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Abstract

Background: Serum levels of insulin-like growth factor 1 (IGF-1) and body mass index (BMI) are both associated with susceptibility to age-
related diseases. Reports on the correlation between them have been conflicting, with both positive to negative correlations reported. However,
the age ranges of the participants varied widely among these studies.

Methods: Using data on 4241 participants (aged 24-110) from the Long Life Family Study, we investigated the relationship between IGF-1
and BMI by age groups using regression analysis.

Results: When stratified by age quartile, the relationship between IGF-1 and BMI varied: in the first quartile (Q1, 20-58 years) the relationship
was negative (f = 0.2, p = .002); in Q2 (58-66 years) and Q3 (67-86 years) the relationship was negative (f = -0.07, p = -0.01, respectively)
but nonsignificant; and in Q4 (87-110 years) the relationship was positive (§ = 0.31, p = .0002). This pattern did not differ by sex. We observed
a similar age-related pattern between IGF-1 and BMI among participants in the third National Health and Nutritional Examination Survey.
Conclusions: Our results that the relationship between IGF-1 and BMI differs by age may explain some of the inconsistency in reports about
their relationship and encourage additional studies to understand the mechanisms underlying it.
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Insulin-like growth factor 1 (IGF-1) is a member of the IGF-1
pathway (1), which appears to play a key role in the processes
underlying longevity (2). Many epidemiological studies report that
serum IGF-1 levels are associated with an elevated risk of type 2
diabetes (3), cancer (4,5), cardiovascular disease (6,7), and mortality
(8,9). IGF-1 has structural homology to insulin and characteristics
of both a circulating hormone that mediates growth hormone (GH)
actions in promoting growth, development, and metabolism (1) and
a local tissue growth factor that promotes cellular growth, differen-
tiation, and apoptosis (10). Serum IGF-1 levels are heritable, with
estimated heritability ranging from 40% to 63% (11,12), and are
influenced by obesity, age, sex, physical activity, GH level, and nutri-
tional status (12). Across the life span, serum IGF-1 levels are low at
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birth, increase during childhood and puberty, and reach their highest
concentration during early adulthood then start to decline in the
third decade of life (13).

Body mass index (BMI) is also strongly associated with the
risk for chronic disease development associated with aging (14).
Because both IGF-1 and BMI are associated with disease risk and
disease endpoints, several studies have assessed the relationship
between them. Understanding the relationship between these 2
predictors could help categorizing those at risk of disease devel-
opment or event. However, the relationship between BMI and
IGF-1 across studies is neither consistent nor clear. Several studies
have reported that IGF-1 levels are inversely correlated with BMI
(15-20), whereas others report a positive correlation (21) or no
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correlation (22). Most of these studies estimated the relationship
between IGF-1 and BMI by stratifying the samples based on BMI
categories, and not age, although the study participants’ ages
varied widely (17,19,20,22).

To date, no study has assessed the influence of age on the associ-
ation between BMI and IGF-1. We hypothesize that the relationship
between IGF-1 and BMI varies by age.

Here we present a cross-sectional study of the relationship be-
tween IGF-1 and BMI in a large sample of 4241 participants from
the Long Life Family Study (LLFS) with validation of the relation-
ships in a large sample of 25535 participants from the third National
Health and Nutritional Examination Survey (NHANES III). In par-
ticular, we assessed whether the relationship between IGF-1 and BMI
varies in an age- and sex-specific manner.

Method

Study Population

The primary sample for this study is a set of participants from LLFS.
LLFS is a multicenter family-based cohort study of 539 families
that was designed to determine the genetic and behavioral/envir-
onmental risk factors that promote exceptional longevity (23). The
families were recruited between 2006 and 2009 from the United
States and Denmark at 4 enrollment sites (New York, Boston,
and Pittsburgh in the United States and nationwide in Denmark).
The total number of enrolled participants is 4953, consisting of
long-lived probands and their siblings (7 = 1727), the offspring of
this generation and their spouses (7 = 3226). Participants without
measurements of serum IGF-1 levels or BMI were excluded; there-
fore, the total sample size for this analysis is 4241 participants (aged
24-110 years) consisting of 1391 from the proband generation (49—
110 years), 2119 from the offspring generation (32-87 years), and
731 offspring spouses (24-88 years). All participants self-identified
as non-Hispanic White.

