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ABSTRACT
Background: A major pathway through which obesity increases the
risk of cardiometabolic diseases and cancer is by inducing hormonal
and metabolic abnormalities, including hyperinsulinemia and altered
insulin-like growth factor (IGF) signaling. However, little is known
about the influence of lifetime adiposity on the relevant biomarkers.
Objective: The aim of this study was to examine associations of
trajectories of body fatness with plasma biomarker concentrations
of the insulin-IGF system in 2 large prospective cohorts of US men
and women.
Design: Associations between trajectories of body fatness and
concentrations of plasma C-peptide, IGF-I, IGF-binding protein
(IGFBP) 1, IGFBP-3, and the IGF-I–to–IGFBP-3 molar ratio was
examined in 9386 women of the Nurses’ Health Study and 3941 men
of the Health Professionals Follow-Up Study. Group-based trajectory
modeling was used to create trajectory groups on the basis of self-
reported somatotype data at ages 5, 10, 20, 30, and 40 y and body
mass index (BMI) at ages 45, 50, 55, and 60 y. We used multivariate
linear regression models to examine the associations of trajectories
with biomarker concentrations.
Results: Five trajectories of body fatness were identified: “lean-
stable,” “lean–moderate increase,” “lean–marked increase,”
“medium-stable/increase,” and “medium–marked increase.”
Compared with the lean-stable group, the lean–marked increase
and medium–marked increase groups had significantly higher
concentrations of C-peptide (percentage difference—women: 44%
and 73%; men: 27% and 51%) and lower concentrations of IGFBP-1
(women: –61% and –78%; men: –47% and –65%). Adjustment
for current BMI attenuated the association to null for the medium–
marked increase group, but the lean–marked increase group still had
modestly higher concentrations of C-peptide (women: 10%; men:
6%) and lower concentrations of IGFBP-1 (women: –18%; men:
–21%) than the lean-stable group.
Conclusions: Adiposity across the life span was associated with
higher C-peptide and lower IGFBP-1 concentrations in adulthood.
The associations were largely driven by attained adiposity and, to a
lesser extent, weight gain in early-middle adulthood. This trial was

registered at www.clinicaltrials.gov as NCT03419455. Am JClin
Nutr 2018;108:388–397.
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INTRODUCTION

The worldwide prevalence of overweight and obesity is
increasing at epidemic rates. In 2014, >1.9 billion adults were
overweight, of whom >600 million were obese (1). Excess body
fatness increases the risk of several chronic diseases, including
type 2 diabetes, cardiovascular disease, and multiple types of
cancer (1). Weight gain throughout adulthood has also been
associated with increased risk of major chronic diseases and
mortality (2–4).

Supported by the NIH (K99CA215314, UM1 CA186107, P01 CA87969,
R01 CA49449, R01 HL034594, R01 HL088521, UM1 CA167552, R01
HL35464; to MS, ELG, WCW, and ATC), the American Cancer Society
(a Mentored Research Scholar Grant in Applied and Clinical Research,
MRSG-17-220-01-NEC; to MS), and the Henning and Johan Throne-Holst
foundation (to ASK). The funders had no role in design and conduct of
the study; collection, management, analysis, and interpretation of the data;
preparation, review, and approval of the manuscript; or the decision to submit
the manuscript for publication.
Supplemental Tables 1–6 and Supplemental Figures 1 and 2 are

available from the “Supplementary data” link in the online posting of
the article and from the same link in the online table of contents at
https://academic.oup.com/ajcn/.
Address correspondence to MS (e-mail: mis911@mail.harvard.edu).
Abbreviations used: AHEI, Alternative Healthy Eating Index; GH, growth

hormone; HPFS, Health Professionals Follow-Up Study; IGF, insulin-like
growth factor; IGFBP, insulin-like growth factor–binding protein; NHS,
Nurses’ Health Study; OCC, odds of correct classification.
Received February 1, 2018. Accepted for publication April 23, 2018.
First published online August 7, 2018; doi: https://doi.org/10.1093/ajcn/

nqy103.

388 Am J Clin Nutr 2018;108:388–397. Printed in USA. © 2018 American Society for Nutrition. All rights reserved.

http://www.clinicaltrials.gov
https://academic.oup.com/ajcn/
mailto:mis911@mail.harvard.edu


LIFETIME ADIPOSITY AND INSULIN-IGF SIGNALING 389

Obesity, particularly the accumulation of visceral abdominal
fat, is associated with a variety of metabolic abnormalities,
including insulin resistance and hyperinsulinemia (5, 6). Elevated
insulin concentrations lead to upregulation of the hepatic
production of insulin-like growth factor (IGF) I (7). Insulin and
IGF-I are major regulators of energy balance and growth. They
exert their effects through interactions with insulin and IGF-
I receptors, thereby activating intracellular signaling cascades
involved in the regulation of key cellular processes such as cell
growth and survival (8). In the circulation, IGF-I interacts with a
family of 6 IGF-binding proteins (IGFBPs) that affect its tissue
distribution and access to cell receptors (9). Although IGFBP-3
is the major binding protein of IGF-I, IGFBP-1 is proposed to be
an important determinant of the acute bioavailability of IGF-I and
can be induced by nutrient deprivation and suppressed by insulin
(9).

