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Body mass and composition are complex traits of clinical interest due to their 

links to cardiovascular- and metabolic diseases. In this study, we performed 

genome-wide association studies (GWAS) for the distribution of body fat to the 

arms, legs and trunk. Proportions of fat, distributed to the different 

compartments, were calculated for 362,499 individuals from the UK biobank, 

based on segmental bioimpedance analysis (sBIA) estimates. A total of 85 body 

fat distribution loci were identified, using data from 116,138 participants, and 

replicated in an independent set of participants (N = 246,361). Out of these loci, 

28 were associated with the proportion of fat in the arms, 43 with the legs and 57 

with the trunk. A large degree of overlap was observed between legs and trunk 

loci (N=33), while arm loci overlapped to a smaller degree with leg and trunk loci 

(N=4 and 6, respectively). As many as 50 of the loci have not previously been 

associated with any adiposity-related trait. Within the novel loci we found lipid 

metabolism-related genes such as CILP2 and OSBPL7, as well as androgen 

receptor function-related genes such as ESR1, ID4 and ADAMTS17. Significant 

interactions between the top SNP and sex were observed for 38 loci. Our findings 

provide evidence for multiple loci that affect the distribution of body fat to 

discrete compartments of the human body, and highlight that genetic effects 

differ between men and women, in particular for distribution of body fat to the 

legs and trunk.  

 

Overweight and obesity have reached epidemic proportions globally [1]. Almost 40% 

of the world’s population are now overweight [2] and 10.8% obese [3]. Overweight 

and obesity are set to become the world’s leading preventable risk factors for disease 

and early death due to their links to increased risk of developing disease such as type 
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2 diabetes, cardiovascular disease, and cancer [4]. While body mass index (BMI) 

serves as a useful proxy for body adiposity, it is unable to fully discriminate between 

adipose and lean mass. Variation in body fat distribution have been identified by 

using other proximal measurements that better represent body adiposity, such as 

waist-to-hip ratio or hip-, and waist circumference. Fat distribution also influences 

risk for developing cardiovascular disease, e.g. visceral fat stored around the vital 

organs has been linked to insulin resistance [5], higher risk of developing metabolic 

syndrome, cardiovascular disease as well as increased mortality [6]. Accumulation of 

body fat, and distribution of fat to different parts of the body is well known to differ 

between sexes. For example, after puberty, women accumulate fat in the trunk and 

limbs to a proportionally greater extent while men accumulate more fat in the trunk 

[5]. Differences in fat distribution between sexes may be a factor in the lower risk for 

myocardial infarction and coronary death observed in women, as compared to men 

[7]. 

 

Through genome-wide association studies (GWAS), researchers have identified 

hundreds of loci to be associated with proximal measurements of body fat mass and 

distribution, using measurements such as BMI [8–13], waist-to-hip ratio [14,15] or 

hip-, and waist circumference [15]. The total amount of body fat, estimated by 

bioelectrical impedance analysis (BIA) or dual energy X-ray absorptiometry (DXA), 

have also been analyzed in GWAS [16,17]. These methods generate aggregate data 

for the whole body. As such, they are unable to discriminate adiposity between 

different compartments of the body. GWAS has been performed for subcutaneous- 

and visceral adiposity, measured with computed tomography scans (CT), albeit in a 

relatively limited number of individuals (N=10,577) [18].  
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Developments in BIA technology has now allowed for cost-efficient segmental body 

composition scans that estimate of the fat content of the trunk, arms and legs, with 

high accuracy [19]. In this study, we utilize segmental BIA data on 362,499 

participants of the UK Biobank to study the genetic determinants of body fat 

distribution to the trunk, arms and legs. For this purpose, we performed GWAS on the 

proportion of body fat distributed to these compartments. We also performed sex-

stratified analyses to determine sex-specific effects and interactions. 

