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Polygenic prediction of body mass index and obesity through
the life course and across ancestries

A full list of authors and affiliations appears at the end of the article.

Abstract

Polygenic scores (PGSs) for body mass index (BMI) may guide early prevention and targeted
treatment of obesity. Using genetic data from up to 5.1 million people (4.6% African ancestry,
14.4% American ancestry, 8.4% East Asian ancestry, 71.1% European ancestry and 1.5% South
Asian ancestry) from the GIANT consortium and 23andMe, Inc., we developed ancestry-specific
and multi-ancestry PGSs. The multi-ancestry score explained 17.6% of BMI variation among UK
Biobank participants of European ancestry. For other populations, this ranged from 16% in East
Asian-Americans to 2.2% in rural Ugandans. In the ALSPAC study, children with higher PGSs
showed accelerated BMI gain from age 2.5 years to adolescence, with earlier adiposity rebound.
Adding the PGS to predictors available at birth nearly doubled explained variance for BMI from
age 5 onward (for example, from 11% to 21% at age 8). Up to age 5, adding the PGS to early-life
BMI improved prediction of BMI at age 18 (for example, from 22% to 35% at age 5). Higher
PGSs were associated with greater adult weight gain. In intensive lifestyle intervention trials,
individuals with higher PGSs lost modestly more weight in the first year (0.55 kg per s.d.) but
were more likely to regain it. Overall, these data show that PGSs have the potential to improve
obesity prediction, particularly when implemented early in life.

Obesity is a major public health concern that causes or exacerbates many chronic diseases
and leads to reduced life expectancyl—3. By 2035, more than half of the global population is
projected to be living with overweight or obesity*. Although intensive lifestyle interventions
(ILIs), bariatric surgery and weight loss medications are effective treatment options®®, they
are not without risk and likely to remain inaccessible to most people. Thus, preventing
obesity remains paramount.

In contrast to many other chronic conditions, obesity often manifests itself during childhood
and tends to persist into adulthood”=2. Therefore, predictors available in early life, such as
genetic variants, which are fixed at conception, could be of particular value. In recent years,
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PGSs that capture an individual’s inherited polygenic susceptibility to a trait or disease have
shown great promise in enhancing disease risk prediction and population screening9-11,
However, it remains unclear how, when and under what circumstances PGSs for obesity
might demonstrate utility for risk prediction.

The widely used PGS for obesity by Khera et al.12, based on a genome-wide association
study (GWAS) of BMI in over 339,000 people of predominantly European ancestry, explains
approximately 8.5% of the variation in BMI in adults. However, as a PGS based on one
ancestry population may have weak transferability to other ancestry populations'314, there is
a growing recognition that PGSs that represent a broad range of populations are needed to
ensure quality healthcare for all1®,

By leveraging the results of the largest GWAS meta-analyses for BMI from the

Genetic Investigation of ANthropometric Traits (GIANT) consortium and 23andMe, we
derived ancestry-specific and multi-ancestry PGSs for BMI and obesity to examine their
performance (1) across diverse adult populations, (2) across childhood and adolescence and
(3) in the context of ILIs aimed at weight loss (Fig. 1).

Selecting the best-performing PGS

To develop a PGS for BMI, we used GWAS meta-analysis summary statistics for BMI

from over 200 studies from the GIANT consortium and 23andMe (Supplementary Tables

1 and 2), excluding eight studies used for tuning parameters and for testing performance
(Methods). The GWAS summary statistics included contributions from over 5.1 million
people of diverse populations based on a combination of self-identified ethnicity and genetic
similarity: 71.1% of participants were of predominantly European ancestry; 14.4% were

of Hispanic ethnicity with typically admixed ancestries; 8.4% were of predominantly East
Asian ancestry; 4.6% were of predominantly African ancestry (primarily admixed African
American populations); and 1.5% were of predominantly South Asian ancestry. We refer

to these groups, and to the most closely aligning, genetically inferred population groups
from our PGS tuning and testing studies, as being of European-like ancestry (EUR), East
Asian-like ancestry (EAS), American-like ancestry (AMR), African-like ancestry (AFR) and
South Asian-like ancestry (SAS), respectively, while acknowledging that these groupings
oversimplify the actual genetic diversity among participants (see Supplementary Tables

2 and 3 for study-specific population descriptors). Using PRS-CS(x)6:17, we created
ancestry-specific and multi-ancestry PGSs leveraging up to 1.3 million common variants.
We first identified the optimal genome-wide shrinkage parameter and linear combination
weights for PRS-CS(x) that achieved the highest explained variance for BMI in six ancestry
subpopulations of the UK Biobank (UKBB)!8, including individuals of Middle Eastern-like
ancestry (MID). For the EUR-tuning population, we selected a random subset of 20,000
unrelated individuals (Methods and Supplementary Tables 3 and 4).

Overall, a multi-ancestry PGS consisting of a linear combination of five ancestry-specific
PGSs (PGS ¢) was the best-performing score (Methods, Fig. 2a and Supplementary Tables
5 and 6). In absolute terms, the explained variance of this multi-ancestry PGS for BMI
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ranged between 7.2% (AFR) and 17.5% (EUR), with a median of 14.0% (Fig. 2a and
Supplementary Table 5). The multi-ancestry PGS resulted in a higher explained variance
than the PGSs trained only with GWAS summary statistics most closely corresponding to
the target population (‘ancestry-matched’) (Supplementary Table 5). This was particularly
evident for the populations of African-like and Central/South Asian-like ancestry (2.6-
fold and 2.8-fold increase, respectively), consistent with the smaller GWAS sample sizes
available for these populations. The performance of a PGS consisting of near-independent,
genome-wide significant variants from the overall multi-ancestry GWAS meta-analysis
was generally intermediate to that of the ancestry-matched and multi-ancestry PGSs, with
the exception of populations of East Asian-like and European-like ancestry, in whom it
performed worse than either (Fig. 2a).

Predicting prevalent obesity in adulthood

Having tuned parameters in a subset of the UKBB, we took PGS, ¢ forward to independent
validation populations, estimating the prediction accuracy for BMI and obesity in 482,135
participants from the UKBB, the Million Veteran Program (MVP)19:20, the BioMe
Biobank?! and the Uganda General Population Cohort (GPC-UGR)22, Individuals were
grouped by population group (AMR 22,612, AFR 29,454, EAS 1,617, EUR 423,420,

SAS 1,164 and non-Hispanic Asian (AS) 4,201) (MVP-specific population label) (Methods
and Supplementary Tables 3 and 4). The prevalence of obesity varied substantially across
populations and cohorts, with those having obesity class | or higher (that is, BMI = 30 kg
m~2 in AFR, AMR and EUR populations and BMI = 27.5 kg m~2 for Asian-like ancestry
populations23) ranging from 4.3% for the GPC-UGR to more than 45% for all ancestry
subgroups in the MVP and mean BMI ranging from 22.2 kg m~2 to 30.6 kg m? (Extended
Data Fig. 1 and Supplementary Table 4).

The performance of the PGS, ¢ was highest in individuals of European-like ancestry from
the UKBB, with an explained variance of 17.6%. A pronounced lower performance was
seen for populations with greater proportions of African-like ancestry, with the explained
variance being 6.3% and 5.1% in African American populations (from BioMe and MVP,
respectively) and 2.2% in the GPC-UGR population from rural southwestern Uganda (Fig.
2b and Supplementary Table 7). Overall, we observed a median explained variance of 10.3%
across our testing populations.

Compared to the previously reported PGS by Khera et al. (PGSkhera)t2, Which was based
on a smaller BMI GWAS of up to 339,224 individuals of primarily European ancestry?4, we
observed a 1.9-2.6-fold increase in explained variance for BMI (Fig. 2b).

Within the UKBB participants of European-like ancestry, the explained variance was
marginally higher in males than in females (males: 17.9%; females: 17.3%) and higher

in younger compared to older participants (<50 years: 18.8%; >50 years: 17.0%)
(Supplementary Table 8), both directionally consistent with sex-specific and age-specific
genetic differences previously observed for BMI25:26, Within this same cohort, an s.d.
increase of PGS, ¢ was associated with a 1.98 kg m=2 higher BMI (equivalent to 5.7

kg of body weight for a 1.7-m tall person) (Supplementary Table 9). The corresponding
mean separation across deciles of PGS| ¢ was less pronounced for body fat percentage and
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waist-to-hip ratio compared to BMI (Fig. 2¢), revealing that the score does not equally
capture differences in body composition.

We further evaluated the overall performance and discrimination of the PGS for prevalent
obesity. Among European-like ancestry population groups, the PGS ¢ showed an improved
capacity to differentiate between participants with and without obesity (BMI = 30 kg m=2)
compared to PGSkhera. Specifically, the prevalence in the top 1% of the PGS ¢ was 69.5%
versus 54.9% for PGSkhera and, in the bottom 1%, 1.7% versus 5.1%, respectively (Fig. 3a
and Extended Data Fig. 2). Across populations, an s.d. increase in PGS ¢ was associated
with a median 1.9-2.6-fold increase in odds of obesity class | or higher (Fig. 3b). We
observed larger effects for more severe obesity (Extended Data Fig. 3 and Supplementary
Tables 9 and 10). The area under the receiver operating characteristic curve (AUC) similarly
increased with the severity of obesity and neared 0.80 for severe obesity in multiple
populations (Fig. 3c). The AUC for PGS ¢ on its own was consistently larger than those for
age and sex, PGSkhera and within the UKBB self-reported comparative body size at age 10
(Fig. 3c and Supplementary Table 11).

After an ancestry adjustment (Methods and Extended Data Fig. 4), the median odds ratio for
obesity class | or higher across BioMe’s population groups was 3.6 for those in the top 10%
of PGS\ ¢ (compared to bottom 90%) and 4.1 for the top 5% (versus those in the bottom
95%) (Supplementary Table 12), with greater separation between these two tail estimates for
European-like and Asian-like ancestry groups.

Childhood and adolescence

We investigated whether PGS, ¢ has predictive value at an early age within the Avon
Longitudinal Study of Parents and Children (ALSPAC), a geographically homogeneous
prospective birth cohort from the southwest of England with follow-up until early adulthood
(Methods and Supplementary Table 3)27-29, Repeated cross-sectional associations with BMI
showed small effects for PGS ¢ soon after birth with much stronger effects emerging in
early childhood, from 0.12 s.d. per s.d. of PGS ¢ at 12 months to nearly quadruple that

size (0.45 s.d. per s.d. of PGS, ¢) by age 12 years, after which effects plateaued (Fig.

