pregnancy
weight to calculate total gestational weight gain (GWG). Clinicians
assessed maternal non-fasting blood sample for oral glucose challenge
test (GCT), in which venous blood was sampled 1 h after a 50 g oral
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2128 live births

Excluding offspring without leptin measured
at any visits (birth, early childhood and mid childhood)

(n=768)

Eligible offspring for analysis
(n=1360)

Excluding offspring without any of the cardio-metabolic
measures at early adolescence

(n=505)

With Any Early teen Cardio-Metabolic Outcome Measures (n=855):

. Blood Pressure (n=847)

. Anthropometry (n=853)

. Central Fat Indices (n=855)

. DXA Fat/Lean Mass Indices (n=644)

. Metabolic Serum Biomarkers (n=595)

Fig. 1. Study recruitment and follow-up flow from birth to early adolescent in Project Viva.

glucose load [15]. At the same time point, we collected additional blood
specimens, which we assayed for maternal leptin and adiponectin as
described above.

2.4.2. Offspring Characteristics from Birth to Mid-Childhood

We extracted birth weight and delivery date from hospital medical
records and calculated birth weight for gestational age z-score using
national reference data from the United States Natality database [18].
Mothers reported their child's race/ethnicity, which we categorized as
white, black, Hispanic, Asian or others. Trained research assistants mea-
sured height and at early and mid-childhood and we calculated BMI and
BMI z-score at each time point.

2.5. Statistical Analysis
We first plotted child leptin trajectories in two steps.

2.5.1. Step 1: Calculation of Leptin Residuals

We estimated variation in leptin that was attributable to major de-
terminants (e.g. maternal pre-pregnancy BMI, birth weight, gestational
age, offspring sex, offspring BMI) of offspring leptin based on previous
publications [3,5,12,18,24-26]. We also considered, but did not include,
gestational weight gain, maternal smoking during pregnancy, and route
of delivery, because these characteristics were not related to leptin
across childhood. In separate models, we regressed child leptin mea-
sured at each time point on maternal pre-pregnancy BMI, and child
sex, race/ethnicity and birth weight for gestational age z-score for all
visits (at birth, early and mid-childhood), and additionally child
age and BMI at early and mid-childhood visits, based on associations
of these factors with leptin levels in our dataset (Table S1). We used
the residuals from these models to derive the leptin trajectories, based
on the example of nutritional epidemiology [27]. We describe the

characteristics of recruited and non-recruited subjects of data comple-
tion, according to leptin trajectories and cardio-metabolic outcomes at
early adolescence, in Table S2.

We also generated crude leptin trajectories, i.e. without adjusting for
maternal characteristics or child BMI (Fig. S1). However, since BMI is a
strong driver of both leptin and our subsequent outcomes, and we
were primarily interested in effects of leptin levels independent of
BMI, we were concerned that these trajectories were substantially con-
founded by BMI Therefore we used the residual approach as descried
above in our subsequent analyses.

2.5.2. Step 2: Latent Class Growth Mode

We applied a latent class growth model (LCGM) [13] to the leptin re-
siduals to identify leptin trajectories that followed a similar pattern of
change over time from birth to mid-childhood. LCGM is a semi-
parametric statistical technique that is used to analyze longitudinal
data based on structural equation modeling [14], and it assumes that in-
dividuals in the sample need not come from a single underlying popula-
tion, but rather from multiple, latent (unobserved) subgroups. The aim
of the LCGM is to identify distinct trajectory patterns with the appropri-
ate polynomial order that represents the heterogeneity in trajectories.
The number of groups and orders of the polynomials were determined
by the Bayesian Information Criterion (BIC). A further criterion is that
each trajectory should include at least 5% of all participants, so that it
would be large enough to be clinically important [13,28]. Quadratic-
shaped trajectories were fitted to allow for curved developmental
patterns. We searched for the optimal number of groups using a
forward classifying approach, which starts with a one-class solution
and then adds further classes until both criterions were met. We
coded distinct trajectories as a categorical variable (with k number of
categories) and named them based on their visual appearance.
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Fig. 2. Leptin trajectories (n = 1360). We identified three distinct leptin trajectories using the LCGM approach: a “low-stable” group (n = 1031, 75.8%) in red solid line, a “high-decreasing”
group (n =219, 16.1%) in black dotted line and an “intermediate-increasing” group (n = 110, 8.1%) in a green dotted line, among 1360 offspring with at least one leptin measured at birth,

early childhood and mid-childhood visits.