The findings in LLFS were replicated using participants from
NHANES III (24). NHANES 1II is a sample of approximately 39
000 participants aged 2 months and older and was designed to
be representative of the U.S. population. It was conducted from
1988 to 1994 in 2 phases. Of the total sample of adults (7 = 20
024), we selected a subset of 2555 non-Hispanic White partici-
pants (20-90 years) with a complete record of the study variables.
Parallel analyses were conducted with non-Hispanic Black partici-
pants (7 = 1639, 20-90 years) and Mexican American participants
(n=1607,20-90 years).

Participant Characteristics

In both LLFS and NHANES III, standing height, weight, and waist
circumference (WC) were assessed by trained interviewers with a
standardized protocol and skill level. BMI was calculated as weight
in kilograms per square of the height in meters. Age, race, ethni-
city, and sex were taken by self-report during the interview. For
the analysis in LLFS, presence of diabetes was defined as the use
of diabetes medications or fasting glucose 2126 mg/dL. Presence of
hypertension was defined as systolic blood pressure >140 mmHg
or diastolic blood pressure 290 mmHg or self-report confirmed by
use of antihypertensive medication. For NHANES III, presence of
diabetes was defined as a history of diabetes diagnosis, or fasting
glucose 2126 mg/dL, or current use of oral hypoglycemics or in-
sulin. Presence of hypertension was defined if a participant reported
both ever being told that he or she had high blood pressure and

current use of antihypertensive medication, or if the average meas-
ured BP was 2140 mmHg systolic or 290 mmHg diastolic. We ex-
cluded smoking status as a covariate because of the large number
of missingness within the NHANES III participants, in addition to
the nonsignificant association between IGF-1 and smoking status in
LLFS.

Laboratory Assays
In LLFS, fasting peripheral blood samples were obtained from parti-
cipants and then shipped to the Advanced Diagnostics and Research
Laboratory at the University of Minnesota (25). IGF-1 was meas-
ured in serum using a solid-phase enzyme-linked chemiluminescent
immunoassay on an Immulite 2000 system (Siemens Healthcare
Diagnostics, Inc.). The interassay coefficient of variability was 8.7%.
In NHANES 111, fasting serum samples were collected from 1988
to 1994 and IGF-1 concentrations were quantified by IGF-I enzyme-
linked immunosorbent assay (DSL 10-5600) including an extrac-
tion step that separates IGF-1 from its binding protein. The samples
were reanalyzed if the coefficient of variation for replicate samples
was greater than 15% (26). In the current study, given the differ-
ences in the assays used for serum IGF-1 measurements in LLFS and
NHANES III, we only compared the relationships among traits be-
tween studies.

Statistical Approach

All data analyses were performed using R version 3.4.0 (27). To
approximate normality, both IGF-1 and BMI were natural log—
transformed for the analysis. We calculated the Pearson coefficient
of correlation between IGF-1 levels and BMI, height, weight, WC,
and age.

We used 2 sample # tests to assess the mean age difference and
mean IGF-1 difference between the LLFS and NHANES III. Also,
we used the Istrends function to estimate and compare the slopes of
fitted lines between males and females in both studies.

We regressed log(IGF-1) on log(BMI) to get an overall assessment
of their relationship in each cohort. We performed a linear mixed-
effect model using coxme package (28) and adjusting for covariates.
Covariates were chosen based on their known association with
serum IGF-1 and included age, age (2), male sex, log(BMI), field
center, diabetes, hypertension, log(BMI) x age, and log(BMI) x sex as
fixed variables, and also adjusting for kinship as a random variable
to account for the relatedness between LLFS participants. To assess
whether the relationship differed by sex, for all analyses described
below we also stratified by sex and regressed IGF-1 on BMI as above
without the sex and log(BMI) x sex terms.