Given that body weight typically increases as a function of age
up to age 60–65 y (10), and overweight and obesity in childhood
often persist into adulthood (11), a life-course perspective is
crucial to better understand the complex relations between
obesity, obesity-associated metabolic abnormalities, and future
disease risk. Although several observational studies suggest a
relation between adult adiposity, hyperinsulinemia, and altered
IGF signaling (12), little is known about the lifelong influence of
excess body fatness on these biomarkers. Hence, in the current
study, we examined the associations between trajectories of body
fatness from age 5 to 60 y and plasma C-peptide, a marker of
insulin secretion, IGF-I, IGFBP-1, IGFBP-3, and the IGF-I–to–
IGFBP-3 molar ratio.

METHODS

Study population

This study used data from 2 large, ongoing US cohort studies,
the Nurses’ Health Study (NHS) and Health Professionals
Follow-Up Study (HPFS). Detailed information about the 2
cohorts can be found elsewhere (13, 14). In brief, the NHS
enrolled 121,700 registered female nurses in 1976, whereas the
HPFS enrolled 51,529 male health professionals in 1986. The
age range at inclusion was 30–55 and 40–75 y for the NHS
and HPFS, respectively. Since enrollment, questionnaires have
been administered every 2 y to collect updated lifestyle and
medical information. Follow-up rates have been high in both
cohorts (95.4% in the NHS and 95.9% in the HPFS up to 2010).
Blood samples were collected in 1989–1990 in the NHS and
in 1993–1995 in the HPFS. Participants in both studies were
mailed a collection kit containing all necessary supplies. Blood
samples were returned to the laboratory via overnight courier.
Upon receipt, samples were immediately centrifuged, placed in
aliquots, and stored in vapor-phase liquid nitrogen freezers at
–130°C or below. A total of 32,826 blood samples were returned
in the NHS and 18,159 in the HPFS. The blood collection
processes for the 2 cohorts have been described in more detail
elsewhere (15, 16).

In the current study, we included participants with available
biomarker data from previous nested case-control studies of
various outcomes within the NHS and HPFS (Supplemental
Tables 1 and 2). We excluded participants who had a history
of diabetes, cardiovascular disease, and cancer (except for

melanoma skin cancer) at blood draw; those who had incomplete
body fatness data; those whose biomarker concentrations were
considered as outliers; and those who had erroneous records. The
final study population consisted of 9386 women and 3941 men
(see flowchart in Supplemental Figure 1).

The study was approved by the Institutional Review Board
at the Brigham and Women’s Hospital and Harvard TH
Chan School of Public Health. This trial was registered at
www.clinicaltrials.gov as NCT03419455.

Body shape assessment

Body weight and height were recorded at baseline, and then
biennially for body weight. In addition, participants were asked
to recall their body weight at age 18 y in 1980 in the NHS and
at age 21 y in 1986 in the HPFS. Self-reported body weight
has been shown to be highly correlated with measured body
weight in a validation study including 263 women and men
within the NHS and HPFS (correlation coefficient of 0.97 for
both sexes) (17). Moreover, a validation study within the NHS II,
including 118 women with similar weight characteristics as the
overall cohort, showed a correlation coefficient of 0.87 between
recalled and measured weight at age 18 y (18). Body weight and
height were used to calculate BMI at ages 40, 45, 50, 55, and
60 y. To minimize random variation, we calculated the average
BMI at each of these ages ± 3 y. In 1988, participants in the
2 cohorts were asked to recall their body shape in early and
middle life with the use of pictorial diagrams (somatotypes),
developed by Stunkard et al. (19). Specifically, participants were
asked to choose 1 of the 9 somatotypes that best described
their body outline at ages 5, 10, 20, 30, and 40 y. The use of
recalled somatotypes as an indicator of early-life adiposity has
been validated in a previous study, the Third Harvard Growth
Study, including 181 women and men aged 71–76 y, of whom
∼50% were lean and 50% were obese in adolescence (20).
Validity was assessed on the basis of the correlations between
recalled somatotype and BMI measured at approximately the
same age. The correlation coefficients for ages 5, 10, and 20 y
were 0.60, 0.65, and 0.66 in women and 0.36, 0.66, and 0.53 in
men, respectively.

To characterize trajectories of body shape from early through-
out middle and late life, we converted participants’ BMI at ages
45, 50, 55, and 60 y to the same scale as the somatotypes (range:
1–9) by applying a linear regression model, in which we linked
BMI to somatotype data at age 40. Parameter estimates were used
to predict somatotype data later in life on the basis of BMI at the
same ages. Hence, we had somatotype data from age 5 to 60 y.
Participants who provided somatotype data for at least half of the
time points (i.e., 97% in the NHS and 90% in the HPFS) were
included in the analysis (Supplemental Figure 1).

Covariate assessment

In both cohorts, detailed lifestyle and medical information
has been collected at baseline and then biennially through ques-
tionnaires. We included the following covariates in the current
study: physical activity, pack-years of smoking, multivitamin
use, use of aspirin and other nonsteroidal anti-inflammatory
drugs, menopausal status (women only), and use of menopausal
hormone therapy (women only). Physical activity was assessed

www.clinicaltrials.gov
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by summing the products of time spent on a variety of activities,
mostly recreational or leisure-time physical activity, with the
average metabolic equivalent of task for that activity. Pack-years
of smokingwere calculated as years of smoking times the average
number of packs smoked per day.

Recent dietary intake, including alcohol consumption, has
been recorded every 2 to 4 y using validated semiquantitative
food-frequency questionnaires. As an indicator of the overall
dietary pattern, we calculated the Alternative Healthy Eating
Index (AHEI) score, which is designed to reflect a healthy dietary
pattern emphasizing food choices and macronutrients associated
with reduced risk of chronic diseases (21). The dietary score has
been associated with a lower risk of several chronic diseases in
our cohorts (22).