Finally, we performed multiple regression analyses to study the as-
sociation of leptin trajectories from birth to mid-childhood and cardio-
metabolic outcomes at early adolescence. We adjusted models as fol-
lows, based on prior publications: Model 1—adjusted for child age at
the early adolescent visit; Model 2—Model 1 and additionally adjusted
for maternal age at enrollment, education, smoking, glucose levels at
2nd trimester GCT, and total GWG as well as paternal BMI. Correlations
among these covariates were generally low and so we did not have
concern for collinearity. Because we had already adjusted for maternal
pre-pregnancy BMI, child sex, child race/ethnicity, birth weight for ges-
tational age z-score and subsequent child age and size in determining
leptin trajectories, we did not also include these variables in our final
models. We analyzed adiposity, blood pressure, and biomarker out-
comes as continuous measures using linear regression. We used logistic
regression for dichotomous outcomes, and thus calculated odds ratios
(OR) for childhood pre-HTN/HTN (vs. normal BP) and childhood obesity
(BMI >95th vs. <95th percentile) for each distinct leptin trajectory.
Although we performed separate models for each of our outcomes, we
did not explicitly account for multiple testing as the correlation between
leptin and cardio-metabolic risks have been well established [29-32]
and there are high correlations among our early adolescence cardio-
metabolic outcomes. Rather, we have focused on patterns of associa-
tions consistent within each other outcomes and were conservative
about isolated significant findings.

We also performed sensitivity analyses by including additional covariates
such as maternal pre-pregnancy diabetes, pre-pregnancy hypertension, ges-
tational hypertensive disorders, parity, 2nd trimester leptin, 2nd trimester
total energy intake and adiponectin, household income, child pre-term sta-
tus as well as changes in BMI between different time points (birth, early-
and mid-childhood) in the final adjusted model. We further tested maternal
gestational diabetes as a potential effect modifier in our final model, as pre-
vious studies have shown that gestational diabetes links with both cord lep-
tin level [33,34] and infant and childhood adiposity [35,36].

To illustrate the robustness of the trajectory patterns, we repeated
the analyses and conducted kappa agreement tests by using: 1. Children
without missing leptin values at any of the visits (n = 182) or missing
only one leptin value (n = 641); 2. Only adjusted for same set of vari-
ables at each timepoint (i.e. maternal pre-pregnancy BMI, child sex,
child race/ethnicity and birth weight for gestational age z score, but
not current child age or BMI at leptin measurement). We performed sta-
tistical analyses using SAS (version 9.4, SAS Institute, Cary NC, US) and
STATA (version 11.1, STATA Corp, Texas, US).

3. Results

Among the 1360 offspring with at least one leptin measured at birth,
early childhood and mid-childhood visits, we identified three distinct

leptin trajectories using the LCGM approach, which we named a “low-
stable” group (n = 1031, 75.8%), a “high-decreasing” group (n = 219,
16.1%) and an “intermediate-increasing” group (n = 110, 8.1%)
(Fig. 2). Descriptive data of age and leptin residuals, and comparisons
among residual leptin values at each time point are shown in Table S3.
In sensitivity tests, leptin trajectories did not substantively change
when we limited our sample size to offspring with leptin measured at
all three visits (n = 182) or at any two of the three visits (n = 641)
or calculate leptin residuals using the same set of variables at birth,
early childhood and mid-childhood visits (Figs. S2-5S4; Tables S4-6).