4a). The PGS was also associated, albeit less strongly, with height in early childhood with
effects increasing until age 12 years, after which they returned to zero by mid-adolescence,
suggesting that genetic predisposition for higher BMI early in life promotes increased

body size in general, including postnatal linear growth, but that this early growth does not
translate into differences in height after puberty (Extended Data Fig. 5). This is in line with
childhood overweight and obesity’s known associations with earlier pubertal timing3°. Over
time, BMI in children with a higher genetic predisposition (PGS =10th percentile) increased
at a faster rate than those with a lower genetic predisposition, most evident after age 2.5
years (Methods, Fig. 4b and Supplementary Table 13). Both boys and girls with a very early
age of adiposity rebound (<43 months), a well-established predictor of future obesity risk3?,
had a higher mean PGS than those with later ages of adiposity rebound (Supplementary
Table 14).

We then examined whether the PGS adds predictive value over and above clinically
available predictors of obesity. When added to predictors that are measurable at birth
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(birthweight, maternal education, pre-pregnancy maternal BMI, maternal age at date of birth
and household social status), the PGS showed no clear added value for predicting ponderal
index at birth or BMI at ages 3 years and 5 years (Methods and Fig. 4c, left panel). However,
for predicting BMI at later ages (8, 11 and 15 years), the contribution of the predictors at
birth plateaued, whereas inclusion of the PGS roughly doubled the total explained variance
from 11% to 21% at age 8 and from 13% to 26% at age 15 (Fig. 4c, left panel).

For the prediction of BMI in early adulthood, the contribution of the PGS especially shines
through in the first few years after birth. BMI measured at age 8 explained 44% of the
variation in BMI at age 18, and adding the PGS to the prediction model only raised this to
49%. In contrast, at younger ages, adding the PGS to measured BMI led to larger relative
increases in the explained variance for BMI at 18 years, from 1.5-fold at age 5 (from 22% to
35%) to more than three-fold (from 8% to 26%) at 1 year of age (Fig. 4c, right panel, and
Supplementary Table 15).

From early adulthood to middle life

Within the Prostate, Lung, Colorectal and Ovarian (PLCO) Cancer Screening Trial
(Methods)32, both males and females with a higher PGS experienced a greater change

in self-reported weight and BMI between age 20 and age 50. Across populations, the
per-5-year change per s.d. in PGS ¢ was consistently larger for females than for males
(median of 0.35 kg for females versus 0.21 kg for males and 0.14 kg m=2 versus 0.07 kg m=2
for BMI), also when corrected for initial weight or BMI (Supplementary Table 16).

The addition of the PGS to a model with birth year, sex and BMI at age 20 was associated
with modest increases in discriminative ability for predicting obesity at age 50 (incremental
AUC ranged from 0.01 to 0.03; Fig. 5). There was evidence of statistical interaction between
the PGS and BMI at age 20 for obesity at age 50 (Methods and Supplementary Table 17),
which translated into a larger incremental AUC of the PGS for those who did not have
overweight or obesity at age 20 (range, 0.02-0.05; Fig. 5), without strong evidence of sex
specificity (Extended Data Fig. 6).

Response to ILIs

Lifestyle modification remains a cornerstone of weight management, with multicomponent
ILIs having shown success in achieving clinically relevant weight loss33. However, ILIs
require substantial, sustained investment from both healthcare providers and patients, with
large variation in weight loss and unintentional weight regain being common34-36, To
examine whether polygenic predisposition to obesity might modify the effectiveness of
such interventions, we examined whether the PGS was associated with weight loss during
the first year of an ILI, and with weight regain thereafter, in two randomized controlled
trials with similar intervention arms aimed at achieving 7% weight loss: the Diabetes
Prevention Program (DPP33) and the Look AHEAD (Action for Health in Diabetes3’)
studies (Methods).

Among 3,909 participants (Supplementary Table 4), individuals with a higher PGS ¢ lost
more weight during the first year in response to the ILI compared to the control group
(-0.55 kg per s.d. in PGS, 95% confidence interval: —0.94 to —0.16) (Fig. 6), when adjusting
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for starting weight. In addition, among those who lost at least 3% of their baseline weight
during the first year, a higher PGS was associated with more weight regain in the following
years (up to 3 years) (0.48 kg per PGS s.d., 95% confidence interval: 0.00-0.95) (Fig. 6).
These findings were directionally consistent across (self-)reported population groups.

Discussion

We used GWAS summary statistics from the GIANT consortium and 23andMe,
encompassing over 5.1 million people, to create ancestry-specific and multi-ancestry PGSs
capturing genetic predisposition to weight gain and obesity. Our multi-ancestry PGS more
than doubled the explained variance for BMI compared to the widely used PGS by Khera
et al.12. Additionally, we demonstrate the potential added value of the PGS in two distinct
clinical applications: predicting adult BMI at an early age and weight change in response to
ILIs.

Across diverse populations, the increases in explained variance for BMI were accompanied
by substantial improvements in effect sizes and discrimination metrics for obesity, with the
PGSs’ standalone AUC nearing 0.80 for severe obesity. Consistent with other polygenic
traits, our results underscore the importance of training sample size in driving PGS
performance improvements. Nonetheless, our results also show diminishing returns of
sample size increases, as has been observed for other polygenic traits3®, with a 15-fold
increase in total sample size (compared to PGSkhera, ~10-fold in EUR alone) leading to a 2—
3-fold increase in prediction accuracy. We leveraged PRS-CSx’s unique ability to integrate
GWAS summary statistics from all five broad ancestry population groups from the meta-
analyses from GIANT and 23andMel’. However, recent Bayesian methods have shown
promising results with smaller sample sizes by including additional variants and functional
annotation, meriting consideration for future comparisons3%49. Although our results
highlight the value of multi-ancestry PGS to increase PGS performance, a considerable
performance gap persists for populations with substantial African-like genetic ancestry
compared to other populations. This discrepancy is likely due to the underrepresentation of
individuals with African-like ancestry in the training GWAS, particularly from continental
Africa®!, and differences in minor allele frequency (MAF) and linkage disequilibrium (LD)
patterns*243, The lower performance of the PGS in the GPC-UGR is in line with those
seen therein for PGSs for other traits and the limited transferability of PGS performance
between African ancestry populations, reflecting genetic and environmental differences as
well as their interactions?244-47 emphasising that much remains to be done to improve

the performance of genetic risk prediction across the genetically diverse populations
within Africa. For example, it remains unclear whether a finer classification of broad
ancestry groups in GWAS meta-analyses and PGS development could improve downstream
PGS generalizability, especially given the dominant role of GWAS sample size. Given

the observed performance gap, careful implementation of the score is essential to avoid
potentially introducing public health disparities. For example, establishing a standardized
ancestry threshold1448 may improve the accuracy of population-specific risk stratification
and ensure that the score is returned only in populations where it meets an acceptable
performance threshold.

Nat Med. Author manuscript; available in PMC 2025 November 30.
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Within ALSPAC, the PGS—which was developed for adult BMI—already shows an effect
on BMI early in life. Effect sizes rapidly increased with age and were accompanied by clear
divergence of BMI trajectories throughout childhood and adolescence. As a result, the PGS
showed added value beyond clinically available predictors assessed at birth for predicting
BMI measured after age 5. This is in line with previous research on the dynamic relationship
between genetic variation and adiposity in early life1249:50, particularly elucidating are the
observations from the Norwegian Mother, Father and Child Cohort Study (MoBa) with
repeated measurements across narrow age windows®L. They show that BMI has a rapidly
changing genetic architecture during the first 8 years of life with a ‘late rise’ cluster of
variants, emerging in late childhood, which show limited association before the adiposity
rebound but have persistent effects on BMI into adult life®. This also explains why our

PGS shows its value for predicting adult BMI during the earliest years of life, up to age 5,
when measured BMI has limited value as a predictor. With a growing number of obesity
prevention trials commencing in early life52:53, our results provide important context at what
age(s) PGSs for obesity, potentially in tandem with PGSs of obesity-related complications,
could be considered promising candidate predictors to help guide risk stratification and the
implementation of such interventions.

In the PLCO study, a higher PGS was associated with weight gain over a 30-year period
from early adulthood to midlife. Additionally, for individuals aged 20, knowing their PGS
modestly improved the prediction of obesity at age 50, more so for those without overweight
or obesity at age 20. This suggests that particularly individuals with an early adulthood

BMI below their genetically predicted BMI are at risk of gaining weight to match their
innate predisposition. Our findings are consistent with those from the CARDIA study®?,
showing that PGSs for obesity only marginally improve the prediction of midlife BMI when
combined with early adulthood BMI measurements, contrasting with its predictive value in
early life.

Analyzing clinical trial data of ILIs, we observed that individuals with a higher PGS lost
modestly more weight during the first year. However, this group was also at higher risk

of weight regain after this most intensive portion of the intervention had concluded. This
may seem counterintuitive to the expectation that those with a higher genetic risk will
benefit less from weight loss interventions. However, this observation is supported by

a strong body of literature reporting that those most genetically predisposed to obesity

are also those most responsive to changes in an obesogenic environment>5-63, However,
the literature on the role of genetics modifying response to weight loss interventions
remains sparse and ambiguous, reflecting differences in variants considered, methods and
study design, highlighting the need for well-powered PGSs84-73, It will be of interest to
investigate whether PGSs for obesity have predictive utility for the fast-growing arsenal

of pharmacotherapies aimed at weight loss. Separately, the current results offer crucial
context when conveying genetic results of obesity risk to participants, which has generally
shown either no or even short-lived adverse effects on risk-reducing behavior’4-77. Rather,
our findings emphasize that individuals with a high genetic predisposition to obesity may
respond more to lifestyle changes and, thus, contrast with the determinist view that genetic
predisposition is unmodifiable’8. This is further reinforced by evidence that polygenic
susceptibility can mitigate or exacerbate the impact of pathogenic variants in MC4R,
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underscoring the complexity of genetic influences on obesity”®. We look forward to the
findings of the Electronic MEdical Records and GEnomics (eMERGE) network’s PGS-
based genome-informed risk assessment being returned to 25,000 diverse adults and children
for 11 conditions, including obesity/BMI14.

Taken together, we show that BMI PGSs can be used for prediction of adult obesity
throughout the life course, particularly in early life, and for severe obesity. This PGS
represents a substantial improvement compared to previous scores and may help to identify
individuals at high risk to allow for timely prevention or treatment of obesity, such

as through integration in a broader predictive framework jointly modeling genetic and
environmental risk.

Online content

Any methods, additional references, Nature Portfolio reporting summaries, source data,

extended data, supplementary information, acknowledgements, peer review information;
details of author contributions and competing interests; and statements of data and code

availability are available at https://doi.org/10.1038/s41591-025-03827-z.

Methods

Study populations

The list of studies contributing to the GWAS meta-analyses for BMI, which served as the
training data for the presented PGSs, is provided in Supplementary Table 1. The study
populations described below are those that contributed as a PGS tuning or validation
population.

