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Genome-wide association studies have identified single
nucleotide polymorphisms (SNPs) associated with
waist circumference (WC) and waist-to-hip ratio (WHR)
adjusted for BMI (WCadjBMI and WHRadjBMI), but it
remains unclear whether these SNPs relate to change in
WCadjBMI or WHRadjBMI with lifestyle intervention for
weight loss. We hypothesized that polygenic scores (PS)
comprised of 59 SNPs previously associated with central
adiposity would predict less of a reduction in WCadjBMI or
WHRadjBMI at 8–10 weeks in two lifestyle intervention tri-
als, NUGENOB and DiOGenes, and at 1 year in five lifestyle
intervention trials, Look AHEAD, Diabetes Prevention
Program, Diabetes Prevention Study, DIETFITS, and

PREDIMED-Plus. One-SD higher PS related to a smaller 1-
year change in WCadjBMI in the lifestyle intervention arms
at year 1 and thus predicted poorer response (b 5 0.007;
SE5 0.003; P5 0.03) among White participants overall and
in White men (b 5 0.01; SE 5 0.004; P 5 0.01). At average
weight loss, this amounted to 0.20–0.28 cm per SD. No sig-
nificant findings emerged inWhite women or African Amer-
ican men for the 8–10-week outcomes or for WHRadjBMI.
Findings were heterogeneous in African American women.
These results indicate that polygenic risk estimated from
these 59 SNPs relates to change in WCadjBMI with lifestyle
intervention, but the effects are small and not of sufficient
magnitude to be clinically significant.
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Obesity is a well-established risk factor for numerous dis-
eases (1–3). Independent of elevated BMI, measures of cen-
tral adiposity, such as waist circumference (WC), also
predict many common diseases, including type 2 diabetes,
cardiovascular disease, cancers, and early mortality (1,4–8).
Indeed, it may be beneficial to measure WC clinically to
more accurately reflect adiposity-related risk (9).

Genome-wide association studies (GWAS) have success-
fully identified genetic regions related to both WC and
waist-to-hip ratio (WHR), even after statistical adjustment
for BMI (WCadjBMI and WHRadjBMI, respectively) (10,11).
Whereas several genes at loci associated with BMI are
expressed in the central nervous system, many genes at loci
related to WCadjBMI and WHRadjBMI reflect adipose tissue
and insulin signaling pathways, highlighting a distinct genetic
architecture for BMI and measures of central adiposity (10).
In Mendelian randomization analyses, genetic markers
related to higher WCadjBMI and WHRadjBMI were associ-
ated with type 2 diabetes, cardiovascular disease, and certain
cancers (12–14), suggesting a causal role for central adiposity,
independent of BMI, in the most common causes of morbid-
ity and mortality in high- and middle-income countries.

Lifestyle interventions (LI) involving calorie restriction
and often physical activity to promote weight loss reduce
WC and WHR compared with minimal intervention control
groups (e.g., placebo pill or brief health education alone)
(15–18). Indeed, WC may serve as a better predictor of
some of the health benefits of LI than change in weight
per se (19,20). Knowledge about predictors of change in
WC and WHR in response to LI could help tailor interven-
tions for reducing central adiposity and identify actionable
targets for WC or WHR reduction in the context of LI.
This article examines whether polygenic scores (PS), com-
prised of 59 single nucleotide polymorphisms (SNPs) asso-
ciated with WC, WHR, WCadjBMI, or WHRadjBMI in prior
GWAS (10), predict the magnitude of change in these
measures at two time points: 8–10 weeks and 1 year of LI.
This analysis brings together data from seven LI trials,
allowing testing of our central hypothesis that genetic vari-
ation associated with elevated WCadjBMI or WHRadjBMI
will predict less of a reduction in these variables with life-
style-induced weight loss intervention.

RESEARCH DESIGN AND METHODS

Research Design
This is a meta-analysis of LI trials for weight loss
(16,21–28). The research designs and interventions are pre-
sented in Supplementary Table 1. Changes in WCadjBMI
and WHRadjBMI were examined at 8–10 weeks in the
Diet, Obesity and Genes (DiOGenes) Dietary Study and
Nutrient-Gene Interactions in Human Obesity (NUGENOB)
Study and at 1 year in Look AHEAD (Action for Health in
Diabetes), Diabetes Prevention Program (DPP), Diabetes
Prevention Study (DPS), Diet Intervention Examining the
Factors Interacting with Treatment Success (DIETFITS),
and PREDIMED (Prevenci�on con Dieta Mediterr�anea)-Plus.