Table 1 shows the distributions of maternal and offspring character-
istics, and offspring cardio-metabolic measures at early adolescence for
each leptin trajectory. Since maternal pre-pregnancy BMI and birth
weight for gestational age z-score were included during the generation
of residuals, these variables did not differ across the three leptin
trajectories. Maternal GCT result and total GWG showed similar
means and standard deviation (SD) in each leptin trajectory. Offspring
SBP z-score was similar between the low-stable and high-decreasing
group, and lowest in the intermediate-increasing group. Childhood
pre-HTN/HTN was less prevalent in intermediate-increasing group,
while childhood obesity was more prevalent in the same group.
Among the three leptin trajectories, most of the adiposity measures
and biomarkers seemed to have the greatest values in intermediate-
increasing group, while HDL-cholesterol was lowest in this group.

Associations of offspring leptin trajectories with cardio-metabolic
outcomes in early adolescence are summarized in Table 2. In analyses
adjusted for age at outcome, leptin trajectories predicted many cardio-
metabolic outcomes in early adolescence. After adjusting for potential
confounders, associations were either modestly attenuated or did
not appreciably change. The intermediate-increasing leptin trajectory
was associated with lower SBP z-score (—0.46 units; 95% Cl: —0.74,
—0.18), but otherwise higher BMI z-score (0.62 units; 0.28, 0.96),
higher waist circumference (7.28 cm; 3.47, 11.09), higher SS + TR
(9.37 mm, 4.92, 13.82), higher total fat index (2.71 kg/m?; 1.62, 3.80),
higher insulin level (2.23 IU; 1.26 3.20), higher CRP (0.94 mg/I; 0.17,
1.71), higher ALT (3.68 u/l; 0.07, 7.29) and greater global metabolic
risk scores (0.33 units; 0.08, 0.57) (Fig. 3) as well as lower HDL
(—6.25 mg/dl; —11.57, —0.99), compared with the low-stable trajec-
tory. Offspring in the intermediate-increasing trajectory also had higher
odds (OR 2.84; 95% CI: 1.17, 6.94) of obesity at early adolescence com-
pared with offspring in the low stable trajectory (Fig. 4). Interestingly,
both the intermediate-increasing (16.37 ng/ml, 95% CI: 11.26, 21.49)
and high-decreasing (6.10, 95% CI: 2.35, 9.85) trajectories were associ-
ated with higher leptin level at early adolescence, although the associa-
tion was stronger for the intermediate-increasing group.

Additional adjustment for maternal pre-gestational chronic hyper-
tension, type 1 or type 2 diabetes mellitus, gestational hypertensive
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Table 1
Maternal and offspring characteristics and cardio-metabolic measures in early adolescence in Project Viva (n = 855).

Characteristics Leptin trajectories
Total Low-stable High-decreasing Intermediate-increasing
(n = 855) (n=1732) (n=87) (n=36)

mean (SD) or n (%)

mean (SD) or n (%)

mean (SD) or n (%)

mean (SD) or n (%)