The UKBB is a prospective cohort study that enrolled approximately 500,000 people from
across the UK, aged 40-69 years at recruitment, between 2006 and 2010 (ref. 18). At
recruitment, participants completed detailed questionnaires, underwent a range of physical
measures and provided blood, urine and saliva samples. BMI was calculated using height
(measured in whole centimeters) and weight (to the nearest 0.1 kg). Females who were
pregnant at the time of assessment were excluded from our analysis. As a measure of
comparative childhood body size, participants were asked: ‘When you were 10 years old,
compared to average, would you describe yourself as: (i) thinner, (ii) plumper, (iii) about
average?’.

The MVP has recruited over 1 million people from Veteran Affairs (VA) Medical Centers
across the United States since 2011 (ref. 19). Veterans who volunteer provide a blood sample
for biobanking, complete baseline and lifestyle questionnaires and consent to allow access

to clinical data from VA electronic health records (EHRs). For the current study, PGS
performance was assessed in the MVP’s third release of genomic data (R3) using additional
participants without overlap, with earlier data releases contributing to the GIANT GWAS
meta-analyses. Phenotypic and genomic data related to the association analysis of BMI were
previously described?0.
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The Institute for Personalized Medicine BioMe Biobank, founded in 2007, is an ancestrally
and culturally highly diverse EHR-linked biorepository enrolling participants non-selectively
from across the Mount Sinai Health System in New York City?1, At enrollment, participants
consent to link their DNA and plasma samples to deidentified EHRs. The clinical and

EHR information is complemented by a baseline questionnaire that gathers demographic
and lifestyle information. BMI was calculated using weight and height from baseline and
outpatient EHR measurements, using median height and weight measured at or within 60
days before/after the enrollment visit, after several cleaning steps (Supplementary Table 3).

The GPC-UGR is a population-based open cohort study established in 1989 by the Medical
Research Council (UK) in collaboration with the Uganda Virus Research Institute (UVRI) to
monitor the HIV epidemic and its determinants in neighboring villages in rural southwestern
Uganda, in the Kyamulibwa subcounty of the Kalungu district, approximately 120 km

from Entebbe town. Since 2010, its mandate has expanded to incorporate the epidemiology
and genetics of both communicable and non-communicable diseases?2. The GPC-UGR

was initially recruited and assessed through annual house-to-house census and survey
rounds until 2012, when biannual surveys commenced. For the current study, we included
individuals aged 18 years and older who have been either whole-genome genotyped or
whole-genome sequenced80-81,

The ALSPAC is a prospective birth cohort from the southwest of England established to
investigate environmental and genetic characteristics that influence health, development and
growth of children and their parents?’-2°, Full details of the cohort and study design are
available at http://www.alspac.bris.ac.uk. In brief, pregnant females residing in Avon, UK,
with expected dates of delivery between 1 April 1991 and 31 December 1992 were invited
to take part in the study. The initial number of pregnancies enrolled was 14,541, with 13,988
children who were alive at 1 year of age. The children resulting from these pregnancies
have been followed-up to date with measures obtained through regular questionnaires and
clinical visits, providing information on a range of behavioral, lifestyle and biological data.
More specifically, a 10% sample of the ALSPAC cohort, known as the Children in Focus
(CiF) group, attended clinics at the University of Bristol at various time intervals between

4 months and 61 months of age, whereas the entire ALSPAC cohort was invited to attend
regular research clinics from age 7. When the oldest children were approximately age

7, an attempt was made to bolster the initial sample with eligible individuals who had

failed to join the study originally. The total sample size available for analyses using any
data collected after the age of 7 is, therefore, 15,447 pregnancies, with 14,901 children

who were alive at 1 year of age. Study data were collected and managed using Research
Electronic Data Capture (REDCap) tools hosted at the University of Bristol32. REDCap is a
secure, web-based software platform designed to support data capture for research studies.
Details on sample selection for the current analyses are presented in Supplementary Table
3. Please note that the study website contains details of all data that are available through

a fully searchable data dictionary and variable search tool (http://www.bristol.ac.uk/alspac/
researchers/our-data/).

The PLCO Cancer Screening Trial was a multicenter randomized controlled trial in the
United States that enrolled males and females aged 55-74 years from 1993 to 2001 to
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evaluate the effectiveness of different screening programs on cancer mortality32. In the
baseline questionnaire, participants self-reported their weight at age 20 years, age 50 years
and baseline as well as their height. For the current study, we restricted the analyses to
genotyped participants who had not contributed to the underlying GWAS meta-analyses and
had information available on their weight and BMI at both age 20 and age 50.

The DPP was a 27-site parallel-arm randomized controlled trial designed to determine
whether either the oral diabetes drug metformin or an ILI (primarily fat gram, calorie and
physical activity goals) aimed at approximately 7% weight loss, compared to inactive tablets
and standard lifestyle recommendations, could prevent or delay type 2 diabetes onset in
ethnically diverse high-risk individuals with prediabetes and overweight or obesity33. For
the current study, we excluded individuals from the metformin arm as well as those from a
fourth intervention arm, troglitazone, which was discontinued at an early stage. Moreover,
we focused on the individuals comprising the three largest race and ethnicity categories
(White, Black and Hispanic, as reported by database of Genotypes and Phenotypes (dbGAP)
variable phv00201855.v2.p1) who had consented to being genotyped.

Look AHEAD was a 16-site parallel-arm randomized controlled trial that assessed the
long-term effects of an ILI in ethnically diverse patients with overweight or obesity and
type 2 diabetes on cardiovascular morbidity and mortality3. The lifestyle intervention was
modeled after the DPP lifestyle intervention and similarly aimed at 7% weight loss but with
more ambitious individual goals for several intervention components®3. Although those in
both trial arms were provided one session of education on diabetes and cardiovascular risk at
baseline, the comparison arm thereafter received the option of attending only three sessions
per year on nutrition, physical activity and social support, with no explicit weight loss goals.
As for the DPP, we restricted our analyses to genotyped participants who self-reported as
being of African American/Black, Hispanic and White race and ethnicity on the baseline
questionnaire.

Population descriptors and study-provided population labels and genotyping, phenotyping

and participant characteristics are presented in Supplementary Tables 3 and 4. No new data
(that is, measurements) were collected for this study, and no participant compensation was
provided for the analyses conducted.

Our research complies with all relevant ethical regulations. The UKBB study was approved
by the North West Multi-Centre Research Ethics Committee (ref. 11/NW/0382), and all
participants provided written informed consent to participate in the UKBB study. The VA
central institutional review board (IRB) approved the MVP study protocol in accordance
with the principles outlined in the Declaration of Helsinki. Informed consent was obtained
from all participants. The BioMe Biobank Program (IRB no. 07-0529) operates under

a Mount Sinai IRB-approved research protocol. All study participants provided written
informed consent. The Uganda Genome Resource was approved by the Science and Ethics
Committee of the UVRI Research and Ethics Committee (UVRI-REC no. HS 1978), the
Uganda National Council for Science and Technology (UNCST no. SS 4283) and the East
of England-Cambridge South (formerly Cambridgeshire 4) NHS Research Ethics Committee
UK. Ethical approval for the study was obtained from the ALSPAC Ethics and Law
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Committee and the local research ethics committees. Consent for biological samples has
been collected in accordance with the Human Tissue Act (2004). Informed consent for the
use of data collected via questionnaires and clinics was obtained from participants following
the recommendations of the ALSPAC Ethics and Law Committee at the time. The PLCO
study was approved by the human subjects review boards at the National Cancer Institute
and at the 10 study centers (National Institutes of Health IRB no. OH97CNO041). Written
informed consent was given by all participants. The DPP and Look AHEAD trials were
approved by the IRB at each center, and all participants gave written informed consent.

PGS construction and tuning

To derive our scores, we used summary statistics from the ongoing GWAS meta-analyses for
BMI conducted by the GIANT consortium (https://portals.broadinstitute.org/collaboration/
giant/index.php/GIANT _consortium) in collaboration with 23andMe. Prior to each GWAS,
BMI (kg m~2) underwent rank-based inverse-normal transformation by sex, similarity to
major ancestry group (AFR, AMR, EAS, EUR, SAS) and case—control status as appropriate,
with age, age?, principal components of population structure and study-specific covariates
regressed out. Ancestry group assignment was defined independently by each contributing
study, as previously described84. Additive GWAS analyses were performed primarily using
RVTESTS for 1000 Genomes Project (1000G) phase 3 or Haplotype Reference Consortium
(HRC)-imputed data8®. For 23andMe, which performed its GWAS on BMI using self-
reported height and weight, see Supplementary Table 2 for details on phenotyping, ancestry
group assignment and GWAS methodology. Quality control of the study-specific files was
conducted using EasyQC88, followed by fixed-effect meta-analysis by ancestry group using
RAREMETALS. When performing the GWAS meta-analyses to train the PGSs with,

we purposely excluded data from several populations (ALSPAC, BioMe and UKBB). No
additional genomic control was applied to the resulting summary statistics.

For PGS derivation, we employed PRS-CS and its multi-ancestral extension PRS-CSx
(versions 1.0.0)16:17 In short, PRS-CS(x) uses a Bayesian regression framework and
assumes a continuous shrinkage prior on single-nucleotide polymorphism (SNP) effects.
Whereas PRS-CS focuses on creating ancestry-specific scores, informed only by the GWAS
summary statistics and LD information of a given population, PRS-CSx uses a shared

prior to couple SNP effects across populations and explicitly models population-specific
allele frequencies and LD patterns to create multi-ancestry scores. Both methods were
implemented using the software’s default settings (that is, gamma—gamma priors set to a =

1 and b = 0.5, Markov chain Monte Carlo (MCMC) total and burn-in iterations set at 1,000
times and 500 times the number of discovery populations and MC thinning factor set at 5),
with input being ancestry-matched summary statistics and PRS-CS(x) developer-provided
1000G LD reference panels of common HapMap3 variants (AFR, AMR, EAS, EUR, SAS).
PRS-CS(x) uses a global scaling parameter (®), which requires tuning. In addition to small-
scale grid testing of @ (1 x 1076, 1 x 1074, 1 x 1072, 1), we ran PRS-CS(x) using its ‘auto’
option, which learns @ automatically from the GWAS summary statistics. Finally, PRS-CSx
was performed separately using its default ‘linear combination’ as well as its ‘meta’ version.
In the first, a set of population-specific PGSs is outputted (that is, five in our case), for which
the optimal linear combination needs to be derived for each target population (for example,

Nat Med. Author manuscript; available in PMC 2025 November 30.


https://portals.broadinstitute.org/collaboration/giant/index.php/GIANT_consortium
https://portals.broadinstitute.org/collaboration/giant/index.php/GIANT_consortium

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Smit et al.