First, we regressed IGF-1 on BMI in all samples regardless of
age, but including other covariates. Then, to assess the relation-
ship between IGF-1 and BMI by age, we divided the LLFS sample
into age quartiles and performed linear mixed-model regression of
IGF-1 with BMI as a fixed variable and kinship as a random variable
within each age quartile.

In addition, we also conducted all of the previous analyses with
IGF-1 and WC, as another measure of adiposity.

To validate the results, the same approach was used with the
NHANES II sample of 2555 non-Hispanic White participants, al-
though we did not adjust for kinship, as the participants were as-
sumed to be unrelated. The age quartile thresholds in LLFS were used
as age group thresholds in NHANES III. We then assessed whether
the relationship between IGF-1 and BMI also differed by age quartile
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in non-Hispanic Black (7 = 1639) and Mexican American (n = 1607)
participants.

Results

The means, standard deviations, and proportions of key charac-
teristics of the study samples are presented in Table 1. The LLFS
participants’ mean age was 70 years (range of 24-110 years) and
the prevalence of diabetes and hypertension was 7% and 51%, re-
spectively. The overall mean serum IGF-1 level was 128.3 ng/mL and
ranged from 26 to 745 ng/mL. The mean BMI was 27 kg/m?. In
NHANES III, the participants’ mean age was 53.2 years (range
of 20-90 years) and the prevalence of diabetes and hypertension
was 6% and 28%, respectively. The overall mean IGF-1 was
249.5 ng/mL and ranged from 25.3 to 863.8 ng/mL. The mean
BMI was 26.48 kg/m?.

Both studies had a wide age range, but on average, NHANES III par-
ticipants were 16.8 years younger than LLFS participants (p < .0001).
The age distribution in LLFS is bimodal due to the family study design
with some overlap between the LLFS generations; the age distribution in
NHANES III is approximately uniform across its range (Supplementary
Appendix Figure 1). As expected, log(IGF-1) levels were negatively cor-
related with age in both LLFS and NHANES III, r = -0.42 (p < .001) and
r=-0.47 (p < .001), respectively (Figure 1A). In addition, mean serum
IGF-1 levels were 121.2 ng/mL lower in LLFS compared to NHANES
1 (p < .0001).

In LLFS, across all participants, log(IGF-1) levels were positively
correlated with both log(BMI) and WC, » = 0.06 (p < .001) and
7=0.03 (p =.06), respectively (Table 2). In contrast, in NHANES III,
log(IGF-1) levels were negatively correlated with log(BMI) and WC,
r=-0.12 (p <.001) and r = -0.18 (p < .001), respectively. However,
log(IGF-1) was positively correlated with height among both LLFS

and NHANES III participants (r = 0.27,p < .001 and r = 0.24, p < .001,
respectively; Table 2).

In the regression analysis—adjusting for sex, diabetes, and
hypertension, and, in LLFS, field center and kinship, log(IGF-1)
was associated positively with log(BMI) (B = 0.20, p = 4.4 x 10712),
whereas, in NHANES 111, the relationship was significant and nega-
tive (B = -0.23, p = 1.4 x 10-5; Table 3, Figure 1B). In NHANES
I11, hypertension was negatively associated with log(IGF-1) in the
overall sample (f = -0.12,p = 6.9 x 10-') and in the overall sample
stratified by sex (data not shown). However, in LLFS, hypertension
was not associated with log(IGF-1) in the overall sample, but it was
negatively associated with log(IGF-1) in the stratified overall sample
by sex (both p = <.0001; data not shown).

In LLFS, interaction for both log(BMI) and age and log(BMI) and
sex had significant effects on log(IGF-1) (both P = <0.0001; data not
shown). Whereas, in NHANES III, there was a significant interaction
effect between log(BMI) and age (p = 7.3 x 10-) on log(IGF-1), but
no significant interaction between log(BMI) and sex (p = .4; data
not shown).