The time points were selected to maximize common out-
comes across multiple trials. Funding sources and an
extended author list for the trials can be found in Supp-
lementary Document 1.

Analyses were conducted in the two most populous
racial groups, White and African American, to reduce the
risk of confounding due to population stratification (29).
The response options for self-reporting these ancestries
differed across trials and included African American/Black
(Look AHEAD) African American or Black (DPP), African
American (DIETFITS), White (Look AHEAD, DPP, and
DIETFITS), Caucasian/White (DioGenes), Caucasian Euro-
pean (NUGENOB), White/European (PREDIMED-Plus),
and Finnish/European (DPS). In this article, we describe
African American or Black self-reported race as African
American and White or European self-reported race as
White to have consistent language across trials. Individu-
als self-identifying as Hispanic were excluded from the
African American or White subgroups.

All trials included an LI that incorporated calorie restric-
tion to produce weight loss. The approach to macronutrient
content and physical activity in the intervention differed
across studies. Of the interventions with 8–10-week out-
comes, DiOGenes used an 8-week low-calorie diet with meal
replacements and extra vegetable provision; NUGENOB
tested two low-calorie diets, one with 20–25% fat and the
second with 40–45% fat over 10 weeks. Of the trials contrib-
uting 1-year outcomes, DPP LI, Look AHEAD intensive LI,
and the “Healthy, low-fat” treatment arm of DIETFITS used
a restriction of dietary fat intake. The DPS LI also used a
restriction of fat intake but with increased fiber intake. The
“Healthy, low-carbohydrate” arm of DIETFITS used a low-car-
bohydrate approach, and PREDIMED-Plus used an energy-
restricted Mediterranean diet. The trials contributing 1-year
data also included a physical activity promotion component.
LI were pooled at 8–10 weeks and 1 year, respectively.

DPS, DPP, PREDIMED-Plus, and Look AHEAD included
minimal contact control groups (education group, a pla-
cebo pill, Mediterranean diet without caloric restriction, and
diabetes support and education, respectively). Although the
nature of these control groups differs, we refer to these
arms as “control” and test for PS × treatment arm and
SNP × treatment arm interactions across these trials. Addi-
tional treatment arms that were not an LI or minimal-con-
tact control arm, such as the DPP metformin treatment
arm, were not included.

The primary independent variables are weighted PS
comprised of the additive effects of associated alleles for
59 SNPs associated with WC, WHR, WCadjBMI, or
WHRadjBMI in prior GWAS, weighted by the strength of
association in published meta-analysis in ancestry-com-
bined analyses (10). Of the 59 SNPs, 49 were initially
associated with WHRadjBMI at genome-wide significance
(5 × 10�8), including 39 SNPs in sex-combined White
samples, 8 additional SNPs in White women, 1 additional
SNP in White men, and 1 additional SNP in ancestry- and
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sex-combined analyses. Seven additional SNPs were ini-
tially associated with WCadjBMI in sex-combined analysis,
and three additional SNPs were initially associated with
WHR. As these phenotypes show substantial overlap and
many of the SNPs were associated with multiple pheno-
types, PS were created incorporating the 59 SNPs using
weights for WCadjBMI and WHRadjBMI from the sex-com-
bined, female, and male samples of combined ancestry pre-
sented in Supplementary Table 4 from Shungin et al. (10)

Participants
A total of 7,646 participants were included in at least one
analysis. At 8–10 weeks, 1,542 participants from LI were ana-
lyzed. No data from control groups were available
(Supplementary Table 2A). At year 1, 6,104 contributed to at
least one analysis, including 2,755 White participants in LI,
2,354 White participants in control arms, 506 African Ameri-
can participants in LI, and 489 African American participants
in control arms (Supplementary Table 2B). Analyses were fur-
ther conducted in men and women due to differences in
effect sizes of genetic associations with WC and WHR by bio-
logical sex (10).

BMI entrance criteria ranged from $25 (DPP, DPS,
Look AHEAD), $26 (NUGENOB), $27 (PREDIMED-Plus,
DiOGenes), and $28 (DIETFITS). Additional inclusion cri-
teria specific to trials included impaired glucose tolerance
(DPP and DPS), metabolic syndrome (PREDIMED-Plus),
and type 2 diabetes (Look AHEAD). Additional details of
the study designs, inclusion and exclusion criteria, and
intervention and control groups are summarized in Supp-
lementary Table 1.