Page 13

AFR) in a population-matched tuning dataset. For ‘meta’, the population-specific posterior
SNP effects are integrated using an inverse-variance weighted meta-analysis in the Gibbs
sampler, producing a single score that can theoretically be applied regardless of the target
population.

The variants considered for PGS derivation were those present in the 1000G reference
panels mentioned above (HapMap3 variants (7= 1-1.2 million across panels), which

were common in 1000G populations, excluding ambiguous A/T or G/C variants), which
additionally had an INFO > 0.3 (that is, imputation quality) in the overall UKBB. Ancestry-
specific summary statistics were further restricted to the variants with a variant-specific
sample size of at least a third of the maximum sample size for that ancestry.

Tuning of ® and derivation of PRS-CSx’s linear combination weights were performed

in the same subsets of the UKBB. More specifically, we used genetically determined
relatedness and ancestry assignments provided by the Pan-UKBB Team (https://
pan.ukbb.broadinstitute.org, UKBB return 2442) to subset the UKBB into groups of
unrelated individuals of African-like, Admixed American-like, Central/South Asian-like,
East Asian-like, European-like (random subset of 20,000 individuals) and Middle Eastern-
like ancestry. The target-population-specific (for example, AFR) linear combination weights
for PRS-CSx (for each @) were derived from a joint linear regression model of rank-based
inverse-normal transformed BMI (by sex and population) on the five population-specific
scores (each standardized to mean zero and unit variance in the corresponding tuning dataset
—for example, UKBBafR), age, 10 principal components and genotyping array.

Explained variance for BMI was defined as the incremental adjusted R? from linear
regression for rank-based inverse-normal transformed BMI (by sex and population),

when adding the PGS predictor to a model containing age, principal components and
genotyping array. Confidence intervals (95%) were determined using bootstrapping with
1,000 repetitions. As comparator, we created a score of quasi-independent associations
after performing approximate conditional and joint (COJO) multiple-SNP analysis®8, as
implemented in GCTA®?, using the results from the multi-ancestral GWAS summary
statistics when leaving out only the UKBB. We used genotypes from a previously described
set of 50,000 unrelated UKBBgR participants®* as our LD reference panel for GCTA-
COJO, with parameters set to: —diff-freq 0.1; —maf 0.01; —cojo-collinear 0.9; —cojo-p 5

x 1079. The scores with the highest explained variance across multiple tuning population
datasets (PRS-CSx linear combination and meta versions, with ® 1 x 1072) were then
taken forward to the validation populations, which performed study-level variant filtering
on imputation quality when constructing each PGS (Supplementary Table 3). The results of
PGSpnetg are presented throughout the supplementary tables.

Of note, in August 2023, a new version of PRS-CSx was released (version 1.1.0) to address
potential reductions in performance due to truncating of GWAS summary statistics 2 values
below 1 x 107323, Given our inclusion of several variants with 2 values below this threshold
(among the PGS variants: n= 154 for EUR, n= 12 for AMR), we reran PRS-CSx with @ 1

x 1072 but did not observe markedly different results in PGS performance within the UKBB
tuning populations (Supplementary Table 18).
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PGS performance in adulthood

In addition to explained variance (%) for BMI, several population-stratified metrics for
overall performance and discrimination were calculated in the validation studies with adult
participants:

A. Nagelkerke R2, with a null model of age, sex, principal components and
genotyping array, for prevalent obesity categories based on World Health
Organization (WHO) BMI cutoff points (membership of category or above
versus rest), using Asian-specific cutoffs where applicable (Supplementary Table
3)23. Confidence intervals (95%) were calculated using bootstrapping with 1,000
repetitions.

B. Mean difference in BMI, both untransformed and after rank-based inverse-
normal transformation by sex, per s.d. increase in PGS. Covariates included age,
sex (where applicable), principal components and genotyping array.

C. Odds ratio per s.d. of PGS for prevalent WHO obesity outcome. Same covariates
as under (B). Here, the PGSs were standardized to mean zero and unit variance
using the mean and s.d. of the PGS observed within participants without the
outcome (for example, individuals who do not fall within obesity class | (or
higher), where this was the outcome), to account for prevalence differences
across studies.

D. AUC statistic for prevalent WHO obesity outcomes. We compare models
including (i) age and sex, (ii) genotyping array, principal components and
PGSkhera, (iii) genotyping array, principal components and PGS, ¢ and (iv)
models (i)/(iii) combined. In the UKBB, we additionally ran models including
and excluding self-reported comparative body size at age 10 (UKBB field ID
1687). Confidence intervals (95%) were calculated using DeLong’s method.

In addition, the explained variance for BMI was calculated separately in age strata (<50
years or >50 years, with adjustment for residual age differences within age strata) and sex
strata of the European UKBB participants. The main comparator for all analyses was a
previously published LDpred-derived PGS for BMI (PGSkhera)t2, Which was based on the
results from a GIANT consortium GWAS meta-analysis including up to 339,224 individuals
of primarily European ancestry?4. As BioMe had contributed to this meta-analysis, metrics
for PGSkhera Were determined in individuals who had not contributed nor were related to
those who did (second or stronger degree of relatedness, based on KING-derived kinship
coefficients). We chose PGSkhera @S OUr comparator as it is the most widely recognized and
extensively used PGS for BMI within the obesity research community, thereby serving as a
well-established benchmark.

Tail comparisons after ancestry correction

Due to on-average differences in LD structure and allele frequencies, the distribution of a
PGS (for example, mean and variance) can differ across ancestral populations. This was
also observed for the five population-specific PGSs that were linearly combined to create
PGS\ ¢ (Extended Data Fig. 4). As performance metrics that rely on thresholding the PGS
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distribution (for example, top 10%) may be impacted by such on-average differences®,
particularly in admixed populations, we modeled the mean and variance of the population-
specific PGSs through principal component analysis of the 1000G reference panel. For

this, we applied a correction described by the eMERGE network1491, which represents

a modified version of the approach by Khera et al.92. Starting with a publicly available,
curated version of the 1000G reference panel (https://broadinstitute.github.io/warp/docs/
Pipelines/Imputation_Pipeline/references_overview; gs://broad-gotc-test-storage/imputation/
1000 G_reference_panel), we first excluded variants with MAF < 1% across 1000G
superpopulations, before determining the overlap with genotyped variants available for

both the UKBB and BioMe. After excluding long-range LD regions, we pruned the list of
variants using plink (-indep-pairwise 1000 50 0.05) and ran principal component analysis
with flashpca®3, whereafter we projected UKBB and BioMe participants to the same 1000G
principal component space. For each of the five population-specific PGSs underlying PGS, ¢
(that is, AFR, AMR, EAS, EUR and SAS), we regressed the PGS of 1000G participants
against the first 10 principal components of ancestry:

10

PGS = oy + E o X PC;
i=1

In addition, we modeled its residual variance (52) as a function of the same principal

components:

10
&=+ DX PC

i=1

Then, using the projected principal component, predicted mean and residual s.d. were
calculated and used to create ancestry-adjusted z-scores of each PGS for UKBB and BioMe
participants:

adjusied zPGS = Zj‘i | wixdosage; — (ay+ ¥}° & X PC)
Jho+ X1° % PC,

with YL, wxdosage;, representing the raw PGS.

We observed that mean and variance differences of scores across ancestry populations
were largely, but not fully, resolved through this correction in both study populations
(Extended Data Fig. 4). In keeping with PRS-CSx’s linear combination approach, weights
to linearly combine scores were derived within each UKBB tuning population and applied
to BioMe validation populations. The ancestry-adjusted PGS, ¢ was then thresholded at its
top 5% and 10% separately (versus bottom 95% and 90%, respectively), and odds ratios for
prevalent obesity were calculated, adjusting for age, sex and genotyping array. Given the
relatively lower number of East Asian and South Asian individuals available for these tail
comparisons, we present pooled estimates.
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Multi-ancestry PGS trained only with GIANT consortium data

Although we primarily report on the development and performance of the PGS, ¢ trained
with the larger GIANT+23andMe BMI GWAS meta-analyses results, we initially developed
a multi-ancestry PGS with the GIANT-only results. For this, we used PRS-CS, combining
GIANT’s combined multi-ancestral GWAS summary statistics (including BioMe but
excluding the UKBB and the ALSPAC study) with a previously described multi-ancestry
1000G-based LD reference panel created following the same protocol as described by the
PRS-CS authors4. We restricted variants to those present in the LD reference panel, which
additionally had MAF = 0.1% and INFO = 0.8 in the overall UKBB, resulting in a total

of 1,217,710 variants included. We did not specify a genome-wide shrinkage parameter for
PRS-CS, which it therefore learned from the training data using a fully Bayesian approach
(its “auto’ option). In collaboration with the eMERGE network, this GIANT-only PGS was
included among a select group of trait-specific scores currently being returned as part of a
genome-informed risk assessment (GIRA) to 25,000 diverse adults and children and their
healthcare providers in an ongoing prospective cohort study across 10 clinical sites, as
recently described#48. In line with the aim of returning a high-risk versus a not-high-risk
GIRA status to participants, we estimated the odds ratio for obesity class | (or higher) for
being in the top 3% of the PGS distribution (versus bottom 97%) within the subset of
BioMe participants genotyped with the Global Screening Array (with 1000G imputation)
who had not contributed to the underlying GIANT GWAS meta-analysis nor were related
to those who did. Accounting for age, sex and four principal components, we observed

that values within the top 3% of this PGS were associated with 4.08 (95% confidence
interval: 3.02-5.52) times as high odds for prevalent obesity in individuals of self-reported
European descent, with 2.54 (95% confidence interval: 1.55-3.98) for individuals of self-
reported African descent, with 2.33 (95% confidence interval: 1.64-3.31) for individuals of
self-reported Hispanic/Latino descent and with 5.73 (95% confidence interval: 2.28-14.57)
for individuals of self-reported Asian descent. The weights for this GIANT-only PGS are
made available through the PGS Catalog alongside the weights for PGS ¢ and PGSet, (See
‘Data availability”).

Childhood and adolescence

Within the ALSPAC study, repeated anthropometric measurements are available from

birth to age 24. We employed both cross-sectional and multilevel analyses to provide
complementary perspectives: cross-sectional analyses facilitate granular comparisons at each
timepoint, whereas multilevel models capture longitudinal trajectories and population-level
divergence over time. First, we assessed repeated cross-sectional associations between

the standardized PGS (PGS, ¢ using linear combination weights from UKBBgyR) and

all available measures of BMI (or ponderal index at birth) and height. Anthropometric
measurements were rank-based inverse-normal transformed separately by sex, at each
timepoint, and analyses were adjusted for age at timepoint and principal components.