We further investigated the interaction between age and
log(BMI) on log(IGF-1) in LLFS using age quartiles (Supplementary
Appendix Table 1). As can be seen in Figure 2A, the relationship be-
tween log(IGF-1) and log(BMI) differed by age quartile. In the first
(youngest) age quartile (20-58 years), the relationship was significant
and negative (f = -0.2, p = .0022), in the second (59-66 years) and
third (67-86 years) age quartiles the relationship was nonsignificant,
but in the fourth (oldest) quartile (87-110 years), the relationship
was significant and positive (§ = 0.31,p = 2.6 x 10-%; Table 3). When
the NHANES IIT data were stratified using the LLFS age quartile
thresholds, a similar pattern was observed (Table 3, Figure 2A). We
also stratified LLFS and NHANES III using age thresholds derived
from NHANES III and applied them to LLFS; a similar pattern was
observed (Supplementary Appendix Figure 2).

Table 1. Descriptive Statistics of Age, IGF-1, and Anthropometric Measurements in LLFS and NHANES IlI

LLFS NHANES 1II
Female

Measurements Male (45.3%)  (54.7%) Total Male (45.2%)  Female (54.8%) Total
Participants (n) 1924 2317 4241 1155 1400 2555
First age quartile/group (1) 421 640 1061 643 840 1483
(20-58 years)
Second age quartile/group (n) 507 553 1060 140 144 284
(58-66 years)
Third age quartile/group (1) 497 563 1060 346 381 727
(66-86 years)
Fourth age quartile/group (n) 499 561 1060 26 35 61
(87-110 years)

Mean (SD) Mean (SD Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Age at enrollment (years) 70.6 (15.3) 69.5 (15. 70.0 (15.6) 54.0 (19.5) 52.6 (19.7) 53.2 (19.6)
IGF-1 (ng/mL) 134.6 (54.0) 123.2 (51. 128.3 (52.9) 264.7 (97.6) 236.9 (103.6) 249.5 (101.9)
BMI (kg/m?) 27.5 (4.0) 26.7 (5.3 27.8 (4.8) 26.7 (4.8) 26.3 (5.7) 26.5(5.3)
Height (cm) 173.6 (7.7) 159.6 (7.8 166.0 (10.5) 175.5(7.1) 161.3 (7.0) 167.7 (9.9)
Weight (kg) 83.2 (14.9) 68.2 (14. 75.0 (16.5) 82.5 (16.5) 68.4 (15.4) 74.8 (17.4)
WC (cm) 99.5 (11.0) 90.4 (13. 94.5 (13.4) 97.7 (12.7) 89.5 (14.5) 93.2 (14.3)
Hypertension 24% 27%. 51% 12% 16% 28%
Diabetes 4% 3% 7% 3% 3% 6%

Notes: BMI = body mass index; IGF-1 = insulin-like growth factor 1; LLFS = Long Life Family Study; NHANES III = third National Health and Nutritional
Examination Survey; WC = waist circumference. Enrollment for LLFS was 2006-2008, and for NHANES III was 1988-1994. IGF-1 and BMI are values on the

natural scale to report the mean and standard deviation.
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We next investigated the relationship between log(BMI) and
sex on log(IGF-1) levels in LLFS by stratifying each age quartile
by sex. Among females, log(IGF-1) was significantly and nega-
tively associated with log(BMI) in the first (20-58 years) age
quartiles (B = -0.28, p = 3 x 107*), but there was no significant
association in males (Figure 2B). In the second (59-66 years) and
third age quartiles (67-86 years), log(IGF-1) was not associated
with log(BMI) in either sex. However, in the oldest quartile (87—
110 years), log(IGF-1) was significantly and positively associated
with log(BMI) in both sexes (3 =0.2,p =.04 and 3 = 0.4,p = .0014,
respectively; Figure 2B). The relationship between log(IGF-1) and
log(BMI) did not significantly differ by sex in NHANES III, ex-
cept in the fourth quartile (87-110 years) wherein the association
was positive and significant in males (p = .002), but not in females
(p = .4), though the sample sizes were small. In addition, we ob-
served a significant slope difference by sex in the relationship be-
tween log(IGF-1) and log(BMI) in the first age quartile of LLFS
only (p =.002).

Similar results were observed for the relationship between IGF-1
and WC in both studies (Supplementary Appendix Table 2). Also,
similar patterns were seen among non-Hispanic Black and Mexican
American participants in NHANES III (Supplementary Appendix
Figure 3).