Perinatal characteristics
Maternal

Age at enrollment, years 324 (5.1) 324 (5.1) 32.7 (4.6) 309 (6.1)
Pre-pregnancy BMI, kg/m? 248 (5.2) 248 (5.1) 25.1 (5.6) 256 (54)
Smoking status, %
Never 600 (70.3) 511 (70.0) 63 (72.4) 26 (72.2)
Former 178 (20.9) 154 (21.1) 17 (19.5) 7 (19.4)
During pregnancy 75 (8.8) 65 (8.9) 7 (8.0) 3(8.3)
>College degree, %
No 255 (29.9) 216 (29.6) 24 (27.6) 15 (41.7)
Yes 598 (70.1) 514 (70.4) 63 (72.4) 21 (58.3)
2nd tri-glucose, mg/dl 113.2 (27.5) 113.0 (27.7) 116.1 (26.3) 110.8 (27.1)
Total GWG, kg 154 (5.3) 154 (5.2) 14.8 (5.5) 16.3 (6.2)
Maternal race/ethnicity, %
Black 130 (15.2) 108 (14.8) 14 (16.1) 8(22.2)
Hispanic 53 (6.2) 47 (6.4) 3(34) 3(8.3)
Asian 39 (4.6) 6 (4.9) 1(1.1) 2 (5.6)
White 590 (69.2) 505 (69.2) 66 (75.9) 19 (52.8)
Other 41 (4.8) 4 (4.7) 3(34) 4(11.1)
Paternal BMI, kg/m? 26.5 (4.0) 26 4(3.9) 26.8 (5.0) 26.8 (3.7)
Offspring characteristics
At birth
BW/GA z-score 0.23 (0.96) 0.20 (0.94) 0.54 (1.00) 0.14 (1.04)
Gestational age, weeks 39.6 (1.7) 39.5(1.7) 39.9(1.4) 40.0 (1.1)
Female, %
No 432 (50.5) 381 (52.0) 38 (43.7) 13 (36.1)
Yes 423 (49.5) 351 (48.0) 49 (56.3) 3(63.9)
Child race/ethnicity, %
Black 135 (15.8) 113 (15.5) 13 (14.9) 9(25.0)
Hispanic 39 (4.6) 33 (4.5) 3(34) 3(83)
Asian 24 (2.8) 21(2.9) 1(1.1) 2 (5.6)
White 556 (65.1) 473 (64.7) 64 (73.6) 19 (52.8)
Other 100 (11.7) 91 (12.4) 6 (6.9) 3(8.3)
Leptin?, ng/dl 74 6.0 19.1 7.7
(3.8-12.3) (3.3,9.1) (16.3-22.1) (4.6-11.4)
At early childhood
Age, years 3.3(0.3) 3.2(0.3) 3.2(03) 3.3(0.6)
Waist circumference, cm 51.3(3.6) 51.2 (3.5) 50.9 (3.3) 524 (6.1)
BMI z-score 0.45 (0.99) 0.46 (0.98) 0.26 (1.01) 0.62 (0.95)
Leptin?, ng/dl 1.4 14 1.4 2.2
(1.0-2.3) (0.9-2.2) (1.1-2.1) (1.3,3.0)
At mid-childhood
Age, years 7.9 (0.8) 7.9 (0.8) 8.0 (0.9) 8.1(1.0)
Waist circumference, cm 59.9 (8.5) 59.4 (8.0) 60.5 (9.5) 67.7 (11.3)
BMI z-score 0.40 (1.01) 0.37 (0.98) 0.31 (1.02) 1.12 (1.12)
Leptin?, ng/dl 32 29 5.1 239
(2.2-5.9) (2.1-4.7) (2.8-12.1) (20.0-30.7)
At early-adolescence
Growth and adiposity measures
Height z-score 0.37 (1.02) 0.38 (1.04) 0.24 (0.89) 0.62 (0.86)
BMI z-score 0.38 (1.08) 0.35 (1.07) 033 (1.13) 1.09 (0.96)
Obesity (295th %tile), %
No 740 (86.8) 642 (87.8) 73 (84.9) 25 (69.4)
Yes 113 (13.2) 89 (12.2) 13 (15.1) 11 (30.6)
Waist circumference, cm 73.1 (12.0) 72.7 (11.6) 73.0 (13.2) 81.2 (14.6)
Hip circumference, cm 88.8 (10.8) 88.5(10.3) 87.9 (13.0) 97.2 (11.4)
SS + TR skinfolds, mm 28 3(13.9) 27.6 (13.1) 29.9 (16.1) 38.8 (19.0)
DXA_total fat index, kg/m? 3(3.1) 6.2 (2.9) 6.8 (3.5) 9.2 (4.7)
DXA_total lean index, kg/m? 149 (2.1) 14 9 (2.1) 14.7 (2.0) 16.2 (2.3)
DXA_trunk fat mass, kg/m? 4(1.5) 3(14) 2.6 (1.6) 3.8(2.3)
Blood pressure measures
SBP z-score —0.17 (0.81) —0.15 (0.81) —0.15 (0.82) —0.56 (0.69)
DBP z-score —0.17 (0.64) —0.18 (0.64) —0.12 (0.65) —0.24 (0.58)
HTN or pre-HTN, %
Yes 83(9.8) 0(9.6) 11 (12.8) 2 (5.6)
Plasma biomarkers
Fasting glucose, mg/dl 93.0 (24.0) 93.0 (25.5) 91.5 (13.0) 95.1 (10.8)
Insulin, uU/ml 16.3 (17.9) 157(18.4) 17.4 (11.6) 233 (17.9)
HOMA-IR 3 4(3.9) .3 (4.0) 3.7 (2.5) 4 (4.9)
C-peptide, ng/ml 2(1.1) 1(1.1) 2.3(0.9) 8 (14)
HDL, mg/dl 555(135 560(13.5) 54.7 (13.0) 489(12 8)
Total cholesterol, mg/dl 156.2 (28.3) 156.4 (28.1) 158.1 (30.6) 150.4 (27.2)
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Table 1 (continued)