 

Results 

We conducted a two-stage GWAS using data from the interim release of genotype 

data in UK Biobank as a discovery cohort. Another set of participants for which 

genotype data were made available as part of the second release was used for 

replication. After removing non-Caucasians, genetic outliers and related individuals, 

116,138 and 246,361 participants remained in the discovery and replication cohort 

respectively. The proportions of body fat distributed to the arms – arm fat ratio 

(AFR), the legs – leg fat ratio (LFR) and the trunk – trunk fat ratio (TFR) were 

calculated by dividing the fat mass per compartment with the total body fat mass in 

each participant.  

 

Women were found to have higher total fat mass compared to men (p < 2.2*10-16, 

Table 1), as well as higher amount of fat in the arms and legs (p < 2.2*10-16, Table 1). 

Males had on average about a 12% higher proportion of their body fat located in the 

trunk compared with females (62.2% vs. 50.3%, p < 2.2*10-16, Table 1), while women 

had approximately 12% higher proportion of body fat located in the legs (39.7% vs. 
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28.1%, p < 2.2*10-16, Table 1). While the amount of adipose tissue in the arms was 

estimated to be higher in women compared to men, the relative amounts of fat in the 

arms were more similar. Only marginal differences were seen in basic characteristics 

between the discovery and replication cohorts (Table 1).  

 

Table 1. General descriptives of UK Biobank participants* included in the analyses. 

Data is presented for the discovery and replication cohorts. The cohorts were filtered for 

unrelated Caucasians. Mean values are presented ± standard deviations. 

 

 
Men Women 

Discovery Replication Discovery Replication 

N 55,006 147,374 61,132 179,191 

Age (years) 57.5 ± 8.1 57.0 ± 8.1 56.8 ± 7.9 56.7 ± 8.0 

Height (cm) 175.7 ± 6.7 175.9 ± 6.8 162.6 ± 6.2 162.6 ± 6.2 

Weight (kg) 86.3 ± 14.5 86.1 ± 14.2 71.8 ± 14.2 71.4 ± 13.9 

BMI (kg/m2) 27.9 ± 4.3 27.8 ± 4.2 27.2 ± 5.2 27.0 ± 5.12 

Waist circumference (cm) 97.4 ± 11.5 97.0 ± 11.3 85.0 ± 12.7 84.5 ± 12.5 

Hip circumference (cm) 103.6 ± 7.7 103.5 ± 7.6 103.6 ± 10.5 103.3 ± 10.3 

Waist-to-hip ratio 0.94 ± 0.1 0.94 ± 0.1 0.82 ± 0.1 0.82 ± 0.1 

Impedance measurements 

Total fat mass (kg) 22.6 ± 8.4 22.4 ± 8.2 27.2 ± 10.1 26.9 ± 10.0 

Leg fat mass (kg) 3.16 ± 1.3 3.12 ± 1.3 5.28 ± 1.8 5.23 ± 1.7 

Arm fat mass (kg) 1.12 ± 0.5 1.11 ± 0.5 1.44 ± 0.8 1.41 ± 0.8 

Trunk fat mass (kg) 14.0 ± 5.1 13.9 ± 5.0 13.8 ± 5.3 13.6 ± 5.2 

Proportional distribution of body fat 

Leg fat ratio - LFR (%) 28.0 ± 3.4 28.1 ± 3.3 39.7 ± 4.0 39.7 ± 4.1 

Arm fat ratio - AFR (%) 9.9 ± 1.3 9.9 ± 1.3 10.1 ± 1.6 10.1 ± 1.6 

Trunk fat ratio - TFR (%) 62.2 ± 3.6 62.2 ± 3.6 50.3 ± 4.1 50.3 ± 4.1 

 

Interestingly, we did not find a strong correlation between our ratios and other 

anthropometric traits. A substantial part of the variation in AFR could be explained by 
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BMI or waist circumference (Table 2). However, anthropomorphic traits did not 

substantially contribute to explaining the variance in LFR or TFR (Table 2). 

 

Table 2. The amount of variation in adipose tissue distribution explained by 

anthropomorphic descriptors. 