Measures

Anthropometrics
At a minimum, all cohorts included a measure of WC and
height and weight to calculate BMI. In addition, DPP, DPS,
PREDIMED-Plus, DiOGenes, and NUGENOB included hip
circumference for calculation of WHR. WC was measured in
centimeters in duplicate using a tape measure midway
between the bottom of the ribs and the top of the hips; hip
circumference was measured in duplicate at the level of
maximal hip protrusion. Weight was measured in duplicate
with a digital scale or a balance beam scale, and height was
measured in duplicate using a stadiometer. Details of
anthropometric measurement are available for each cohort
(16,21–26).

Genotyping
Genotyping platforms are listed in Supplementary Table 1.
Briefly, Look AHEAD and DPS contributed SNPs directly
genotyped on the Cardiometabochip (30); the remaining
cohorts used genome-wide arrays. SNPs selected for inclu-
sion in the PS and individual analyses included those
related to WC, WHR, WCadjBMI, or WHRadjBMI identified
in Shungin et al. (10). Proxies were identified (r2 > 0.80) if
a SNP was not directly genotyped.

Statistical Analysis
PS were calculated as number of effect alleles per SNP
multiplied by the corresponding b weight from the com-
bined ancestry results reported in Shungin et al. (10),
summed and scaled across the 59 SNPs. Three separate
PS were calculated using weights for associations with
WCadjBMI in sex-combined, female, and male samples.
Similarly, for WHRadjBMI, three additional PS were calcu-
lated using weights for associations with WHRadjBMI for
application in females and males combined and the female
and male subgroups.

Linear regression models were fit to analyze the associ-
ation of the PS and individual SNPs with change in
WCadjBMI and WHRadjBMI at 8–10 weeks and 1 year.
The vast majority of participants in DiOGenes and NUGE-
NOB were White, so there were no additional models by
ancestry at 8–10 weeks. At 1 year, models were run in the
two largest ancestry groups: White and African American.
Age, biological sex (for the full sample), and baseline
WCadjBMI or WHRadjBMI served as covariates. For LI tri-
als with a low-contact control group (Look AHEAD, DPP,
PREDIMED-Plus, and DPS), PS and individual SNP ×
treatment arm interaction terms were also tested.

Meta-analysis with fixed effects for each trial was used
to combine the results across DiOGenes and NUGENOB
for 8–10-week change in WCadjBMI and WHRadjBMI and
Look AHEAD, DPP, DPS, DIETFITS, and PREDIMED-
PLUS for 1-year change in WCadjBMI and WHRadjBMI.
As the PS reflect primary hypotheses, a level of P 5 0.05
was used to indicate statistical significance. False discov-
ery rate (FDR) was used to account for multiple compari-
sons for tests of the individuals SNPs (31).

Data and Resource Availability
As the data and resource sharing differs by trial, we provide
statements for each trial. Look AHEAD data are available on
the National Institute of Diabetes and Digestive and Kidney
Diseases repository. The genetic data are not available due
to limitations in consent. DPP data are available on the
National Institute of Diabetes and Digestive and Kidney
Diseases repository. The genetic data are available on
dbGaP. DIETFITS data are available on request to C.G.
(cgardner@stanford.edu). Due to limitations in genetic
consent, the PREDIMED-Plus data are not publicly available.
Collaborations will be considered upon request. DPS data
are not publicly available due to limitations in consent.
DiOGenes data are available from the DiOGenes Steering
group for any interested researcher who meets the criteria
for access to confidential data and upon reasonable request.
The NUGENOB data are available on request to the Project
Steering Committee (e-mail committee chair T.H.,
torben.hansen@sund.ku.dk).

RESULTS

Descriptive statistics of demographics, PS, and the adipos-
ity variables for the data used in the present meta-
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analysis are provided in Supplementary Table 2A for
trials contributing 8–10-week data (DiOGenes and
NUGENOB) and Supplementary Table 2B for trials con-
tributing 1-year data (Look AHEAD, DPP, DIETFITS, DPS,
and PREDIMED-Plus). On average, participants across the
trials were 35–60 years of age, and 55–75% were women.
The European trials (DiOGenes, NUGENOB, DPS, and
PREDIMED-Plus) were predominantly White; White and
African American participants were included from the U.S.
trials. Participants in all trials were on average in the obese
range and tended to have clinically elevated WC.

Change in WCadjBMI

Eight to Ten Weeks
None of the PS or individual SNPs significantly predicted
change in WCadjBMI (Table 1, Supplementary Fig. 1, and
Supplementary Table 3).