Characteristics Leptin trajectories
Total Low-stable High-decreasing Intermediate-increasing
(n = 855) (n=732) (n=87) (n=136)
mean (SD) or n (%) mean (SD) or n (%) mean (SD) or n (%) mean (SD) or n (%)
Triglyceride, mg/dl 704 (31.5) 69.7 (31.1) 75.0 (344) 73.2 (32.7)
ALT, u/l 18.8 (9.2) 18.7 (7.6) 18.1 (6.3) 21 4(26.2)
hsCRP, mg/1 09 (1.9) 0.9(1.9) 0.7 (0.9) 8 (3.1)
Leptin®, ng/dl 6.7 (3.1-16.2) 6.0 (2.9-14.8) 9.4 (3.7-20.6) 16 5 (9.0-50.2)
Metabolic risk score®, units —0.00 (0.63) —0.03 (0.62) 0.08 (0.58) 0.34 (0.70)

Abbreviation: SBP, systolic blood pressure; DBP, diastolic blood pressure, HTN, hypertension, BMI, body mass index; SS + TR, sum of subscapular and triceps skinfold thicknesses; HDL,
high-density lipoprotein; ALT, alanine aminotransferase; hsCRP, high sensitivity C-reactive protein.

2 Median [IQR] are shown for leptin value measured at early adolescence.

b Metabolic risk score using z scores internally standardized for age and sex for waist circumference, SBP, triglycerides, HDL and HOMA-IR.

disorders, maternal total energy intake, total maternal physical activity
during pregnancy, parity, pre-term birth or changes in BMI between dif-
ferent time points did not appreciably change the observed associations.
We did not find a significant interaction between leptin trajectories and
maternal gestational diabetes.

4. Discussion

Our study identified three patterns of longitudinal change in off-
spring leptin from birth to mid-childhood. Compared with a low-

stable group, those in the intermediate-increasing group had higher
levels of several cardio-metabolic risk markers at early adolescence, in-
cluding greater central and overall adiposity, lower HDL cholesterol,
higher inflammation, higher liver function tests, and higher global met-
abolic risk scores. The odds of obesity in early adolescence was almost
threefold higher in this group. However, somewhat paradoxically, this
group did have lower blood pressure z scores, which are standardized
by height.