To capture long-term lifestyle exposures, we calculated
cumulative average measurements from baseline to blood draw
for physical activity, alcohol consumption, and the AHEI score.
Missing information on a questionnaire was carried forward from
available information on previous questionnaires.

Validated data on waist and hip circumference were collected
in 1986 in the NHS and in 1987 in the HPFS (17). Waist and hip
circumferences were used to calculate the waist-to-hip ratio.

Biomarker assessment

Because biomarkers were measured in previous case-control
studies in numerous batches over time, differences in mean
biomarker concentrations by batch may exist due to variation
in analytical factors and long-term storage of blood samples.
Therefore, we used a batch correction method developed
by Rosner et al. (23) to account for batch variability (see
Supplemental Table 3). Batches with a CV of <15% were
considered as single batches. For batches with a CV of ≥15%,
each assay run was considered as a separate batch. We performed
batch correction separately in women and men and used the
recalibrated biomarker concentrations for all the analyses.

The IGF-I–to–IGFBP-3 molar ratio, which has been suggested
as an indicator of IGF-I bioavailability, was calculated by using
the following formula: ( IGF−1(ng/mL)×0.13

IGFBP−3(ng/mL)×0.036 ) × 100 (24). We
used the generalized extreme Studentized deviate test to identify
and remove outliers (25). The actual number of excluded outliers
per biomarker in each cohort is presented in Supplemental
Figure 1.

Statistical analysis

Trajectory modeling

Group-based trajectory modeling was used to identify sub-
groups within each cohort who followed similar evolution of
body shape from age 5 to 60 y. The approach has been described
in detail previously (3). In brief, longitudinal body shape data
were fitted via maximum likelihood as a mixture of multiple
latent trajectories in a censored normal model with a polynomial
function of age. To determine the optimal number and shape of
trajectories, we used a 2-stage approach based on the Bayesian
information criterion by first identifying the optimal number
of groups when a quadratic form was used for all trajectory
groups and then determining the order of the polynomial function
specifying the shape of each trajectory. Our final model included

5 groups for each cohort. The model fit statistics including
the optimal orders of the polynomial function are presented
in Supplemental Tables 4 and 5. The posterior predicted
probability for each participant of being a member of each
trajectory group was calculated, and participants were assigned
to the trajectory group in which their posterior probability
of group membership was largest. To test the adequacy of
our model, we calculated the mean posterior probability of
assignment and the odds of correct classification (OCC) for each
group. The OCC is the ratio of odds of correct classification
based on the maximum probability classification rule to the
odds of correct classification based on random assignment.
Both indicators of model adequacy exceeded the recommended
threshold (26) (mean posterior probability >0.70 and OCC
>5.0) for all trajectories in each cohort. Finally, we named
the trajectory groups on the basis of their visual patterns of
body shape evolution over age (“lean-stable,” “lean–moderate
increase,” “lean–marked increase,” “medium-stable/increase,”
and “medium–marked increase”).

Association analysis

Spearman’s partial correlation analysis with adjustment for age
at blood drawwas performed to assess correlations of body shape,
BMI, and change in BMI across the lifetime with biomarker
concentrations.

Linear regression models were used to examine associations
between trajectories of body fatness and plasma biomarker
concentrations with the use of the lean-stable group as the ref-
erence group. To improve the normality of data distribution, we
performed log transformation of the biomarker measurements.
Measurement values that became ≤0 after batch correction were
set to log(0.01). We built 3 sequential models by adjusting for
the following covariates—model 1: age at blood draw; model
2: covariates included in model 1, height, race, physical activity
level, alcohol consumption, pack-years of smoking, AHEI
dietary score, multivitamin use, regular aspirin/nonsteroidal anti-
inflammatory drug use, fasting status, menopausal status, and
menopausal hormone therapy; and model 3: covariates included
in model 2 and BMI at blood draw.

In addition to the trajectory-biomarker analysis, we performed
a joint analysis in which we classified individuals according to
the combination of the trajectories and attained BMI levels. To
avoid sparse data, we combined the “lean-stable” and “lean–
moderate increase” groups as the “lean-stable/moderate increase”
group and the “lean–marked increase” and the “medium–marked
increase” groups as the “marked increase” group. BMI was
categorized into 3 groups: normal weight [BMI (kg/m2) <25.0],
overweight (BMI: 25.0–29.9), and obese (BMI ≥30.0). Those
with a lean-stable/moderate increase trajectory and normal body
weight were treated as the reference in the analysis.

SAS version 9.3 (SAS Institute, Inc.) was used for all analyses.
All of the statistical tests were 2-sided, and P values <0.05 were
considered significant.

RESULTS

With the use of group-based trajectory modeling, we identified
5 heterogeneous trajectory groups of body fatness from age 5
to 60 y among 9386 women in the NHS and 3941 men in the



LIFETIME ADIPOSITY AND INSULIN-IGF SIGNALING 391

HPFS. Figure 1 shows the estimated mean body fatness level in
each trajectory group as a function of age. Thirty-four percent
of women and 29% of men had a lean, albeit slightly increasing,
body weight over age (lean-stable group); 23% of women and
19% of men started lean and then experienced a moderate weight
gain (lean–moderate increase group); 19% of women and 25%
of men started lean and then experienced a substantial increase
in body weight (lean–marked increase group); 15% of women
and 20% of men started with a medium body shape and then
maintained or experienced a small increase in body weight
(medium-stable/increase group); and 10% of women and 7% of
men started with a medium body shape and then experienced a
substantial increase in body weight (medium–marked increase
group).