Discussion

In this cross-sectional study of LLFS, a unique family-based cohort
of exceptional longevity, we examined the age- and sex-specific ef-
fects of the relationship between serum IGF-1 levels and BMI.
Younger participants (24-58 years) had a negative relationship be-
tween IGF-1 and BMI, while older participants (87-110 years) had
a positive relationship. There was no statistically significant relation-
ship for the age groups in between. The same pattern was observed
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Figure 1. (A) Scatter plot of log(IGF-1) by age and (B) scatter plot of log(IGF-1)
by log(BMI) in both LLFS and NHANES III.

in an independent sample of non-Hispanic White adults of similar
age range recruited from the general population in the NHANES III.
In addition, we did not observe a consistent sex-specific difference
in the relationship between IGF-1 and BMI across the age groups.
The discrepancies in the relationship between serum IGF-1 and BMI
among studies in the literature (15-22) may be explained by the ages
of the cohorts used in the previous studies. Studies reporting the
negative relationship between BMI and IGF-1 were primarily con-
ducted in participants with ages ranging from 10 to 60 years (15—
20). In contrast, studies that reported a positive relationship were
often performed with older individuals with ages ranging from 45 to
90 years (21). These studies also showed a similar pattern between
the relationship of IGF-1 and WC (17-19,21). In addition, several
of these studies were comprised of highly selected groups, such as
obese/overweight individuals, who might be experiencing a weight-
related disruption in insulin and GH secretion (19).

The age-related difference in the relationship between IGF-1 and
BMI might be due to height, which is a component of BMI. However,
the pattern between IGF-1 and WC (a measure of central adiposity
that is independent of height) was similar to that with BMI. This re-
sult indicates that the relationship is driven by adiposity rather than
height (Supplementary Appendix Table 2).

In non-Hispanic Black and Mexican American participants,
other investigators have reported an inverse association between
IGF-1 and BMI (15,17), whereas others have reported no association
(29). However, in our study, we saw similar patterns by age group
in non-Hispanic Black and Mexican American participants within
NHANES III as we saw in the non-Hispanic White participants, des-
pite smaller sample sizes (Supplementary Appendix Figure 3). These
results suggest that the relationship between IGF-1 and BMI by age
group is similar among different racial/ethnic groups.

In this cohort, we observed that younger participants had a
higher mean IGF-1 level compared to older participants, and this is
consistent with known IGF-1 biology in adolescent and early adult-
hood (13). Although the interaction between log(BMI) and sex in
predicting log(IGF-1) was statistically significant, the slope differ-
ence between male and female was not statistically significant except
in the youngest LLFS age quartile. The latter results might reflect the
sex differences in development during puberty and early adulthood.

LLFS and NHANES III data were collected 10 years apart;
thus, period or cohort effects may exist, in addition to the age ef-
fect we demonstrate. However, despite this potential period effect,
the patterns were consistent for both LLFS and NHANES III co-
horts, for BMI and WC, and across different racial/ethnic groups.
In addition, mean serum IGF-1 levels were 121.2 ng/mL lower in
LLFS compared to NHANES III. The most likely reason for this

Table 2. Pearson Correlation Coefficients Between Log(IGF-1), Age, and Anthropometric Measures in LLFS and NHANES Il

LLFS
Log(IGF-1) wWC
NHANES III Log(IGF-1) 1 0.03

Age -0.47%%* 0.03*
Log(BMI) -0.12%%* 0.81***
Height 0.24" 0.28%%*%
Weight 0.02 0.80%**
WwC -0.18%*** 0.86%%* 1

Note: BMI = body mass index; IGF-1= insulin-like growth factor 1; LLFS = Long Life Family Study; NHANES III = third National Health and Nutritional