We identified two cohorts—CHAMACOS (n = 80, age = 6 months)
and CHOP (n = 459, age = 8-9 years)—that have previously described

Table 2
Multivariable associations of early life leptin trajectories with cardio-metabolic outcomes in early adolescence (n = 855).
Early adolescent cardio-metabolic measures Model 1 Model 2
Low-stable High-decreasing Intermediate-increasing Low-stable High-decreasing Intermediate-increasing
(n=732) (n=287) (n=36) (n=732) (n=287) (n=36)
> (95% CI) 3 (95% CI)
Growth and adiposity measures
Height z-score 0.0 (ref) —0.13 (—0.36,0.10) 0.24 (—0.10, 0.58) 0.0 (ref) —0.15 (—0.38, 0.09) 0.14 (—0.21,0.49)
BMI z-score 0.0 (ref) —0.02 (—0.26,0.22) 0.75 (0.39, 1.10) 0.0 (ref) —0.01 (—0.24,0.22) 0.62 (0.28, 0.96)
Waist circumference, cm 0.0 (ref) —0.15 (—2.78, 2.48) 8.37 (4.42,12.32) 0.0 (ref) 0.06 (—2.46, 2.58) 7.28 (3.47,11.08)
Hip circumference, cm 0.0 (ref) —1.26 (—3.54,1.03) 8.61 (5.18,12.04) 0.0 (ref) —1.13(—3.32,1.07) 7.49 (4.18, 10.80)
SS + TR skinfolds, mm 0.0 (ref) 2.18 (—0.90, 5.25) 11.21 (6.61, 15.81) 0.0 (ref) 2.53 (—0.42,5.47) 9.36 (4.91, 13.81)
SS:TR ratio 0.0 (ref) 0.02 (—0.03, 0.08) 0.15 (0.07, 0.23) 0.0 (ref) 0.03 (—0.02, 0.08) 0.14 (0.06, 0.21)
DXA total fat, % 0.0 (ref) 1.91 (—0.09,3.91) 6.08 (3.30, 8.86) 0.0 (ref) 2.16 (0.20,4.12) 5.52 (2.81, 8.24)
DXA total fat index, kg/m? 0.0 (ref) 0.64 (—0.19, 1.46) 3.04 (1.90, 4.19) 0.0 (ref) 0.70 (—0.08, 1.49) 2.71 (1.62, 3.80)
DXA total lean index, kg/m? 0.0 (ref) —0.15 (—0.69, 0.39) 1.34 (0.59, 2.09) 0.0 (ref) —0.16 (—0.68, 0.37) 1.03 (0.30, 1.76)
DXA_trunk fat mass, kg/m? 0.0 (ref) 0.27 (—0.12, 0.66) 1.44 (0.89, 1.98) 0.0 (ref) 0.30 (—0.07, 0.67) 1.26 (0.74, 1.78)
Blood pressure measures
SBP z-score 0.0 (ref) 0.00 (—0.18,0.18)  —0.41 (—0.68, —0.14) 0.0 (ref) 0.01(—0.18,0.20)  —0.46 (—0.74, —0.18)
DBP z-score 0.0 (ref) 0.05 (—0.09,0.20) —0.07 (—0.28,0.15) 0.0 (ref) 0.04 (—0.11,0.19)  —0.09 (—0.31,0.14)
Serum biomarkers
Fasting glucose, mg/dl 0.0 (ref) —2.68 (—9.64,4.27) 2.36 (—6.86,11.58) 0.0 (ref) —1.83 (—6.59,2.92) 3.34(—3.10,9.77)
Insulin, uU/ml 0.0 (ref) 1.13 (—3.79, 6.05) 7.51 (0.75, 14.27) 0.0 (ref) 1.93 (—2.17,6.02) 7.11 (148, 12.75)
HOMA-IR 0.0 (ref) 0.33 (—0.83,1.49) 2.17 (0.59, 3.75) 0.0 (ref) 0.61 (—0.09, 1.30) 2.23 (1.26, 3.20)
C-peptide, ng/ml 0.0 (ref) 0.12 (—0.18, 0.42) 0.72 (0.31,1.13) 0.0 (ref) 0.17 (—0.12, 0.46) 0.68 (0.27, 1.08)
HDL, mg/dl 0.0 (ref) —0.80 (—4.49,2.89) —7.00(—12.1,—1.93) 0.0 (ref) —0.25(—4.08,358) —6.22 (—11.5, —0.96)
Total cholesterol, mg/dl 0.0 (ref) 2.68 (—5.12,1048) —5.84(—16.6,4.88) 0.0 (ref) 525(—2.84,13.34) —4.17(—15.3,6.96)
Triglyceride, mg/dl 0.0 (ref) 5.18 (—3.57,13.93) 3.44 (—8.58,15.46) 0.0 (ref) 6.76 (—2.21,15.73) 5.54 (—6.80, 17.88)
ALT, u/l 0.0 (ref) —0.37 (—2.91,2.17) 2.75 (—0.74, 6.24) 0.0 (ref) —0.11 (—2.74,2.51) 3.68 (0.07, 7.28)
hsCRP, mg/I 0.0 (ref) —0.19 (—0.73,0.35) 0.91 (0.17, 1.65) 0.0 (ref) —0.14 (—0.69,041) 0.94 (0.18,1.71)
Leptin*, ng/dI 0.0 (ref) 5.04 (1.31, 8.76) 16.66 (11.54, 21.78) 0.0 (ref) 5.99 (2.28, 9.70) 16.37 (11.27, 21.47)
Global metabolic risk
Metabolic risk score?, units 0.0 (ref) 0.09 (—0.09, 0.27) 0.37 (0.12, 0.62) .0 (ref) 0.12 (—0.06, 0.29) 0.33 (0.08, 0.57)
OR (95% CI) R (95% CI)
Obesity 1.0 (ref) 1.28 (0.68, 2.40) 3.17 (1.51, 6.67) .0 (ref) 1.30 (0.63, 2.68) 2.84 (1.17, 6.94)
Pre-HTN/HTN 1.0 (ref) 1.27 (0.64, 2.53) 0.55 (0.13,2.35) .0 (ref) 1.34 (0.66, 2.71) 0.31 (0.04,2.31)