Longitudinal analyses using linear spline multilevel models were conducted to examine

the association between the PGS (bottom 10%, middle 80%, top 10%) and change in
untransformed BMI and height between 4 months and 24 years. Multilevel models estimate
the mean trajectories of each anthropometric trait while accounting for non-independence of
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repeated measures within individuals, change in scale and variance of measures over time
and differences in the number and timing of measurements between individuals (using all
available data from all eligible participants under a missing-at-random assumption). Linear
splines allow knot points to be fitted at different ages to derive periods of change that

are approximately linear. All participants with at least one measure of the anthropometric
traits were included under a missing-at-random assumption to minimize selection bias in
trajectories estimated using linear spline multilevel models (with two levels of random
effects: measurement occasion (that is, age to the nearest integer in years) and individual),
allowing individuals to have different intercepts and slopes and, thus, their own trajectories.
Knot points were placed as follows for each anthropometric trait based on the distribution
and longitudinal pattern of measures between the earliest measure and 24 years: at ages 4
months and 8 months and at ages 2.5 years, 5 years, 8 years and 15 years for BMI and

at ages 1 year, 5 years and 15 years for height. Interaction terms between PGS and each
spline were included in the models to estimate the difference in the intercepts (earliest
anthropometric trait measurement) and slopes (change in anthropometric trait from the
earliest measure to 24 years) between the three PGS categories. Additionally, interaction
terms between sex and the first 10 genetic principal components with each spline were
included to estimate the difference in intercepts and slopes between males and females;
therefore, models were adjusted for sex and principal components. All longitudinal models
were created in MLwiN version 3.04 called from Stata version 15 using the ‘runmlwin’
command?®®.

In the CiF subset of the cohort, age at adiposity rebound was available, categorized as very
early (at/before 43 months), early (from 49 months but before 61 months) and later (after 61
months)9. These children represent a 10% sample of the cohort, randomly selected for more
detailed investigations, and are representative of the entire cohort (https://www.bristol.ac.uk/
alspac/researchers/cohort-profile/). One-way ANOVA was used to test for differences in
mean PGS across categories, in boys and girls separately and combined.

Added value of the PGS for prediction of BMI (rank-based inverse-normal transformed by
sex) at given timepoints was quantified as incremental explained variance, when adding
the PGS to different sets of predictors. First, we examined R2 for BMI at birth and at

3,5, 8, 11 and 15 years, when adding the PGS to a model containing multiple relatively
easily obtainable clinical variables that would be available at birth (birthweight, maternal
education, pre-pregnancy maternal BMI, maternal age at date of birth and household social
status). Details regarding phenotyping of these variables can be found in Supplementary
Table 3. Separately, for R? for BMI at age 18, we added the PGS to separate models
containing BMI from a given early-life timepoint (1, 2, 3, 4, 5 and 8 years). Confidence
intervals (95%) were calculated using bootstrapping with 1,000 repetitions.

From early adulthood to middle age

Within PLCO, we assessed the population-statified and sex-stratified association between
the standardized PGS, ¢ (using linear combination weights from the UKBB most closely
corresponding to each testing population) and per-5-year change between ages 20 and 50 in
weight and BMI, with and without adjustment for the initial measurement at age 20. These
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analyses were additionally adjusted for birth year, sex (where appropriate) and principal
components.

We calculated the population-stratified AUC of the PGS for obesity outcomes at age 50. For
this, we ran models including (i) birth year and sex, (ii) birth year, sex, principal components
and PGS ¢, (iii) birth year, sex, principal components and BMI at age 20 and (iv) birth

year, sex, principal components, BMI at age 20 and PGS, . We separately ran model (iv)
when including an interaction term between the PGS and BMI at age 20. Based on evidence
for statistical interaction between the PGS and BMI at age 20 for predicting obesity at age
50 across multiple populations (Supplementary Table 16), we stratified our analyses on the
presence of overweight or obesity at age 20 and, additionally, on sex. Confidence intervals
(95%) for AUC were calculated using DelLong’s method.

PGS and weight change due to ILIs

Although neither intervention nor comparison arms were identical across DPP and Look
AHEAD, both intervention arms were aimed at 7% weight loss while focused on the same
process features®3, and both represent a large shift in lifestyle behavior relative to the
comparison arms. As such, we decided to pool study-specific effect estimates via inverse-
variance weighted meta-analysis. In each study, we ran analyses after pooling the three
largest population groups present in both trials: Black and/or African American, Hispanic
and White (Supplementary Table 3). Population-stratified analyses were separately run as
well. Within each study-specific population, we applied the linear combination weights for
PGS, c most closely aligned with the target population (AFR, AMR and EUR, respectively).
These scores were then standardized within the matching population, ignoring trial arm,
whereafter we standardized again across all individuals for the population-pooled analyses.
Due to restricting analyses to genotyped individuals from the three largest population
groups, trial randomization was, by definition, broken. To investigate potential shifts in

the PGS, we plotted its distribution by trial arm, which showed minimal shifts in distribution
(Extended Data Fig. 7).

To investigate weight change, we focused on annual weight measurements. The weight loss
nadir in both trials is known to occur at the 1-year mark, after which many individuals
start regaining weight. As such, we separately examined the association of the PGS with
(i) weight at year 1 (adjusting for baseline weight) and (ii) repeated weight measurements
beyond year 1 up to year 4 (adjusting for weight at year 1) in the subset of individuals

who had lost >3% of their initial body weight in the first year. Analyses were run by

trial arm using linear mixed models with random intercepts, with additional covariates
being age, sex, principal components, the initial weight measurement (baseline or year 1)
and random slopes for time (years). In addition, we ran trial-arm combined models in
which we examined interaction effects between trial arm and PGS. These interaction terms
are our main estimates of interest, as they reflect how genetic predisposition to obesity
modifies the intervention’s effect on weight change, relative to the comparison arm. Study-
specific main and interaction effect estimates were separately pooled by means of inverse-
variance weighted fixed-effect meta-analysis. Participant characteristics are presented in
Supplementary Table 4.
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Reporting summary

Further information on research design is available in the Nature Portfolio Reporting
Summary linked to this article.

Extended Data
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Extended Data Fig. 1 |. Distribution of obesity categories and average BMI in adult tuning and
validation populations.

Distribution of obesity categories and mean BMI (+/- standard deviation) across adult
tuning and validation populations. Asian-specific BMI cutoffs (see Methods) were applied
to East Asian (EAS), South Asian (SAS), and non-Hispanic Asian (AS) populations, in
contrast to African (AFR), American (AMR), European (EUR), and Middle Eastern (MID)
populations. UKBB, UK Biobank; MVP, the Million Veteran Program; GPC-UGR, the
Uganda General Population Cohort. Sample sizes (distinct individuals), from left to right,
for Tuning: 6154, 971, 1553, 2660, 8005, 20000; Validation: 12263, 2332, 18701, 10281,
8096, 4201, 1359, 1177, 13673, 69828, 340224; and BMI: 12263, 10281, 1359, 1177,
13673, 2332, 18701, 8096, 4201, 69828, 6154, 971, 1553, 2660, 8005, 340224.
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Extended Data Fig. 2 |. Prevalence of obesity categories across 1% -groups of PGSs.
Prevalence of obesity category, with 95% confidence intervals based on the normal

approximation to the binomial distribution, across 1%-groups of PGSkhera and PGS ¢
within the validation subset of the UKBB participants of European ancestry (N ~ 340k).
The black dotted line denotes the average prevalence in the entire subset. The red and blue
lines correspond to the prevalence of the obesity category within the top and bottom 1% of
PGSkhera and PGS, ¢, respectively.
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Extended Data Fig. 3|. Oddsratio per standard deviation (SD) increase of PGS ¢ for prevalent

obesity categories.

All PGS were standardised using the mean and SD of the PGS of individuals who did not
have the outcome of interest (that is, those with a BMI value below the threshold for a given
obesity category), to account for differences in prevalence across validation populations.
MVP, Million Veteran Program; GPC-UGR, Uganda General Population Cohort; UKB, UK
Biobank. Sample sizes (distinct individuals) per grouped set of estimates, left to right: AFR
12263, 2332, 18701; AMR 10281, 8096; AS 4201; EAS 1359; SAS 1177; EUR 13673,

69828, 340224.
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Extended Data Fig. 4 |. Distributional shifts of ancestry-specific scores before and after ancestry-
calibration.

Distributional shifts of ancestry-specific scores which are linearly combined to create
PGS ¢, across UK Biobank-tuning and Bio Me-validation populations, before (top) and after
(bottom) ancestry—calibration using 1000 Genomes reference data (Methods). Each plot
shows a single ancestry-specific score, with separate lines showing the distribution across
ancestries. For these plots, each score was standardised to mean zero and variance one once
across all participants of a given study.
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Extended Data Fig. 5 |. Association between PGS, ¢ and height trajectory between birth and age
24.

Estimated using linear spline multilevel models with repeated measures from the ALSPAC
cohort.
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Extended Data Fig. 6 |. AUC for obesity outcomes at age 50, stratified by sex and overweight/

obesity status at age 20.

Estimated in the Prostate, Lung, Colorectal and Ovarian (PLCO) Cancer Screening Trial.
Restricted to estimates where the number of individuals with the obesity outcome was at
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least 50. Population labels as provided by PLCO.
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Extended Data Fig. 7 |. Distribution of PGS acrossintensive lifestyle intervention trial arms.
Scores were standardised to mean zero and variance one by population group, ignoring

assigned trial arm. Vertical lines indicate the mean PGS per arm.
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CH/1996001/9454, FS/14/66/3129 (O.G.), RG/14/5/30893 (Pa.D.), RG/17/1/32663, SP/04/002, SP/16/4/32697
(C.P.N), the British Heart Foundation Centre for Research Excellence (H.W.). German Research Foundation
(Deutsche Forschungsgemeinschaft (DFG)): 209933838 - SFB 1052; B03, C01; SPP 1629 TO 718/2-1, 387509280
- SFB 1350 (1.M.H.), 431984000 - SFB 1453 (M.Wu.), BR 6028/2-1 (Ca.B), DFG BO 3815/4-1 (I.M.H., C.A.B.),
HE 3690/7-1 (1.M.H), Ki 509167694 (P.Ki.). German Research Council (DFG): El 969/2-3, ER 155/6-1;6-2,