Table 1 shows the basic characteristics of participants at
blood draw. As expected, BMI throughout adulthood conformed
well to the patterns of the identified trajectories in each group.
Moreover, participants in the heavier trajectories had higher waist
circumferences and waist-to-hip ratios. The different trajectories
were also characterized by distinct lifestyle habits. In general, the
lean-stable, lean–moderate increase, and medium-stable/increase
groups exercised more and had a higher AHEI score than the
lean–marked increase and medium–marked increase groups.

Table 2 presents the age-adjusted partial correlation coeffi-
cients between plasma biomarkers and measures of body fatness
throughout life. In general, late-life body fatness (BMI at age 40–
60 y) and change in BMI from age 18 or 21 to 60 ywere positively
correlated to C-peptide concentrations and negatively correlated
to IGFBP-1 concentrations in women and men. In contrast, no or
weak associations were observed between early-life body fatness
(body shape at ages 5 and 10 y and BMI at age 18 or 21 y) and
plasma biomarker concentrations.

Table 3 shows the age-adjusted (model 1), multivariate-
adjusted (model 2), and multivariate + current BMI-adjusted
associations (model 3) between trajectory groups and plasma
biomarker concentrations. Results are presented as percentage
differences in biomarker concentrations in each group, with the
lean-stable group as the reference. Among women, all trajectory
groups had significantly higher C-peptide concentrations com-
pared with the lean-stable group (model 2). The most pronounced
difference was observed for the lean–marked increase group
(percentage of difference: 44%; 95% CI: 39%, 50%) and
medium–marked increase group (percentage of difference: 73%;
95% CI: 65%, 82%). In men, compared with the lean-stable
group, C-peptide concentrations were significantly higher in the
lean–moderate increase (percentage of difference: 12%; 95%
CI: 4%, 20%), lean–marked increase (27%; 95% CI: 19%,
36%), and medium–marked increase (51%; 95% CI: 36%, 67%)
groups (model 2). In contrast to C-peptide, plasma IGFBP-1
concentrations were markedly lower in the trajectory groups
characterized by heavier body shape. In women, compared with
the lean-stable group, IGFBP-1 concentrations were significantly
lower in the lean–moderate increase (percentage of difference:
–13%; 95% CI: –23%, 0%), lean–marked increase (–61%;
95% CI: –66%, –55%), medium-stable/increase (–43%; 95%
CI: –51%, –34%), and medium–marked increase (–78%; 95%
CI: –82%, –74%) groups. In men, significant differences were
observed in the lean–moderate increase (–17%; 95% CI: –30%,
–3%), lean–marked increase (–47%; 95% CI: –54%, –38%), and
medium–marked increase (–65%; 95% CI: –72%, –56%) groups.

In both women and men, IGF-I concentrations were significantly
higher in the lean–moderate increase group compared with the
lean-stable group, whereas concentrations were lower in the
medium–marked increase group (although not significant for
men). No or a very modest difference was observed for IGFBP-3
and the IGF-I to IGFBP-3 molar ratio.

To examine the influence of achieved BMI level on trajectory-
biomarker associations, we further adjusted for BMI at blood
draw (model 3). In both sexes, differences in C-peptide and
IGFBP-1 concentrations were attenuated to null for participants
with a medium–marked increase trajectory, whereas being lean
and gaining a substantial amount of weight (i.e., the lean–
marked increase group) was still associatedwith higher C-peptide
(women only) and lower IGFBP-1 concentrations. Specifically,
women with a lean–marked increase trajectory had significantly
higher C-peptide (percentage of difference: 10%; 95% CI:
5%, 15%) and lower IGFBP-1 (–18%; 95% CI: –31%, –3%)
concentrations compared with the reference group, whereas men
with a lean–marked increase trajectory had significantly lower
concentrations of IGFBP-1 (–21%; 95% CI: –35%, –6%).

The importance of current BMI for C-peptide and IGFBP-1
concentrations is also shown by the joint analysis (Supplemental
Figure 2), in which biomarker concentrations differed substan-
tially by categories of attained BMI within each trajectory group.

DISCUSSION

We observed that participants with a heavy body shape
trajectory had a more unfavorable biomarker profile in adult
life, as indicated by higher C-peptide and lower IGFBP-1
concentrations, than those who were lean across the life course.
The trajectory-biomarker associations were largely driven by
attained BMI, and to a lesser extent, by weight gain in early-
middle adulthood.

Several studies have examined associations between indicators
of adiposity at select time points and biomarker concentrations
of the insulin-IGF pathway. However, few have examined
associations of adiposity across the life span in relation to
concentrations of these biomarkers.

We found that participants experiencing a marked increase
in body fatness across the life span had substantially higher C-
peptide concentrations in adult life than those who were lean
throughout life. The relations were largely driven by attained
BMI level, although early-middle adult weight gain seemed to
have an additional effect. These results are not surprising, given
the well-known associations of obesity and middle-adulthood
weight gain with insulin resistance (12). At the molecular
level, excess energy and progressive adipocyte enlargement may
result in oversaturation of adipocytes, leading to their rupture,
invasion of macrophages, and dysregulated adipokine secretion.
These pathophysiologic changes may promote a diabetogenic
environment (5) characterized by reduced tissue responsiveness
to insulin and a compensatory increase in circulating insulin
concentrations.