 BMI 
Waist 

circumference 
Waist-to-
hip ratio Height 

Arm fat ratio (AFR) 41.9% 26.2% 5.8% 1.1% 

Leg fat ratio (LFR) 1.2% 2.0% 0.5% 2.0% 

Trunk fat ratio (TFR) 0.1% 0.1% 0.0% 2.6% 

 

Discovery GWAS for body fat distribution 

In the discovery GWAS, each of the three phenotypes (AFR, LFR and TFR) were 

analyzed in the whole discovery cohort (sex-combined) and by stratifying by sex 

(males and females). We first estimated the proportion of variance in body fat 

distribution to the arms, legs and trunk that were explained by the genotyped SNPs 

(N=730,616) [20]. We find that approximately 20-24% of the variance can be 

explained by considering all genotyped SNPs simultaneously in the sex-combined 

cohort. Interestingly, we also find that a higher degree of variance could be explained 

by genotyped SNPs in females compared to males (40-42% vs. 18-27%), and that this 

was consistent across all phenotypes (Table 3).  

 
Table 3. SNP-heritability estimates for body fat distribution ratios stratified by sex. 

 

N ��
�  (95% CI) 

Number of 
GWAS regions 
in the discovery 

Number of 
GWAS regions 
that replicated 

Arm fat ratio (AFR) 

Sex-combined 113,951 0.20 (0.19-0.21) 29 19 

Females 60,133 0.42 (0.40-0.44) 19 14 

Males 53,779 0.27 (0.24-0.29) 12 7 

Leg fat ratio (LFR) 

Sex-combined 113,912 0.24 (0.23-0.25) 32 26 
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Females 60,156 0.40 (0.38-0.42) 39 33 

Males 53,795 0.20 (0.18-0.22) 3 1 

Trunk fat ratio (TFR) 

Sex-combined 113,893 0.21 (0.20-0.22) 49 32 

Females 60,123 0.42 (0.40-0.45) 63 49 

Males 53,770 0.18 (0.15-0.20) 6 1 

��
� : SNP heritability estimates from GCTA which represents the fraction of the phenotypic 

variance that can be explained by the SNPs analyzed.  
 

A total of 25,472,837 imputed SNPs with MAF of at least 0.01% were analyzed in the 

discovery GWAS. A total of 11,350 associations with P< 1*10-7 were identified to be 

associated with any of the phenotypes: AFR, LFR or TFR in the sex-combined and 

sex-stratified analyses (Figure 1, S1-2 Fig, S1 supplementary Data). Genomic 

inflation factors were low for all GWAS (λ= 1.05-1.14, S3 Fig). The associations 

corresponded to 5,542 unique SNPs across 111 loci. Many of the regions were 

associated with multiple phenotypes or associated with one phenotype in more that 

one of the strata (males, females or sex-combined). Conditional analysis also 

identified secondary associations with TFR at two loci, near ACAN and ADAMTS17 

on chromosome 15q26.1 and 15q26.3, respectively (S1 Table). 

 

Replication of top GWAS SNPs 

For each phenotype and strata, the most significant SNP in each locus was taken 

forward for replication. These SNPs were selected independent on whether the locus 

was associated with multiple phenotypes/strata. Since different phenotypes/strata had 

different top-SNPs for some loci, a total of 169 unique top-SNPs were selected for 

replication of 229 associations at the 111 distinct loci. A total of 182 SNP-trait 

associations distributed across 78 loci replicated (Bonferroni adjusted P< 0.05/229) 

(S1 Supplementary Data).  
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Out of the 78 loci that replicated, a total of 28 loci were associated with AFR, 43 with 

LFR and 57 with TFR in either the sex-combined or sex-stratified analyses. There 

was substantial overlap between LFR and TFR loci (N= 33). AFR loci overlapped to 

a smaller degree with LFR (N=4 loci), and TFR (N=6 loci). Three loci in the vicinity 

of KRTCAP2/PKLR, ADAMTSL3 and GDF5 were associated with all three 

phenotypes. As many as 50 of the 78 loci did not overlap with previous GWAS loci 

for body adiposity-related traits and were considered novel adiposity loci (Table 4). 