HO 3314/2-1;2-2;2-3;4-3, INST 58219/32-1, JO 170/8-1, KN 885/3-1, PE 2309/2-1, S| 236/8-1;9-1;10-1. The
American Heart Association (AHA): 15GRNT25880008, 15POST24470131 (C.N.S.), 171BDG33700328 (J.W.C.),
15GPSPG23770000 (J.W.C.), 17POST33650016 (C.N.S.), 18SFRN34250007 (S.A.Lu.), 961045 (P.T.E.). The
American Diabetes Association (ADA): Jr Faculty Development 11-22-JDFPM-06 (C.N.S.), 11-23-PDF-35
(A.H.-C.). German Federal Ministry of Education and Research (BMBF): 01220103, 012Z0403, 01279603,
031S2061A, 03Z1K012, BMBF 01EA1801A, BMBF 01ER0804 (K.-U.E.), BMBF 01ER1206, BMBF 01ER1507
(I.M.H.). German Ministry of Education and Science: 01EG0401, 01ER1001D, 01G10205, 01G10856, 01G10860,
01GS0820_WB2-C, the Federal Ministry of Science, Germany (01 EA 9401). Australian Research Council (ARC):
DP0770096, DP1093502, FL180100072 (P.M.Vis.), FT220100069 (Lo.Y.). The US Department of Veterans Affairs:
Baltimore Geriatrics Research, Education, and Clinical Center, Merit Grant BX004821, BX003340, BX003362
and BX005831, 101-BX004821 (MVP 001, P.W.F.W. and Kelly Cho). Additional funding came from the following
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sources. ‘Indremedisinsk Forskningsfond’ at Beerum Hospital; 23andMe; a Royal Society URF (J.F.W.); Abbott;
Accare Centre for Child and Adolescent Psychiatry; ADAS software (S.N.); AFNET; Agence Nationale de
sécurité sanitaire de I’alimentation, de I’environnement et du travail (ANSES); AICR Netherlands A10-0227;
Amgen (P.M.R. and D.1.C.); Amsterdam Public Health (APH); Arthritis Research UK; Astellas Pharma, Inc.;
AstraZeneca; Avera Institute for Human Genetics; Bayer Pharma AG; Beijing Municipal Center for Disease
Prevention and Control; Beijing Municipal of Health Reform and Development Project no. 2019-4 (Beijing Eye
Study); Biobanking and Biomolecular Resources Research Infrastructure (BBMRI-NL), CP 32; Biosense Webster
(S.N.); Boston University Chobanian & Avedisian School of Medicine; Bristol Myers Squibb; Budgetary funds
from the National Institute for Health and Welfare (THL) of Finland; Business Finland through the Personalized
Diagnostics and Care program coordinated by SalWe Ltd. (3986/31/2013); California Cancer Research Fund
99-00527V-10182; Cancer Australia; Cancer Australia PACCRS (J.B); Cancer Centre at Barts and QMUL
(H.R.W.); Cancer Council Queensland (J.B); Cancer Council Tasmania; Cancer Councils of Victoria and South
Australia; Chief Scientist Office of the Scottish Government Health Directorates (CZD/16/6); Chinese National
Human Genome Center at Shanghai; Competitive State Research Financing of the Expert Responsibility area

of Kuopio, Tampere and Turku University Hospitals (X51001); Concerted Research Action of the KU Leuven
(GOA/15/017) (F.C. and S.J.); Council of Scientific and Industrial Research (CSIR), Government of India, grant
no. BSC0122; Curtin University; D70-RESRICGIROTTO (G.G.); Daiichi Sankyo Co., Ltd.; Danish Ministry

of Internal Affairs and Health; Dell Loy Hansen Heart Foundation (M.J.Cu.); Department of Biotechnology,
Government of India (C.S.Y.); Department of Science and Technology, Government of India through PURSE

11 CDST/SR/PURSE PHASE 11/11 provided to Jawaharlal Nehru University; Departments, Division and the

Board of Directors of the Leiden University Medical Centre; Dutch Ministry of Economic Affairs, Agriculture

and Innovation (project KB-15-004-003); Edith Cowan University; EFPIA companies; EHRA; Erasmus MC,
Rotterdam; Estonian Research Council PUT 1371 (Kr.L.), PUT PRG1291 (T.E); Finska Lékaresallskapet (E.W.);
Fondation ARC; Fondation de France; Fondazione di Sardegna (U1301.2015/Al.1157. BE Prat. 2015-1651); Fondo
Sectorial de Investigacion en Salud y Seguridad Social (SSA/IMSS/ISSSTE CONACYT, project 150352) in
Mexico; Foundation for the National Institutes of Health through the Accelerating Medicines Partnership (no.
HART17AMP) and the Parelsnoer Initiative (PSI); Foundation Leducq: ‘PlagOmics’ and ‘AtheroGen’, 24CVDO01
(P.T.E.); Funding Program for Next-Generation World-Leading Researchers (NEXT Program, no. LS056).; FWO
Vlaanderen (G.0684.12N and G.0830.13N) (F.C. and S.J.); Generalitat de Catalunya; Genome Quebec and Genome
Canada (G.L.); German Cancer Aid (70-2488-Ha I, ULM); German Centre for Cardiovascular Research (DZHK):
FKZ 81x2800182 (P.Ki.), FKZ 8120710116 (P.Ki.), FKZ 8120710110 (P.Ki.); GlaxoSmithKline; governmental
funding of clinical research within the Swedish National Health Service (J.G.S.); Greek Secretariat for Research
and Technology (Cooperation 890/2009); Health Care Centers in Vasa, Narpes and Korsholm; Health~Holland
PPP Allowance ‘Getting the Perfect Image’ (S.W.v.d.L.); Heinz Nixdorf Foundation; Helmholtz Zentrum Minchen-
German Research Center for Environmental Health, which is funded by the German Federal Ministry of
Education and Research (BMBF) and by the State of Bavaria; Hjartavernd (the Icelandic Heart Association);

Hong Kong Kadoorie Charitable Foundation; ImriCor (S.N.); Institut National du Cancer (INCa); Instituto

de Salud Carlos I11: CP1122/00007 (M.S.-L.), FEDER (P108/1770, P109/00773-Cantabria, PI11/01889-FEDER,
P112/00265, P112/01270, P112/00715, P115/00069, RD09/0076/00036); Italian Ministry of Health and the US
National Institute on Aging (263 MD 9164 and 263 MD 821336); Italian Ministry of Health through RC 01/21
(M.P.C.).; Juvenile Diabetes Research Foundation International (JDRF) (BEAT-DKD); Komen Foundation for the
Cure; Korea Healthcare Technology R&D Project, Ministry of Health and Welfare, Republic of Korea (A102065);
Korea National Institute of Health intramural grant 2019-NG-053-02; Kuwait Foundation for the Advancements of
Sciences (KFAS) (T.A.T. and F.A.-M.); Leiden University Medical Center; Leo Laboratories; Ligue départementale
du Val de Marne; Ligue Nationale Contre le Cancer; Medical University of Graz (ASPS); Merck Sharp & Dohme
Corp.; MEXT (16H05250, 15K19242, 16H06277, 19K19434, 20K10514, 21H03206, 22H04923, 22H03350,
23K24608, 24K02690); Mitsubishi Tanabe Pharma Corporation; Murdoch University; National Institute of Health,
Republic of Korea (2022-N1-067-02); National Institute of Health, Republic of Korea (4845-301, 4851-302,
4851-307); National Key Research and Development Program of China (2016'YFC 0900500, 0900501, 0900504,
1303904); National Research Foundation of Korea (NRF): RS-2023-00245960 (Y.S.C.), NRF-2023R1A2C2006416
(H.-N.K.); NCHA (Netherlands Consortium Healthy Ageing) Leiden/Rotterdam; Netherlands Twin Registry
Repository and the Biobanking and Biomolecular Resources Research Infrastructure (BBMRI-NL, 184.021.007
and 184.033.111); Neuroscience Campus Amsterdam (NCA); NextGenerationEU Project code CN_00000033,
CUP B83C22002930006; Nordic Center of Excellence in Health-Related e-Sciences (Xueping.L.); Novartis
Institute for Biomedical Research; Novo Nordisk, Inc.; NZO (Dutch Dairy Association); Oak Foundation
fellowship (B.F.); Otsuka Pharmaceutical Co., Ltd.; Pfizer; philanthropic donation to Northshore University Health
System; Pla Director d’Oncologia de Catalunya (XBTC); Prostate Cancer Canada Movember Discovery Grant
(D2013-17) (RJH); Prostate Research Campaign UK (now PCUK/Prostate Action); Queen’s University Belfast;
Region of Southern Denmark; Research Foundation of Copenhagen County; Research Project for Excellence
IKY/SIEMENS; Rosetrees Trust; Royal Marsden Foundation NHS Trust; Safe Work Australia, WA Health,
Government of Western Australia (WADOH) (Future Health WA G06302); Sanofi; Sardinian Autonomous Region
(L.R. no. 7/2009) cRP3-154; Servier Research Group; Shanghai Municipal Science and Technology Major Project
(2017SHZDZXO01); Siemens Healthineers; Social Sciences Council medium-sized investment grants GB-MaGW
480-01-006 and GB-MaGW 480-07-001; Social Sciences Council project grants GB-MaGW 452-04-314 and
GB-MaGW 452-06-004; Special Governmental Grants for Health Sciences Research, Turku University Hospital;
Stanley Medical Research Institute; Taisho Pharmaceutical Co., Ltd.; Takeda Medical Research Foundation;
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Takeda Pharmaceutical Co., Ltd.; Temas Prioritarios de Salud Instituto Mexicano del Seguro Social (2014-FIS/
IMSS/PROT/PRI0/14/34); the Aarhus and Copenhagen universities and university hospitals; the Accelerating
Clinical Trials funding stream in Canada (P.Ki.); the Agency for Science, Technology and Research, Singapore;
the ALF/LUA research grant in Gothenburg; the Althingi (the Icelandic Parliament); the Amsterdam University
Medical Center, location VUmc; the Anthony DeNovi Fund; the Assessorato Ricerca Regione Campania (POR
CAMPANIA 2000/2006 MISURA 3.16); the Atlantic Philanthropies; the Augustinus Foundation; the Augustinus
Foundation; the Austrian Ministry of Science; the Austrian National Bank Anniversary Fund, P15435; the
Austrian Science Fond (FWF) P20545-P05, P13180, P20545-B05; the Baden Wirttemberg Ministry of Science,
Research and Arts; the Becket Foundation; the Belgian federal government (National Cancer Plan KPC_29_023)
(F.C. and S.J.); the Biomedical Research Council (BMRC) of Singapore (08/1/35/19/550, 09/1/35/19/616); the
Breast Cancer Research Foundation; the Broad Institute; the C.G. Sundell Foundation; the Canada Research
Chair Program (G.L.); the Canadian Cancer Society Research Institute (2013-702108) (RJH); Cancer Foundation
Finland; the Catalan Government DURSI 2009SGR1489; the Center for Translational Molecular Medicine; the
Center of Innovation Program, the Global University Project from the Ministry of Education, Culture, Sports,
Science and Technology of Japan; the Centre for Ageing Research and Development in Ireland; the Chief
Scientist Office of the Scottish Government (CZB/4/276, CZB/4/710); the Children’s Hospital of Philadelphia;
the Children’s Hospital of Philadelphia Endowed Chair in Genomic Research; the China-Japan Friendship Hospital,
Ministry of Health for support for CHNS 2009; the CNR project FOE-2021 DBA. AD005.225 NUTRAGE; the
Competitive Research Funding of the Tampere University Hospital (9M048, 9N035); the Consejo Nacional de
Ciencia y Tecnologia (CONACYT) in Mexico (2092, M9303, F677, 251); the Core Research for Evolutional
Science and Technology (CREST) from the Japan Science Technology Agency; the Cotswold Foundation; the
Council of Scientific and Industrial Research, Indian Ministry of Science and Technology (G.R.C.); the Daniel