IGFBP-1 has been shown to be negatively associated with
adult adiposity in several studies (27–29). In line with these
observations, we observed that participants who gained a
substantial amount of weight had markedly lower IGFBP-
1 concentrations than those who stayed lean. Similar to C-
peptide, adult IGFBP-1 concentrations were mainly determined
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FIGURE 1 Trajectories of body shape by age in women (top) and men (bottom). With the use of group-based trajectory modeling, we identified 5
heterogeneous trajectory groups of body fatness from age 5 to 60 y among 9386 women in the NHS and 3941 men in the HPFS. Estimated mean body
fatness levels in each trajectory group (y axis) as a function of age (x axis) are shown. HPFS, Health Professionals Follow-Up Study; NHS, Nurses’ Health
Study.
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TABLE 1
Characteristics of study participants at blood draw according to trajectories of body fatness in women (NHS) and men (HPFS)1

Lean–moderate Lean–marked Medium-stable/ Medium–marked
Variable Lean-stable increase increase increase increase P2

Women
Participants, n (%) 3184 (34) 2125 (23) 1733 (19) 1433 (15) 911 (10)
Age, y 57.6 ± 7.2 58.9 ± 6.8 56.1 ± 7.1 57.1 ± 7.3 53.5 ± 6.9 <0.001
White, n (%) 3068 (96) 2014 (95) 1642 (95) 1383 (97) 875 (96) 0.007
BMI, kg/m2

At age 18 y 20.8 ± 2.0 19.4 ± 1.8 21.2 ± 2.3 23.3 ± 2.7 24.5 ± 3.5 <0.001
At age 40 y 21.2 ± 1.5 21.0 ± 1.6 24.9 ± 2.2 24.8 ± 2.2 31.4 ± 4.5 <0.001
At age 50 y 22.2 ± 1.7 22.2 ± 1.9 27.7 ± 2.2 26.4 ± 2.2 34.8 ± 4.3 <0.001
At age 60 y 23.0 ± 2.1 23.2 ± 2.3 29.6 ± 2.7 27.6 ± 2.7 36.6 ± 4.3 <0.001

Height,3 inches 64.7 ± 2.4 64.7 ± 2.4 64.4 ± 2.4 64.6 ± 2.3 64.4 ± 2.5 <0.001
Waist circumference,4 cm 74.2 ± 7.0 75.5 ± 7.6 86.3 ± 9.1 82.3 ± 9.6 97.2 ± 11.5 <0.001
Waist-hip ratio4 0.76 ± 0.06 0.78 ± 0.09 0.81 ± 0.11 0.79 ± 0.08 0.83 ± 0.13 <0.001
Physical activity,5 MET-h/wk 17.1 ± 19.1 16.6 ± 18.7 12.9 ± 14.8 14.5 ± 17.6 10.7 ± 11.6 <0.001
Alcohol consumption,5 g/d 7.8 ± 10.5 6.9 ± 9.4 4.8 ± 8.0 5.9 ± 9.1 3.8 ± 7.5 <0.001
Pack-years of smoking 12.3 ± 18.6 12.3 ± 17.8 10.7 ± 17.6 13.5 ± 19.8 11.1 ± 17.5 <0.001
Alternative Healthy Eating Index5 45.1 ± 8.9 44.4 ± 9.0 42.5 ± 8.3 45.3 ± 8.8 41.2 ± 8.3 <0.001
Multivitamin use, n (%) 1263 (40) 847 (40) 634 (37) 548 (38) 313 (34) 0.01
Aspirin/NSAID use, n (%) 1486 (47) 988 (47) 917 (53) 743 (52) 545 (60) <0.001
C-peptide, ng/mL 1.6 ± 0.9 1.8 ± 1.0 2.3 ± 1.1 1.9 ± 1.0 2.6 ± 1.1 <0.001
IGF-I, ng/mL 164 ± 60 166 ± 58 170 ± 61) 165 ± 58 162 ± 59 0.07
IGFBP-1, ng/mL 43 ± 26 39 ± 25 24 ± 20 32 ± 26 15 ± 16 <0.001
IGFBP-3, ng/mL 4445 ± 906 4549 ± 916 4600 ± 983 4470 ± 928 4545 ± 1095 <0.001
IGF-I–to–IGFBP-3 molar ratio 13.4 ± 4.1 13.3 ± 4.0 13.5 ± 4.1 13.4 ± 4.0 13.0 ± 3.9 0.09

Men
Participants, n (%) 1146 (29) 752 (19) 995 (25) 772 (20) 276 (7)
Age, y 62.1 ± 8.4 64.8 ± 7.4 62.1 ± 8.4 61.1 ± 8.3 58.8 ± 7.7 <0.001
White, n (%) 1077 (94) 712 (95) 946 (95) 733 (95) 258 (94) 0.71
BMI, kg/m2

At age 21 y 21.8 ± 1.9 21.2 ± 2.0 23.3 ± 2.2 24.2 ± 2.3 26.5 ± 3.0 <0.001
At age 40 y 22.6 ± 1.6 22.8 ± 1.7 25.8 ± 1.8 24.7 ± 1.5 29.1 ± 2.9 <0.001
At age 50 y 23.2 ± 1.4 23.6 ± 1.6 27.1 ± 1.7 25.3 ± 1.7 30.8 ± 2.7 <0.001
At age 60 y 23.7 ± 1.6 24.2 ± 1.9 27.8 ± 2.0 25.8 ± 2.1 32.4 ± 3.1 <0.001