Abbreviation: OR, odds ratio; Cl, confidence interval; SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index; Circum-, circumference; HDL, high-density lipo-

protein; ALT, alanine aminotransferase; hsCRP, C-reactive protein.
Model 1, adjusted for child age at early adolescent visit.

Model 2, Model 1 + maternal age at enrollment, college degree, smoking during pregnancy, 2nd trimester glucose, and total gestational weight gain and paternal BMI.
@ Metabolic risk score using z scores internally standardized for age and sex for waist circumference, SBP, triglycerides, HDL and HOMA-IR.
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Fig. 3. Estimates of associations between distinctive leptin trajectories and metabolic risk scores.

longitudinal changes of leptin in children using unadjusted leptin values
[10,12]. Even though the researchers found a series of perinatal charac-
teristics such as pre-pregnancy overweight, maternal smoking and for-
mula feeding distinguished different courses of leptin trajectories
[10,12], such leptin trajectories were generated based on a relatively
small sample size across a relatively wide age range. Without controlling
for age, sex and race/ethnicity, leptin trajectories reported in these two
studies were not in agreement with each other. In addition, leptin is
highly driven by maternal pre-pregnancy BMI, birth weight and offspring
BM], and such factors are major predictors for offspring metabolic out-
comes. If these characteristics are not accounted for, the associations are
likely driven by these factors other than offspring leptin itself. Therefore,
in this study, we modified the LCGM model by using leptin residuals, in-
stead of leptin crude data, for plotting the leptin trajectories.

With leptin trajectories derived from these residual models, we de-
tected evidence for “leptin rebound” in the intermediate-increasing tra-
jectory, and this trajectory pattern predicted poorer cardio-metabolic
outcomes in adolescence, including obesity. There is substantial evi-
dence showing that metabolic programming may begin prenatally, yet

Childhood Obesity, Odds ratio (95% CI)