One Year
The PS weighted for WCadjBMI across men and women sig-
nificantly predicted change in WCadjBMI in the White sub-
group across the five clinical trials (Table 1 and Fig. 1A). The
PS weighted in men also predicted change in WCadjBMI in
the White male subset (Table 1 and Fig. 1C). Directionally
consistent but nonsignificant results were seen in White
women (Table 1 and Fig. 1B). In each case, the PS was associ-
ated with a higher WCadjBMI at 1 year, suggesting a poorer
response to the LI. Taking the b of 0.007 (SE 5 0.003 [95%
CI 0.001, 0.013]) per SD higher WCadjBMI and the mean
baseline (34.31 kg/m2) and mean 1-year reduction in BMI
(�2.84 kg/m2) in White participants from DPP as an exam-
ple, each SD of the PS contributed to a 0.20-cm (SE 5
0.009) higher WC at 1 year in analyses combining men and
women. For men under the same parameters, each SD of the
PS contributed to a 0.28-cm (SE5 0.01) less change in WC.

Interactions with the intervention and control arms
were tested in Look AHEAD, DPP, DPS, and PREDIMED-

Plus. In White men, there was an interaction of the PS
with treatment arm at the level of borderline statistical
significance (b 5 0.011; SE 5 0.005; P 5 0.05 [95% CI
�0.0002, 0.022]) (Supplementary Table 4). Results indi-
cated that each SD change in the PS was associated with
higher WCadjBMI at 1 year in the intervention arm (b 5
0.010; SE 5 0.004; P 5 0.01 [95% CI 0.002, 0.019]) but
nonsignificantly lower WCadjBMI in the control groups
(b 5 �0.0015; SE 5 0.004; P 5 0.62 [95% CI �0.015,
0.006]). The interaction between intervention arm and PS
in men and women combined and in women was not sig-
nificant in White participants (P > 0.47; FDR q > 0.10)
(Supplementary Table 4).

None of the individual SNPs was significantly associated
with change in WCadjBMI in the LI arms (Supplementary
Table 5) or in SNP × treatment arm interaction (Supp-
lementary Table 4) after correction for multiple comparisons
in White participants.

In African American participants, the PS weighted for
WCadjBMI in women significantly predicted 1-year change
in WCadjBMI in the LI arms in women. However, the het-
erogeneity score was 0.75, suggesting substantial difference
in effect across studies (Table 1 and Fig. 2B). The effect
was strongest in DIETFITS (b 5 0.095; SE 5 0.029; P 5
0.001). In Look AHEAD (b 5 0.026; SE 5 0.015; P 5
0.086) and DPP (b 5 �0.001; SE 5 0.0018; P 5 0.952),
the effect size was small and not statistically significant.
Thus, no clear pattern can be derived from the heteroge-
neous results. The PS weighted for men and women
combined and the PS weighted for men were not sig-
nificantly associated with change in WCadjBMI in the LI
arm (Table 1 and Fig. 2A and C). No evidence for PS × treat-
ment arm or SNP × treatment arm interaction was
observed (Supplementary Table 6), and none of the individ-
ual SNPs predicted WCadjBMI in the lifestyle intervention
arm after correction for multiple comparisons in African
American participants (Supplementary Table 7).

Table 1—PS associations with per-SD change in WCadjBMI at 8–10 weeks and year 1 in the LI arms
Time Subsample k b SE Lower limit Upper limit z P value I2

8–10 weeks
White participants

Full sample 2 0.002 0.004 �0.005 0.010 0.550 0.582 0
Women 2 0.001 0.005 �0.008 0.011 0.236 0.814 0
Men 2 0.008 0.006 �0.008 0.020 1.350 0.177 0

1 year
White participants

Full sample 5 0.007 0.003 0.001 0.013 2.2261 0.026 0.178
Women 5 0.006 0.004 �0.002 0.015 1.483 0.138 0
Men 5 0.010 0.004 0.002 0.019 2.533 0.011 0.171

African American participants
Full sample 3 0.006 0.009 �0.011 0.024 0.707 0.479 0.226
Women 3 0.026 0.011 0.005 0.047 2.393 0.016 0.753
Men 2 �0.005 0.0111 �0.027 0.016 �0.479 0.632 0

k, number of cohorts. P < 0.05 indicated in bold.
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Change in WHRadjBMI
Neither the PS nor any of the SNPs significantly predicted
change in WHRadjBMI in the LI at 8–10 weeks (PS, P >

0.10; SNPs, FDR q > 0.10) or at 1 year in the three of
five trials (DPP, DPS, and PREDIMED-Plus) that provided
data on WHRadjBMI at 1 year (White participants: PS,

P > 0.29; SNPs, FDR q > 0.10; African American partici-
pants: PS, P > 0.36; SNPs, FDR q > 0.10). In addition,
the PS and SNPs did not significantly interact with treat-
ment arm at 1 year in White (PS, P > 0.57; SNPs, FDR
q > 0.10) or African American participants (PS, P > 0.39;
SNPs, FDR q > 0.10).