However, 24 of the novel adiposity loci overlap with previous GWAS for height. 
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Table 4. Novel body adiposity loci associated with the proportion of adipose tissue distributed to the arms (AFR) 

 
Discovery Replication 

Leading SNP Chr 
Position 

(bp) 
Proximal 
gene(s) MAF1 A1 N1 β1

 p1 N2 β2
 p2 

Combined 
           

rs4971091 1 155,143,768 KRTCAP/ 37.82% T 112,229 -0.0235 6.31*10-8 240,061 -0.0128 1.64*10-5 

rs13011472 2 57,961,602 VRK2 48.97% G 109,797 -0.0235 3.66*10-8 238,574 -0.0129 8.43*10-6 

rs351855 5 176,520,243 FGFR4 29.60% A 113,979 0.0289 3.17*10-10 241,564 0.0161 3.18*10-7 

rs56282717 7 150,657,095 KCNH2 24.30% A 111,762 -0.0272 3.80*10-8 237,649 -0.0196 6.38*10-9 

rs1138714 11 825,110 PNPLA2 43.46% A 104,922 -0.0241 4.17*10-8 233,077 -0.0125 2.35*10-5 

rs1789166 11 69,482,091 ORAOV1 35.21% C 112,015 -0.0268 1.33*10-9 239,788 -0.0130 1.74*10-5 

Females            

rs61813324 1 156,049,877 MEX3A 13.14% T 55,824 0.0484 8.86*10-8 127,869 0.0258 1.21*10-5 

rs7562173 2 46,976,217 SOCS5 38.35% C 59,833 -0.0341 1.00*10-8 131,189 -0.0175 1.28*10-5 

rs2044387 8 8,907,950 ERI1 43.03% A 56,089 0.0348 8.45*10-9 127,578 0.0245 8.65*10-10 

rs12546366 8 10,802,146 XKR6 45.53% T 59,177 0.0314 7.15*10-8 130,114 0.0213 6.22*10-8 

rs1192926 11 69,476,293 ORAOV1 36.79% C 58,213 -0.0329 6.49*10-8 130,480 -0.0160 8.40*10-5 

rs8057620 16 69,884,619 WWP2 46.12% T 58,056 0.0350 1.64*10-9 130,781 0.0245 4.14*10-10 

Males            
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rs56372408 2 172,416,803 CYBRD1 24.65% G 53,100 -0.0426 2.34*10-9 109,222 -0.0213 1.58*10-5 

rs6889311 5 127,431,285 SLC12A2 24.51% A 53,647 0.0600 2.41*10-17 109,664 0.0545 5.37*10-28 

rs11187838 10 96,026,184 PLCE1 43.19% A 53,752 0.0417 1.14*10-11 109,788 0.0330 1.66*10-14 

rs62066707 17 43,273,992 FMNL1 32.75% A 50,164 0.0369 3.65*10-8 105,508 0.0176 1.57*10-4 

Leading SNPs for each locus is presented along with the chromosome and basepair position (hg19/build 37). MAF: minor allele 

frequency. A1: effect allele. Results from association tests in the discovery (1) and replication cohort (2) are presented. N: number of 

participants with non-missing data for each SNP. β: estimated effect size (change in rank-transformed AFR) per allele. p: p-values from 

Z-tests for deviance of β from zero.  
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Table 5. Novel body adiposity loci associated with the proportion of adipose tissue distributed to the legs (LFR) 