B. Burke Endowed Chair for Diabetes Research (S.F.A.G., CHOP); the Danish Centre for Health Technology
Assessment; the Danish Diabetes Association; the Danish Heart Foundation (M.G.-M., Inter99); the Danish
National Research Foundation; the Danish Pharmaceutical Association; the Danish Pharmacists’ Fund; The
Danish Research Council for Independent Research; the Department of Innovation, Research, and University

of the Autonomous Province of Bolzano-South Tyrol; the Diabetes Research Foundation of Finnish Diabetes
Association; the Donald C. McGraw Foundation; the Dutch Brain Foundation; the Dutch Kidney Foundation
(grant E0.13); the Dutch Ministry of Justice (WODC); the Economic and Social Research Council (ESRC) UK:
ES/H029745/1, ES/L008459/1, ES/M001660/1, ES/S007253/1 (M.Ku.), ES/T002611/1 (M.Ku.), ES/T014083/1
(M.Ku.); the Egmont Foundation; the Elizabeth Blackwell Institute for Health Research, University of Bristol
(K.H.W.); the Else Kroner-Fresenius-Stiftung: P.Ki., 2012_A147; the Emil Aaltonen Foundation; The Everyman
Campaign; the Eye Birth Defects Foundation, Inc.; the Faculty of Biology and Medicine of Lausanne; the

Federal State of Mecklenburg-West Pomerania; the Finnish Cardiac Research Foundation; the Finnish Cultural
Foundation; the Finnish Diabetes Research Foundation; the Finnish Foundation for Cardiovascular Research
(Ve.S. and Sa.R.); the Finnish innovation fund Sitra (E.W.); the Finnish Medical Society; the Finnish Ministry

of Education and Culture; the Finnish Society of Clinical Chemistry; the Folkhélsan Research Foundation; the
Foundation for Pediatric Research, Finland; the Foundation for Strategic Research and the Stockholm County
Council (560283); the Free State of Saxony; the French Ministry of Research; the Fundacién IMSS Mexico;

the Fundacién Marqués de Valdecilla (API 10/09); the FWO (TVDB); the Galician Foundation of Genomic
Medicine; the General Clinical Research Center Program (GCRC); the Genetic Association Information Network
(GAIN) of the Foundation for the National Institutes of Health; the Genetic Laboratory of the Department of
Internal Medicine, Erasmus MC; the German Heart Foundation (DSF); the German Ministry of Cultural Affairs;
Gothenburg University; the Government of Canada through Genome Canada, Genome Québec, the Canadian
Institutes of Health Research (CIHR): FRN-CCT-83028, GPH-129344, MOP-82893, operating grants (E.J.P.) and
a New Investigator Award (E.J.P.), PJT no. 156248 (G.L.)., the Department of Defence (W81XWH-10-1-0341),
the Ministére de I’Economie et de I’Innovation du Québec, the Ministére de I’Economie, Science et Innovation
du Québec, the PSRSIIRI-701 grant.; grant of the National Center for Global Health and Medicine (NCGM);

the Gratama Foundation; the Greek General Secretary of Research and Technology (PENED 2003); the Health
and Social Care Research and Development Division of the Irish Public Health Agency; the Health Fund of the
Danish Health Insurance Societies; the Helsinki University Central Hospital Research Foundation; the Ib Henriksen
Foundation; the Italian Ministry of Education, University and Research (MIUR) 5571/DSPAR/2002; the Italian
Ministry of Universities; the Jan Dekker Foundation; the Japan Agency for Medical Research and Development
(AMED): the Program for an Integrated Database of Clinical and Genomic Information (kk0205008), the Practical
Research Project for Rare/Intractable Diseases (ek0109070, ek0109283, ek0109196, ek0109348); the Juho Vainio
Foundation (Ve.S., YFS); the KfH Foundation for Preventive Medicine (the KfH Stiftung Préventivmedizin); the
KfH Stiftung Préventivmedizin e.V. (C.A.B.); the Kids Research Institute Australia; the Knut and Alice Wallenberg
Foundation; the Leiden University, Research Profile Area ‘Vascular and Regenerative Medicine’; the Leipzig
Research Center for Civilization Diseases (LIFE); the Lundbeck Foundation (R155-2013-14070); the Lundberg
Foundation; the March of Dimes Birth Defects Foundation; the Medical Research Council of Canada; the Ministry
of Innovation, Science, Research and Technology, North Rhine-Westphalia (MIWFT-NRW); the Montreal Heart
Institute Biobank; the Montreal Heart Institute Foundation (G.L.); the Morris and Horowitz Families Endowed
Professorship; the Movember Foundation grant no. D2013-36; the Municipal Health Care Center and Hospital in
Jakobstad; the Nérpes Health Care Foundation; the National Cancer Research Institute (NCRI) UK; the National
Cancer Research Network UK; the National Health Research Institutes, Taiwan (MG-112-SP-09, MG-112-PP-18,
MG-113-GP-03); the National Natural Science Foundation of China (81970684, 91846303); the National Recovery
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and Resilience Plan (NRRP), European Union; the National Research Foundation, Singapore (HUJ-CREATE
Programme 370062002); the National Science Council, Taiwan (NSC 98-2314-B-075A-002-MY 3); the National
University Health System, Singapore; the National University of Singapore; the Netherlands Cardiovascular
Research Initiative (DECISION project 848090001); the Nordic Center of Excellence in Disease Genetics;

the Norwegian Atrial Fibrillation Research Network; the Office of Research on Minority Health (ORMH);

the Office of the First Minister and Deputy First Minister of Ireland; the Ollgvist Foundation; the Oogfonds,
MaculaFonds, Landelijke Stichting voor Blinden en Slechtzienden, Stichting Blindenhulp, Stichting A.F. Deutman
Oogheelkunde Researchfonds; the Orchid Cancer Appeal; the Oulu University Hospital, 24301140; the Ovarian
Cancer Research Fund; the Paavo Nurmi Foundation; the Perelman School of Medicine at the University of
Pennsylvania; the Perklén Foundation; the Program for Promotion of Fundamental Studies in Health Sciences,
National Institute of Biomedical Innovation Organization (NIBIO); the Prostate Cancer Foundation of Australia; the
Prostate Cancer Research Foundation; the Quebec Breast Cancer Foundation; the Raine Study Medical Research
Foundation; the Republic of Croatia Ministry of Science, Education and Sports grant 108-1080315-0302 (I.R.);
the Research Council of Norway (287086); the Research Institute for Diseases in the Elderly (014-93-015;
RIDEZ2); the Robert Dawson Evans Endowment of the Department of Medicine at Boston University Chobanian
& Avedisian School of Medicine and Boston Medical Center; the Ronald and Rita McAulay Foundation; the
Royal Marsden NHS Foundation Trust; the Science Foundation Ireland-Department for the Economy (SFI-DfE)
Investigator Program Partnership Award (15/1A/3152); the Scottish Funding Council (HR03006); the Signe

and Ane Gyllenberg Foundation; the Sigrid Juselius Foundation; the Singapore Ministry of Health (Population
Health Metrics and Analytics PHMA); the Singapore National Medical Research Council (NMRC): 1270/2010,
0796/2003, 1176/2008, 1149/2008, Singapore Translational Research Investigator (STaR) Award (NMRC/STaR/
0028/2017) (J.C.C.), STaR/0003/2008, 1249/2010, CG/SERI/2010, CIRG/1371/2013, CIRG/1417/2015; the Skane
University Hospital; the Smilow family; the Social Insurance Institution of Finland; the Social Ministry of the
Federal State of Mecklenburg-West Pomerania; the South-Eastern Norway Regional Health Authority (2019122);
the Spanish Association Against Cancer (AECC) Scientific Foundation; the Spanish Ministry of Science and
Innovation (CEX2018-000806-S); the St. Louis Men’s Group Against Cancer; the State of Brandenburg (DZD
grant 82DZD00302); the Strategic Cardiovascular Program of Karolinska Institutet and Stockholm County Council;
the Strategic Priority CAS Project (XDB38000000); the Swedish Cancer Foundation; the Swedish Foundation for
Strategic Research (Dnr IRC15-0067); the Swedish Ministry of Education; the Swiss National Science Foundation
(33CSC0-122661, 33CS30-139468, 33CS30-148401, 33CS30_177535, 3247730_204523 and 320030_220190);
the Swiss Personalized Health Network (2018DRI101); the Taichung Veterans General Hospital, Taichung,

Taiwan (TCVGH-1003001C); the Tampere Tuberculosis Foundation; the Tampere University Hospital Supporting
Foundation; the Torsten and Ragnar Soderberg Foundation; the Turku University Foundation; the UKCRC Centre
of Excellence for Public Health Northern Ireland; the University Hospital Regensburg; the University Medical
Center Groningen; the University of Notre Dame Australia; the University of Oulu, 24000692; the University of
Western Australia; the US Centers for Disease Control and Prevention (CDC): U01 DP003206; the US Centers
for Disease Control and Prevention (CDC)/Association of Schools of Public Health: S043, S1734, S3486; the
Victor Chang Cardiac Research Institute, NSW Health (D.F.); the Wellcome Trust/Wolfson Foundation; the Yrj6
Jahnsson Foundation; TrygFonden (7-11-0213); University of Helsinki HiLIFE Fellow and Grand Challenge grant
(Sa.R.); the University of Michigan; the University of Newcastle; Vestre Viken Hospital Trust; VIAgenomics
(SP/19/2/344612); VicHealth and Cancer Council Victoria; Vincent Fairfax Family Foundation; VU University
Medical Center, Amsterdam; VU University’s Institutes for Health and Care Research (EMGO+); Wageningen
University, Wageningen; Wake Forest School of Medicine grant M01 RR07122 and Venture Fund; Wellcome Trust
Sanger Institute; and the Women and Infants Research Foundation.