Height,3 inches 70.2 ± 2.5 70.4 ± 2.8 70.4 ± 2.7 70.2 ± 2.5 70.3 ± 2.7 0.11
Waist circumference,4 cm 90.0 ± 6.8 92.5 ± 6.7 98.9 ± 7.4 94.6 ± 7.4 107.7 ± 10.3 <0.001
Waist-hip ratio4 0.92 ± 0.05 0.93 ± 0.05 0.95 ± 0.05 0.93 ± 0.05 0.97 ± 0.05 <0.001
Physical activity,5 MET-h/wk 35.2 ± 28.2 33.8 ± 29.4 30.5 ± 24.1 34.3 ± 26.3 26.3 ± 23.4 <0.001
Alcohol consumption,5 g/d 11.9 ± 13.2 13.3 ± 15.1 13.8 ± 16.0 12.8 ± 14.6 12.5 ± 15.0 0.45
Pack-years of smoking 9.9 ± 16.2 13.6 ± 18.4 13.9 ± 18.8 12.0 ± 17.2 15.0 ± 19.6 <0.001
Alternative Healthy Eating Index5 42.8 ± 9.1 41.9 ± 9.2 40.1 ± 8.5 42.4 ± 8.5 38.9 ± 7.9 <0.001
Multivitamin use, n (%) 601 (52) 397 (53) 479 (48) 383 (50) 125 (45) 0.07
Aspirin/NSAID use, n (%) 563 (49) 396 (53) 554 (56) 421 (55) 152 (55) 0.03
C-peptide, ng/mL 2.3 ± 1.5 2.6 ± 1.6 2.9 ± 1.7 2.4 ± 1.4 3.5 ± 1.9 <0.001
IGF-I, ng/mL 156.7 ± 51.3 156.5 ± 49.9 157.0 ± 50.7 157.0 ± 51.0 153.3 ± 53.6 0.80
IGFBP-1, ng/mL 24.3 ± 17.4 20.5 ± 16.1 16.2 ± 14.5 21.9 ± 17.8 11.0 ± 12.3 <0.001
IGFBP-3, ng/mL 3690.0 ± 761.5 3713.1 ± 755.8 3776.4 ± 812.7 3729.7 ± 744.4 3697.0 ± 825.6 0.20
IGF-I–to–IGFBP-3 molar ratio 15.3 ± 3.8 15.2 ± 3.7 15.0 ± 3.8 15.2 ± 3.8 14.9 ± 3.8 0.44

1Values aremeans± SDs for continuous variables and n (%) for categorical variables. All continuous variables, with the exception of age, were standardized
by age at blood draw. HPFS, Health Professionals Follow-Up Study; IGF-I, insulin-like growth factor I; IGFBP, insulin-like growth factor–binding protein;
MET-h, metabolic equivalent task hours; NHS, Nurses’ Health Study; NSAID, nonsteroidal anti-inflammatory drug.

2Kruskal-Wallis test was used for continuous variables and chi-square test was used for categorical variables.
3One inch equals 2.54 cm.
4Waist and hip circumferences were assessed in 1986 in the NHS and in 1987 in the HPFS.
5Cumulative average measurements at blood draw.

by the ultimate BMI, with middle-adult weight gain exerting
an additional effect. Similar to our observations, Rowlands
et al. (30) observed a strong negative association in 1106 healthy
men between attained BMI, change in body shape, and adulthood
concentrations of IGFBP-2, which like IGFBP-1, is involved in
modulation of the acute bioavailability of IGF-I (9).

Several observational studies have indicated an inverted U-
shaped relation between adult adiposity and IGF-I concentra-
tions, with the highest concentrations observed in participants
with a BMI in the upper range of normal to moderate overweight
(BMI: 24–27) (27, 28, 30, 31). Consistent with these data, we
found that compared with the lean-stable group, participants
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TABLE 2
Age-adjusted Spearman correlation coefficients of plasma biomarker concentrations with body shape and BMI across the life span in women (NHS) and men
(HPFS)1

Body shape (somatotype) BMI

Age 5 y Age 10 y Age 18/21 y2 Age 40 y Age 50 y Age 60 y Change (age 18/21–60 y)

Women
n 9253 9305 8958 4564 8463 9288 8874
Mean ± SD3 2.2 ± 1.3 2.5 ± 1.4 21.3 ± 2.8 23.9 ± 4.2 25.2 ± 4.6 26.3 ± 5.0 5.0 ± 4.6
C-peptide, ng/mL –0.02*** 0.01*** 0.08* 0.37* 0.40* 0.42* 0.39*
IGF-I, ng/mL –0.04* –0.05* –0.05* –0.04** –0.02*** –0.02*** 0.00***
IGFBP-1, ng/mL 0.01*** –0.02*** –0.08* –0.44* –0.45* –0.46* –0.43*
IGFBP-3, ng/mL –0.04** –0.04* –0.04** 0.07* 0.06* 0.05* 0.08*
IGF-I:IGFBP-3 –0.02*** –0.03** –0.02** –0.12* –0.07* –0.07* –0.06*

Men
n 3890 3923 3805 396 1592 3148 3057
Mean ± SD3 2.4 ± 1.5 2.7 ± 1.6 22.9 ± 2.6 24.6 ± 2.7 25.5 ± 2.9 25.9 ± 3.2 2.9 ± 2.9
C-peptide, ng/mL –0.07* –0.04* 0.05** 0.28* 0.30* 0.29* 0.26*
IGF-I, ng/mL –0.03** –0.04** –0.05** –0.12** –0.02*** –0.01*** 0.01***
IGFBP-1, ng/mL 0.04*** 0.03*** –0.07** –0.36* –0.36* –0.36* –0.31*
IGFBP-3, ng/mL –0.03*** –0.05** –0.03** 0.09*** 0.06** 0.04*** 0.07*b

IGF-I:IGFBP-3 –0.02*** –0.01*** –0.02*** –0.20* –0.05*** –0.04*** –0.04***

1*P < 0.001; **P < 0.05; ***P ≥ 0.05. HPFS, Health Professionals Follow-Up Study; IGF-I, insulin-like growth factor I; IGFBP, insulin-like growth
factor–binding protein; NHS, Nurses’ Health Study.