5.00

continues to be modified during early infancy and childhood [37-40].
Leptin plays a critical role in energy homeostasis [41,42], and has been
proposed as a potential programming modulator of childhood obesity
[37,38,40]. Depending on available energy resources, leptin acts on the
hypothalamus to promote adaptive reactions that shape the pattern of
early growth after delivery [43]. After adjusting for offspring BMI at
early and mid-childhood, leptin trajectories reflected more on the adap-
tive reactions on leptin sensitivity or resistance in vivo. Since the leptin
trajectory with this rebound pattern was highly related to childhood
obesity, a possible degree of leptin resistance or decreased leptin sensi-
tivity may have developed even though this group did not experience
high leptin concentrations at birth [3]. It is not clear what predicted
this “leptin rebound” shape, in particular why it was not associated
with high leptin in the umbilical cord blood. Future studies are war-
ranted to look at longer follow-up on the dynamic leptin changes in off-
spring, and to study whether such a pattern implies an opportunity for
obesity intervention during early childhood.

Interestingly, our study also suggested an unexpected inverse rela-
tionship between children with intermediate-increase leptin trajectory

0.50

Low stable

High increasing

Leptin trajectories

Intermediate increasing

(b)

Fig. 4. Estimates of associations between distinctive leptin trajectories and odds of obesity.



L-J. Li et al. /| Metabolism Clinical and Experimental 91 (2019) 30-38 37

and blood pressure, which does not support the assumption that higher
leptin level leads to elevated blood pressure as described in other stud-
ies [44,45]. A wide array of blood pressure regulation pathways might
underlie such intriguing findings in our cohort. A recent study showed
that higher leptin level was associated with lower risk of stroke in the
top waist-hip ratio quartile group [46]. The authors suggested that
hyperleptinemia generated in the course of diet induced obesity may
protect non-adipose tissues from lipotoxicity and oxidative damage
[47]. Furthermore, a recent study reported that leptin did not induce
elevated blood pressure in diet-induced obese mice, possibly via leptin
related vascular counter-regulatory pathways against HTN [48], or even
leptin resistance in obese individuals as mentioned above [3]. In such
circumstances, it might explain why the “intermediate-increasing” lep-
tin trajectory was associated with childhood obesity yet with lower SBP.

Our study has many strengths including its relatively large sample
size, prospective study design, long follow-up from birth to early adoles-
cence, ability to analyze dynamic patterns of leptin independent of pre-
dictive factors such as maternal leptin, child birth weight, gestational
age, sex, race/ethnicity, and age and BMI at each leptin measurement
time point. We assessed a wide range of cardio-metabolic outcome
measures at early adolescence using standardized protocols and highly
trained staff. We also collected information on a large number of other
covariates including maternal socio-demographics, diet and other
behaviours. However, there are also some limitations. First, there are
missing data in leptin values at each time point. In the LCGM approach,
missing data are assumed to be missing at random, and are estimated by
full information maximum likelihood using all available observations. In
fact, trajectories derived from the complete-case analysis showed sub-
stantial agreement with the trajectories derived from the entire sample,
suggesting the robustness of the trajectories. Second, a considerable
number of offspring were excluded due to the lack of outcome observa-
tions at early adolescence. Selection bias cannot be excluded. Third, we
were unable to account for other potential confounders during early life,
such as child's diet or physical activity Lastly, leptin has a permissive
role in puberty initiation, which may alter some of the metabolic observa-
tions among early adolescent subjects, who may have had more advanced
pubertal stage than others. However, as would puberty lie in the causal
pathway between leptin trajectory patterns and subsequent metabolic
outcomes, we chose not to adjust for it in our analysis. Further studies
are warranted to look into the potential mediating role of puberty.

5. Conclusion

Our analysis of this prospective cohort demonstrated three different
trajectories in offspring leptin from birth to mid-childhood. The
intermediate-increasing leptin trajectory was associated with increased
levels of several cardio-metabolic risk markers, yet with lower systolic
blood pressure at early adolescence. The cause of “leptin rebound” in
early childhood remains unknown, but may imply an opportunity for
obesity intervention during early childhood. Future studies warrant ongo-
ing follow-up of outcomes related to dynamic leptin changes in early life.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.metabol.2018.11.003.
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