Examination Survey; WC= waist circumference.
*p<.05, % p <.01, ***p < .001.
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Table 3. Result of Linear Mixed-Model Regression of Association Between Log(IGF-1) as an Outcome and Log(BMI) in the Overall Sample

and by Sex of LLFS and NHANES Il and Then Stratified by Age

LLFS NHANES IIT

Log(IGF-1) B (SE) p Value B (SE) p Value
Overall 0.20 (0.04) 4.4 x 1012 -0.23 (0.05) 1.4x 10-¢
Male 0.45 (0.06) 4.5 x 1072 -0.23 (0.07) 1.4 x 103
Female 0.05 (0.05) 2.8 x 10! -0.22 (0.06) 5.2x10+*
First age quartile/group (20-58 years) -0.20 (0.06) 2.2 x 1073 -0.40 (0.05) 2.6 x 102
Second age quartile/group (58-66 years) -0.07 (0.06) 3.2x 10! 0.006 (0.13) 9.6x 107!
Third age quartile/group (67-86 years) -0.01 (0.07) 8.4 x 10! 0.03 (0.08) 7.6x 107!
Fourth age quartile/group (87-110 years) 0.31 (0.08) 2.6 x 10 0.84 (0.39) .031

Notes: BMI = body mass index; IGF-1= insulin-like growth factor 1; LLFS = Long Life Family Study; NHANES III = third National Health and Nutritional
Examination Survey; SE = standard error; = log(BMI) regression coefficient adjusting for diabetes, hypertension, sex (when applicable) in both studies and field
center, and kinship in LLFS. The same age quartile thresholds for LLFS were applied onto NHANES III.
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Figure 2. (A) Scatter plot of log(IGF-1) by log(BMI) stratified by age groups
and (B) scatter plot of log(IGF-1) by log(BMI) per age groups and stratified by
sex in LLFS and NHANES Ill. The same age quartile thresholds for LLFS were
applied onto NHANES IlI.

difference is the use of different assay kits in the measurement of
serum IGF-1 levels between the 2 studies. Previous studies have
reported significant differences in serum IGF-1 levels when using
different assay kits, even though the samples were from the same
population (30-32). Different assay kits have different age- and sex-
specific reference ranges, and this might affect the upper and lower
limit of each study’s serum IGF-1 levels. Furthermore, NHANES III
was conducted using a sample from the general population, whereas
LLFS sampled healthy long-lived individuals (23). Thus, the study
population and assay type are confounded, and it is impossible to
determine whether the difference in mean IGF-1 levels between the
cohorts is due to ascertainment differences or assay differences given
these data. However, all statistical comparisons in this article were
done within-study, so the mean differences in IGF-1 levels between
studies should not affect our conclusions, especially given that the
patterns across age groups were similar.

This current study was cross-sectional and not longitudinal;
therefore, we could not measure the relationship between IGF-1 and
BMI on the same participants throughout their life span in order
to determine the patterns of change in this relationship. Instead,
we stratified our samples by age group and are extrapolating these
cross-sectional results to reflect individual changes related to aging.
However, additional longitudinal data are needed to confirm these
findings. Also, we relied on BMI and WC to measure adiposity, which
capture body size but not body composition. These anthropometric
measurements are not as precise as imaging-based measurements,
such as fat mass as estimated from dual X-ray absorptiometry or
peripheral quantitative computed tomography (33). Such measures

were not available for these studies. Another limitation in our study
is the lack of data on potential confounders such as physical ac-
tivity, diet, and GH level. These factors can have major effects on
BMI and IGF-1 level and may be important to consider as potential
confounders of this association.

In summary, we identified age-related differences in the rela-
tionship between serum IGF-1 levels and BMI, as well as WC, in
non-Hispanic White, non-Hispanic Black, and Mexican American
participants. This finding clarifies that the apparent contradiction in
the previous literature on the relationship between IGF-1 and adi-
posity is likely due to differences in cohort age ranges. As such, the
clinical implication of this is that age should be considered when
evaluating the relationship between adiposity and IGF-1. However,
longitudinal studies and further investigation into the underlying
biology affecting the relationship between serum IGF-1 and meas-
ures of adiposity across the life span are needed to understand these
observations. Such an understanding might help categorize individ-
uals at risk of disease or inform interventions to delay disease de-
pending on their age-dependent BMI and IGF-1 level.

Supplementary Material

Supplementary data are available at The Journals of Gerontology,
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