     
Discovery Replication 

Leading SNP Chr 
Position 

(bp) 
Proximal 
gene(s) MAF A1 N1 β1 p1 N2 β2 p2 

Sex-combined 

      

rs180921974 1 155,268,131 PKLR 2.3% G 113,831 0.0868 8.44*10-10 241,384 0.0908 8.31*10-21 

rs115912456 5 82,815,158 VCAN 4.1% G 114,007 0.0575 5.51*10-8 241,624 0.0459 2.34*10-10 

rs35344761 9 78,510,823 PCSK5 12.0% A 111,867 0.0359 3.89*10-8 238,781 0.0336 5.54*10-14 

rs3780327 9 129,945,847 RALGPS1 22.1% A 111,593 -0.0310 1.40*10-9 237,144 -0.0165 2.42*10-6 

rs35826789 11 66,913,469 KDM2A 8.8% A 113,976 0.0506 1.08*10-11 239,941 0.0331 9.86*10-11 

rs71420186 14 50,960,918 MAP4K5 6.7% A 113,034 -0.0496 6.09*10-9 240,081 -0.0383 3.95*10-11 

rs10153134 16 90,091,099 AFG3L1P 36.3% C 112,214 -0.0235 8.81*10-8 236,518 -0.0119 9.08*10-5 

rs2071167 17 42,287,519 UBTF 23.4% T 114,017 -0.0280 1.37*10-8 236,074 -0.0132 1.27*10-4 

rs10402308 19 19,657,500 CILP2 17.7% A 112,922 0.0352 1.96*10-10 240,376 0.0144 1.36*10-4 

Females            

rs2273368 1 113,063,771 WNT2B 19.6% T 59,162 0.0397 6.70*10-8 130,911 0.0297 1.36*10-9 

rs56310695 4 73,535,246 ADAMTS3 5.8% A 58,573 -0.0674 5.29*10-8 129,209 -0.0573 2.35*10-12 

rs1317415 5 157,952,404 EBF1 30.3% C 59,403 -0.0343 4.67*10-8 131,265 -0.0179 2.42*10-5 

rs888762 5 178,547,313 ADAMTS2 33.1% C 58,318 -0.0333 9.36*10-8 129,236 -0.0233 2.30*10-8 

rs41271299 6 19,839,415 ID4 5.1% T 60,196 -0.0918 2.55*10-12 131,669 -0.0770 2.18*10-18 
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rs3823974 7 20,442,796 ITGB8 41.3% C 58,656 0.0339 1.11*10-8 129,457 0.0237 3.07*10-9 

rs10962638 9 16,846,111 BNC2 14.8% A 57,103 0.0473 2.80*10-8 127,774 0.0212 1.27*10-4 

rs35344761 9 78,510,823 PCSK5 12.0% A 59,058 0.0503 2.32*10-8 130,107 0.0560 2.09´*10-20 

rs68049170 10 72,432,047 ADAMTS14 27.3% A 58,784 -0.0367 1.99*10-8 129,806 -0.0233 1.20*10-7 

rs12785906 11 66,951,966 KDM2A 5.6% C 59,066 0.0901 1.34*10-12 129,556 0.0604 9.62*10-13 

rs1613835 12 51,205,066 ATF1 31.3% T 59,668 -0.0360 8.41*10-9 131,432 -0.0213 4.08*10-7 

rs6489111 12 123,051,018 KNTC1 35.2% G 56,631 -0.0371 3.27*10-9 131,045 -0.0188 4.25*10-6 

rs1550436 15 74,221,157 LOXL1 46.7% T 58,904 0.0316 6.21*10-8 130,110 0.0284 4.44*10-13 

rs72755233 15 100,692,953 ADAMTS17 11.3% A 60,196 0.0636 2.83*10-12 131,669 0.0646 7.93*10-26 

Males            

rs1993878 5 127,476,971 SLC12A2 24.5 C 53,403 -0.0523 1.82*10-13 109,324 -0.0334 2.07*10-11 

Leading SNPs for each locus is presented along with the chromosome and basepair position (hg19/build 37). MAF: minor allele 

frequency. A1: effect allele. Results from association tests in the discovery (1) and replication cohort (2) are presented. N: number of 

participants with non-missing data for each SNP. β: estimated effect size (change in rank-transformed LFR) per allele. p: p-values 

from Z-tests for deviance of β from zero.  
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Table 6. Novel body adiposity loci associated with the proportion of adipose tissue distributed to the trunk (TFR) 