Figure 1—Meta-analysis of PS predicting 1-year change in WCadjBMI in all White participants (A), White women (B), and White men (C).
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DISCUSSION

We identified associations between genetic factors and
change in WCadjBMI during LI aimed at weight reduction. A
weighted PS comprised of 59 SNPs previously associated
cross-sectionally with WC, WHR, WCadjBMI, or WHRadjBMI
in the literature (10) predicted less of a reduction in
WCadjBMI over 1 year in White men and women combined,
and in White men alone. In White men and women com-
bined, and in White men, 1 SD of the PS accounted for
�0.20–0.28 cm higher WC at year 1.

The PS did not predict change in WCadjBMI in African
American participants overall or in African American
men. In African American women, results were heteroge-
nous (I2 5 0.75) with no clear pattern across trials. Lack
of clear association may be attributable to smaller sample
sizes or less representation of individuals with African
ancestry in ancestry-combined results from Shungin et al.
(10). Associations were also not seen for WCadjBMI at
8–10 weeks, potentially due to a need for a longer inter-
vention for these effects to be manifested. Individual

Figure 2—Meta-analysis of PS predicting 1-year change in WCadjBMI in all African American participants (A), African American women
(B), and African American men (C).
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SNPs also were not significantly related to the WCadjBMI
change at either 8–10 weeks or 1 year, potentially due to
the smaller variance explained by individual SNPs relative
to their additive effect. No significant associations were
observed for change in WHRadjBMI at either 8–10 weeks
or 1 year, potentially attributable to the smaller number
of participants with hip data to calculate WHRadjBMI.

Overall, these results do indicate that some of the
change in WC during LI is associated with polygenic risk,
but the magnitude of genetic effects attributable to the
59 SNPs remains relatively small when compared with
the impact of LI on WC at year 1. One-year WC change in
Look AHEAD, DPP, DPS, and PREDIMED-Plus in the LI
arms were a mean ± SD of �6.2 ± 10.2 cm (15), �6.6 ±
7.3 cm (18), �4.4 ± 5.2 cm SD (16), and �3.1 cm (95%
CI �3.8 to �2.5) (17), respectively. With a 0.20 cm differ-
ence in WC per SD of the PS in White men and women
combined, the difference between the 5th and 95th per-
centile is �0.80 cm. For White men, the difference of
0.28 cm WC per SD translates to a difference of 1.12 cm
between the 5th and 95th percentile.

In precision medicine applications, genetics or geno-
mics are used to improve diagnosis, guide pharmacological
treatments, and identify contributing pathways to tailor
interventions. In this study, the score comprised of 59
SNPs predicted change in WCadjBMI in evidence-based
LI, but the association was small in comparison with the
3–6-cm mean WC changes observed in the contributing
clinical trials. This is not sufficient to alter recommenda-
tions for LI as an evidence-based method to reduce WC.
In addition, no single SNP significantly predicted change
in WCadjBMI, suggesting that the combination of the var-
iants was more predictive, as might be expected for a
polygenic trait. Taken together, our results do not lend
themselves to changes in clinical recommendations or
identification of specific pathways contributing to change.

A major strength of this analysis is the inclusion of five
effective LI trials with 1-year data and two effective life-
style/diet interventions with 8–10-week data. Many of
these trials represent the gold standard of LI in the field
with well-described trials, some of the largest sample sizes,
and published intervention materials. Several cohorts also
included comparison groups, allowing us to explore PS and
SNPs by intervention arm interactions.

Weaknesses of this study include the unavoidable het-
erogeneity of combining across clinical trials, both in
terms of compositions of the cohorts and interventions
applied, lack of sufficient data to explore PS × macronutri-
ent composition interaction, relatively small sample sizes
to examine associations within African Americans and
other ancestry groups, and a lack of data on WHR in sev-
eral of the clinical trials.

In summary, this meta-analysis across multiple LI clini-
cal trials revealed that a PS comprised of 59 SNPs, previ-
ously associated with central adiposity, predicted less
reduction in WCadjBMI over 1 year. These results indicate

that genetic variants related to central adiposity associate
with the change in WCadjBMI with LI, but the differences
related to these PS are relatively small in comparison with
the overall benefit of these interventions for reducing WC.
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