2BMI at age 18 y for women and at age 21 y for men.
3Values are mean ± SD of somatotype at age 5 and 10 y and BMI (kg/m2) at age 18/21 to 60 y.

who experienced a modest weight gain had a higher IGF-I
concentration, whereas those with the heaviest body shape had a
lower IGF-I concentration. It has been proposed that the inverted
U-shaped relation is driven by obesity-associated abnormalities
in insulin and growth hormone (GH) signaling (31). In catabolic
states, low circulating insulin concentrations are accompanied
by a reduction in GH receptor concentrations and resistance to
GH-dependent stimulation of IGF-I synthesis. This leads to a
reduction in the circulating concentrations of IGF-I, which has
been observed in both normal-weight participants undergoing
fasting (32) and anorectic patients (33). With increasing body
weight and insulin concentrations, the liver becomes sensitized
to the stimulatory effects of GH on IGF-I synthesis. In chronic
hyperinsulinemia, increased IGF-I synthesis is accompanied
by downregulation of the hepatic production of IGFBP-1 and
IGFBP-2, resulting in increased circulating concentrations of
free IGF-I. This induces a negative-feedback loop, resulting in
reduced GH secretion and hence lower IGF-I concentrations.
It is suggested that this negative-feedback mechanism plays a
dominant role as adiposity concentrations continue to increase
(31).

Studies examining associations between adult adiposity and
IGFBP-3 concentrations have yielded inconsistent results. Some
reported a weak positive association (24, 27, 28, 30, 31), whereas
others reported no relation (29, 34). Our results indicate a
modest positive association between body fatness and IGFBP-
3 concentrations, with slightly higher concentrations in lean
participants experiencing a moderate or marked weight gain than
in participants who stayed lean. Our findings are in line with the
report of Rowlands et al. (30) that showed a positive association
between attained BMI, change in body shape, and adult IGFBP-3
concentrations.

In line with previous studies (30, 34), our results do not support
an association between adiposity and the IGF-I–to–IGFBP-3
molar ratio. Although widely used as an indicator of IGF-I
bioavailability, the validity of the IGF-I–to–IGFBP-3 ratio has
been questioned (9).

Given the important role of the insulin-IGF system in chronic
disease development (8, 35–38), research into modifiable risk
factors of this system, such as adiposity, is of great value from
a public health perspective. Our results support the importance
of weight management across the life span for the prevention of
metabolic complications and subsequent risk of chronic diseases.
Because preventing weight gain may be more feasible than
promoting and maintaining weight loss (39), clinicians and
public health recommendations should focus on the prevention
of weight gain during early to middle adulthood. However, this
message does not contradict the recommendation for weight loss
in individuals who are already overweight or obese.

Major strengths of this study include its large sample size and
availability of detailed lifestyle data that allowed for rigorous
control of confounding. Furthermore, we used a trajectory
approach to incorporate data on body fatness at multiple time
points across the life span and to directly compare biomarker
concentrations between clusters of individuals with distinct
adiposity trajectories. This approach respects the continuity
of body growth and produces intuitive results about how
lifetime body fatness may influence metabolic biomarkers. This
represents a substantial advantage over previous studies that used
data on body fatness at a few select time points only and assessed
early- and late-life adiposity separately.

Our study also has some limitations. First, participants
included in the current study represent a relatively small subset
of the 2 cohorts (8% for both sexes). Nevertheless, basic
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TABLE 3
Percentage difference (95% CI) in biomarker concentrations between the lean-stable group (reference) and the other trajectory groups in women (NHS) and
men (HPFS)1

Biomarker Lean-stable Lean–moderate increase Lean–marked increase Medium-stable/increase Medium–marked increase

Women
C-peptide

Model 12 0 (reference) 11 (7, 14) 47 (42, 52) 22 (17, 26) 80 (71, 88)
Model 23 0 (reference) 9 (6, 13) 44 (39, 50) 20 (16, 25) 73 (65, 82)
Model 34 0 (reference) 9 (5, 12) 10 (5, 15) −2 (−6, 3) −3 (−10, 5)

IGF-I
Model 12 0 (reference) 4 (1, 6) 2 (−1, 4) 0 (−3, 3) −7 (−10, −4)
Model 23 0 (reference) 4 (2, 6) 1 (−2, 3) 0 (−2, 3) −9 (−12, −6)
Model 34 0 (reference) 4 (2, 7) 4 (1, 7) 3 (−1, 6) −2 (−7, 3)

IGFBP-1
Model 12 0 (reference) −13 (−23, 0) −63 (−68, −57) −44 (−52, −35) −80 (−83, −76)
Model 23 0 (reference) −13 (−23, 0) −61 (−66, −55) −43 (−51, −34) −78 (−82, −74)
Model 34 0 (reference) −12 (−23, 0) −18 (−31, −3) −2 (−17, 15) 1 (−23, 33)

IGFBP-3
Model 12 0 (reference) 3 (1, 4) 3 (2, 5) 1 (−1, 2) 1 (−1, 3)
Model 23 0 (reference) 3 (2, 4) 4 (2, 5) 1 (−1, 3) 2 (0, 4)
Model 34 0 (reference) 3 (1, 4) 1 (−1, 3) −1 (−3, 1) −3 (−6, 0)