Data availability

The PGS variant-level weights for the GIANT-only and GIANT+23andMe multi-ancestry
PGSs are available for download through the PGS Catalog (https://www.pgscatalog.org/,
publication ID PGP000724, score IDs PGS005198-PGS005204). The source data of the
figures are provided in the supplementary tables. This research has been conducted using
UKBB research under application number 1251. The UKBB genotype and phenotype data
are available through the UKBB at https://www.ukbiobank.ac.uk. Pan-UKBB relatedness
and ancestry determinations can be obtained via UKBB return 2442. Due to US Department
of Veterans Affairs (VA) regulations and our ethics agreements, the analytic datasets used
for this study are not permitted to leave the Million Veteran Program (MVP) research
environment and the VA firewall. This limitation is consistent with other MVP studies
based on VA data. However, the MVP data are made available to researchers with

an approved VA and MVP study protocol. Information regarding access to the BioMe
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Biobank is available at https://icahn.mssm.edu/research/ipm/programs/biome-biobank. For
access to the Uganda GPC-UGR data, contact should be made to the director of the
MRC/UVRI & LSHTM Uganda Research Unit, Entebbe, by email to mrc@mrcuganda.org.
The data underlying this article are available upon reasonable request to the PLCO

Cancer Data Access System: https://cdas.cancer.gov/plco/. Requests from researchers to
access ALSPAC data and samples are welcomed; relevant procedures can be found

at https://www.bristol.ac.uk/alspac/researchers/access/. Data from the Diabetes Prevention
Program (V9) (https://doi.org/10.58020/3hw5-cf91) reported here are available for request
at the NIDDK Central Repository (NIDDK-CR) website, Resources for Research (R4R)
(https://repository.niddk.nih.gov/). The Diabetes Prevention Program genotype data were
downloaded from the dbGaP website under phs000681.v2.p1. Researchers can access data
from the primary Look AHEAD data trial on the NIDDK repository. Due to limitations
specified in informed consent, the Look AHEAD genetic data are not publicly available.

Code availability

We used publicly available software tools for all analyses. These software tools are listed in
the main text and in the Methods. Of particular note, we used PRS-CS (https://github.com/
getian107/PRScs) and PRS-CSx (https://github.com/getian107/PRScsx) to develop the
PGSs.

Consortium authors

23andMe Research Team:

Adam Auton’3, Yunxuan Jiang’3 & Jingchunzi Shi’3

DiscovEHR (DiscovEHR and MyCode Community Health Initiative):

Geetha Chittoor!8, Anne E. Justice!819, Jason E. Miller184:185 & Shefali S. Verma8”

eMERGE (Electronic Medical Records and Genomics Network):

GPC-UGR:

Yuki Bradford®2, Marylyn D. Ritchie®2, Yogasudha Veturi?*0 & Xinyuan Zhang®?

Segun Fatumo?92:516 & Mariam Nakabuyel3

The PRACTICAL Consortium:

Sonja I. Berndt®

Understanding Society Scientific Group:

Meena Kumari3%8, Lorraine Southam?207 & Eleftheria Zeggini207.502
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VA Million Veteran Program:

Themistocles L. Assimes225:9095 Yuk-Lam Ho!19, Jie Huang!27:128 Jennifer E. Huffmanl1®,
Qin Hui”*8, Christopher J. O’Donnell45:60.508  Sajju Pyarajan®:60.204, Yan V. Sun’8,
Catherine Tcheandjieu?25226 & Peter W.F. Wilson/:494

Full list of members and their affiliations appear in the Supplementary Information.
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Fig. 1|. Study overview.
PGSs were constructed using ancestry-specific GWAS summary statistics, using ancestry-

specific (PRS-CS) and ancestry-combined (PRS-CSx) approaches. Tuning of the global
shrinkage parameter (¢) and optimal weights for the linear combination version of PRS-CSx
was performed in the UKBB. The best-performing score across multiple ancestries was
taken forward to independent validation studies (linear combination version of PRS-CSx
with ¢ 1 x 1072). Population descriptors shown in the figure reflect a combination of self-
identified ethnicity and genetic similarity. Created in BioRender: Smit, R. (2025): https://
BioRender.com/fglrflj.
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Fig. 2|. Explained variance for BMI in adult populations.
a, Explained variance for BMI in UKBB tuning populations, defined as adjusted R? of the

rank-based inverse-normal transformed BMI (by sex) predicted by the PGS, incremental
to age, genotyping array and ancestry principal components. Error bars represent 95%
confidence intervals (Cls) from 1,000 bootstrap resamples. The ancestry-matched PGS

is the best-performing PRS-CS score using ancestry-specific GWAS summary statistics.
The genome-wide significant score reflects a weighted sum of near-independent SNPs
obtained from approximate COJO multi-SNP analyses of a fixed-effect meta-analysis

of all contributing GWASs. The multi-ancestral PGS ¢ reflects the best-performing PRS-
CSx score consisting of a linear combination of five ancestry-specific scores, with
weights being specific to the validation population (for example, AFR). Population labels
follow PAN-UKBB assignment of genetically determined ancestry. Sample sizes (distinct
individuals): African 6,154; Admixed American 971; Middle Eastern 1,553; East Asian
2,660; Central/South Asian 8,005; European 20,000. b, Explained variance for BMI within
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validation populations, comparing the multi-ancestry PGS, ¢ to a previously published score
(PGSkpera) based on a smaller BMI GWAS meta-analysis. Same R? definition and ClI
estimation as in a. Population descriptors reflect a combination of self-identified ethnicity
and genetic similarity. For the MVP’s non-Hispanic Asian (AS) group, the result shown is
for the PGS| ¢ using the linear combination weights derived from UKBB-EAS. Sample sizes
(distinct individuals), from left to right: AFR 12,263, 2,332, 18,701; AMR 10,281, 8,096;
AS 4,201; EAS 1,359; SAS 1,177; EUR 13,673, 69,828, 340,224. ¢, Separation in BMI,
body fat percentage (BF%) and waist-to-hip ratio (WHR) across deciles of the PGS ¢ within
the validation subset of the UKBB participants of European-like ancestry (17~ 340,000). All
traits were rank-based inverse-normal transformed by sex.
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Fig. 3|. Prediction of prevalent obesity outcomesin adults.
a, Separation in prevalence of obesity (BMI = 30 kg m~2) across 1% groups of PGSkhera

and PGS, ¢ within the validation subset of the UKBB participants of European-like
ancestry (7~ 340,000), with reference lines for the bottom and top 1% groups. Error bars
show 95% confidence intervals (CIs) based on the normal approximation to the binomial
distribution. The horizontal lines correspond to the average prevalence (black, dotted) and
the prevalence of obesity within the top and bottom 1% of PGSkpera and PGSy ¢ (red and
blue, respectively). b, Odds ratios with 95% Cls for prevalent obesity class | or higher,

per s.d. of PGSkhera and PGS, ¢, adjusted for age, sex, principal components of ancestry
and genotyping array. All PGSs were standardized using the mean and s.d. of the PGS
within individuals who did not have obesity class | or higher, to account for differences

in prevalence across validation populations. Sample sizes (distinct individuals), from left

to right: AFR 12,263, 2,332, 18,701; AMR 10,281, 8,096; AS 4,201; EAS 1,359; SAS
1,177; EUR 13,673, 69,828, 340,224. ¢, AUC classification of prevalent obesity outcomes
in the BioMe Biobank, the MVP and the UKBB. Models including PGSs (included as

a continuous predictor) additionally include principal components of ancestry. CBS10, self-
reported comparative body size at age 10 years. Restricted to estimates where the number of
individuals with the obesity outcome was at least 50.
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a, Repeated cross-sectional linear regression associations of standardized PGS ¢ with BMI

and height, with both standardized within sample by sex and timepoint. Data are presented
as regression coefficient with 95% confidence interval (CI). Ponderal index was used instead
of BMI at birth. Associations were adjusted for age and principal components of ancestry.
Sample sizes, based on repeated measurements, from left to right, for BMI: 4,740, 638,
847, 814, 769, 41, 732, 729, 725, 720, 699, 5,816, 4,863, 5,570, 5,368, 5,187, 4,910,
4,556, 4,024, 3,603, 2,780; and height: 4,802, 638, 847, 814, 771, 741, 734, 729, 726, 723,
701, 5,820, 5,160, 5,572, 5,379, 5,188, 4,956, 4,561, 4,032, 3,606, 2,782. b, Sequentially
plotted mean BMI trajectories from the age of 4 months to 24 years with knot points

from linear spline multilevel models, accounting for sex and principal components of
ancestry, of PGS ¢ (bottom 10%, middle 80%, top 10%). c, Contribution of PGS ¢ to
explained variance (adjusted R2) for BMI, rank-based inverse-normal transformed by sex
and timepoint. Ponderal index was used instead of BMI at birth. Data are presented as R?
values computed from the original dataset, with error bars representing 95% confidence
intervals (2.5th—97.5th percentiles) estimated from 1,000 bootstrap resamples. Predictors
available at birth were birthweight, maternal education, pre-pregnancy maternal BMI,
maternal age at date of birth and household social status. The left panel shows explained
variance for BMI at the timepoint shown on the xaxis. In contrast, the right panel shows
explained variance for BMI measured at 18 years, with early-life BMI measurement shown
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on the xaxis used as predictors. Sample sizes, based on repeated measurements, from left to
right: 3,800, 839, 714, 1,192, 4,062, 3,044, 940, 594, 737, 725, 890, 3,310.

Nat Med. Author manuscript; available in PMC 2025 November 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Smitet al.

African/African
American

Hispanic

East Asian

European

African/African
American

East Asian

European

African/African
American

European

Fig. 5|. AUC for obesity classification at age 50, stratified by having overweight or obesity at age
20.

Analyses performed within the PLCO Cancer Screening Trial. Restricted to estimates where
the number of individuals with the obesity outcome was at least 50. Population descriptors
were provided by the PLCO investigators and reflect genetically determined ancestry using
Genetic Relationship and Fingerprinting (GRAF). PCs, principal components; y, years; M1,

Without overweight at 20y

Overweight or obesity at 20y
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Weight change after first year (kg) per PGS s.d.,
in those who lost 3% during first year
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Fig. 6 |. Impact of PGS| ¢ on weight changeduetoILls.
Interaction effect between PGS ¢ and trial arm (ILI versus comparison arm) for weight

change within the first year of follow-up (left) and weight change after the first year in

the subset of individuals who had lost >3% of baseline weight at year 1 (right). Data are
presented as study-specific and study-combined interaction regression coefficients (with
95% confidence interval (Cl)), pooled through inverse-variance weighted fixed-effect meta-
analysis. Weight change was assessed by using weight at follow-up timepoint(s) as outcome
in the linear mixed models, adjusting for initial weight (baseline or year 1, respectively). LA,
Look AHEAD. Population descriptors reflect race and ethnicity, as reported by dbGAP
variable phv00201855.v2.p1 (DPP) or self-report by participants (LA). Study-specific
sample sizes (distinct individuals, with pooled sample sizes for ‘All’), from top to bottom,
for forest plot on the left: 295, 374, 251, 428, 839, 1,722, 1,385, 2,524; and on the right: 118,
186, 128, 233, 428, 951, 674, 1,370.
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