IGF-I:IGFBP-3
Model 12 0 (reference) 1 (−1, 3) −1 (−3, 1) −1 (−3, 2) −8 (−10, −6)
Model 23 0 (reference) 1 (−1, 3) −3 (−5, −1) −1 (−3, 1) −10 (−12, −8)
Model 34 0 (reference) 1 (−1, 3) 3 (0, 5) 3 (1, 6) 1 (−3, 5)

Men
C-peptide

Model 12 0 (reference) 13 (6, 20) 31 (23, 39) 3 (−3, 10) 59 (45, 75)
Model 23 0 (reference) 12 (4, 20) 27 (19, 36) 2 (−5, 10) 51 (36, 67)
Model 34 0 (reference) 6 (−2, 14) 6 (−3, 15) −10 (−17, −3) −2 (−15, 12)

IGF-I
Model 12 0 (reference) 4 (0, 8) −1 (−4, 3) −1 (−5, 3) −8 (−13, −3)
Model 23 0 (reference) 6 (1, 10) 2 (−2, 6) −1 (−5, 3) −5 (−11, 1)
Model 34 0 (reference) 4 (−1, 10) 2 (−3, 7) −1 (−6, 4) −4 (−12, 4)

IGFBP-1
Model 12 0 (reference) −22 (−34, −9) −46 (−53, −37) −13 (−26, 2) −67 (−74, −59)
Model 23 0 (reference) −17 (−30, −3) −47 (−54, −38) −14 (−27, 1) −65 (−72, −56)
Model 34 0 (reference) −11 (−25, 5) −21 (−35, −6) 12 (−6, 33) −12 (−35, 20)

IGFBP-3
Model 12 0 (reference) 3 (1, 5) 2 (0, 4) 1 (−1, 3) −3 (−6, 0)
Model 23 0 (reference) 3 (1, 6) 3 (1, 5) 1 (−1, 3) −2 (−5, 1)
Model 34 0 (reference) 3 (0, 5) 2 (0, 5) 0 (−2, 3) −4 (−8, 0)

IGF-I:IGFBP-3
Model 12 0 (reference) 1 (−2, 4) −2 (−4, 1) −1 (−4, 1) −5 (−8, −1)
Model 23 0 (reference) 2 (−1, 4) −1 (−3, 2) −1 (−3, 2) −4 (−7, 0)
Model 34 0 (reference) 1 (−2, 4) 0 (−3, 3) 0 (−3, 3) −1 (−6, 4)

1AHEI, Alternative Healthy Eating Index; HPFS, Health Professionals Follow-Up Study; IGF-I, insulin-like growth factor I; IGFBP, insulin-like growth
factor–binding protein; MET-h, metabolic equivalent task hours; NHS, Nurses’ Health Study; NSAID, nonsteroidal anti-inflammatory drug.

2Multivariate linear regression model with adjustment for age at blood draw.
3Multivariate linear regression model with adjustment for covariates included in model 1 plus height (continuous), race (white or nonwhite), physical

activity (women: <5, 5–11.4, 11.5–21.9, or ≥22 MET-h/wk; men: <7, 7–14.9, 15–24.9, or ≥25 MET-h/wk), alcohol consumption (<0.15, 0.15–1.9, 2.0–7.4,
or ≥7.5 g/d), pack-years of smoking (0, 1–15, 16–25, 26–45, or >45 pack-years), AHEI dietary score (women: <37.8, 37.8–43.5, 43.6–49.9, or >49.9; men:
<35.2, 35.2–40.9, 41.0–47.6, or >47.6), multivitamin use (yes or no), regular aspirin/NSAID use (yes or no), fasting status (fasting or nonfasting), menopausal
hormone therapy (women only: past use, current use, or no use), and menopausal status (women only: premenopause, postmenopause, or uncertain menopause).

4Multivariate linear regression models with adjustment for covariates included in model 2 and BMI at blood draw (continuous).

characteristics of the included participants are relatively similar
to those not included (Supplemental Table 6). Second, like
other life-course epidemiologic studies, confounding patterns are
complex and represent a challenge. For example, certain lifestyle
factors, such as physical activity, can be both confounders
and mediators. Thus, although adjusting for them may have
minimized confounding, there may be overadjustment, resulting

in underestimation of the trajectory-biomarker associations.
Third, the self-reported somatotypes may be subject to mea-
surement error. However, given the prospective design, any
trajectory misclassification due to measurement error would
likely be nondifferential with regard to biomarker concentrations,
and hence result in underestimation of the true associations.
Fourth, the identified trajectories may not accurately reflect each
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individual’s course of body fatness. However, mean posterior
probability and OCC were high in all groups, indicating good
performance of our trajectory model. Finally, biomarkers were
assessed at 1 time point only. Although these biomarkers have
been shown to be relatively stable over shorter time periods
(40, 41), their concentrations may change quite substantially over
the life course, highlighting the need for repeated biomarker
assessments over longer time periods. Also, it should be noted
that biomarkers were assessed at an agewhen their concentrations
are in the midst of an age-related decline (42). Whether
trajectories of adiposity influence the rate of metabolic aging
should be investigated further.

In conclusion, adiposity across the life span was associated
with a more unfavorable biomarker profile in adult life, indicated
by increased C-peptide and reduced IGFBP-1 concentrations.
The trajectory-biomarker associations were largely driven by
ultimate BMI and, to a lesser extent, weight gain in early-
middle adulthood. Our findings support the importance of weight
management across the life span for metabolic health and
prevention of chronic diseases.
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