      
Discovery Replication 

Leading SNP Chr 
Position 

(bp) 
Proximal 
gene(s) MAF A1 N1 β1 p1 N2 β2 p2 

Sex-combined           

rs4846204 1 10,308,958 KIF1B 12.7% T 113,962 0.0353 2.16*10-8 241,509 0.0259 2.08*10-9 

rs180921974 1 155,268,131 KRTCAP2 2.3% G 113,776 -0.1017 6.66*10-13 241,256 -0.0983 4.68*10-24 

rs17511102 2 37,960,613 CDC42EP3 9.1% T 113,962 0.0421 8.13*10-9 241,509 0.0198 7.87*10-5 

rs4521268 3 49,137,904 QARS 33.2% G 113,030 -0.0247 3.26*10-8 240,924 -0.0212 4.06*10-12 

rs1986599 3 50,034,637 RBM6 12.3% G 109,220 -0.0374 3.25*10-8 239,307 -0.0210 2.14*10-6 

rs4694510 4 73,546,983 ADAMTS3 6.2% A 112,881 0.0550 3.38*10-10 240,133 0.0480 1.21*10-15 

rs115912456 5 82,815,158 VCAN 4.1% G 113,952 -0.0694 5.32*10-11 241,496 -0.0519 7.77*10-13 

rs888762 5 178,547,313 ADAMTS2 33.1% C 110,409 0.0265 4.65*10-9 237,012 0.0198 1.41*10-10 

rs41271299 6 19,839,415 ID4 5.2% T 113,962 0.0547 7.25*10-9 241,509 0.0469 5.10*10-13 

rs75848127 7 148,642,553 GHET1 17.0% A 112811 0.0315 1.86*10-8 240,960 0.0205 8.16*10-8 

rs35650604 9 78,515,195 PCSK5 13.4% G 113,962 -0.0345 1.83*10-8 241,509 -0.0342 7.07*10-16 

rs12790261 11 66,988,048 KDM2A 8.4% A 113,962 -0.0614 1.19*10-15 241,509 -0.0420 7.78*10-16 

rs12905253 15 74,232,437 LOXL1 47.0% A 113,218 -0.0232 3.37*10-8 240,548 -0.0223 1.12*10-14 

rs72755233 15 100,692,953 ADAMTS17 11.3% A 113,962 -0.0436 4.35*10-11 241,509 -0.0533 7.98*10-32 

rs2074188 17 45,888,251 OSBPL7 47.5% G 113,055 0.0232 3.60*10-8 239,440 0.0108 1.82*10-4 
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rs62621197 19 8,670,147 ADAMTS10 2.9% T 110599 -0.0690 5.65*10-8 239,955 -0.0968 2.77*10-31 

rs10402308 19 19,657,500 CILP2 17.7% A 112,869 -0.0313 1.52*10-8 240,251 -0.0148 8.67*10-5 

Females*            

rs2273368 1 113,063,771 WNT2B 19.6% T 59,132 -0.0425 6.99*10-9 130,850 -0.0331 1.51*10-11 

rs10916174 1 227,804,041 ZNF678 15.8% A 59,477 -0.0433 6.20*10-8 130,587 -0.0367 9.34*10-12 

rs4521268 3 49,137,904 QARS 33.3% G 59,686 -0.0327 9.25*10-8 131,293 -0.0245 2.81*10-9 

rs2241069 4 8,602,798 CPZ 46.3% G 58,819 0.0332 1.17*10-8 129,272 0.0197 6.04*10-7 

rs73825843 4 73,535,052 ADAMTS3 6.3% T 59,853 0.0796 3.58*10-11 131,539 0.0720 2.18*10-19 

rs888762 5 178,547,313 ADAMTS2 33.1% C 58,287 0.0366 4.04*10-9 129,176 0.0267 1.49*10-10 

rs41271299 6 19,839,415 ID4 5.1% T 60,165 0.1065 4.57*10-16 131,608 0.0901 1.28*10-24 

rs2982708 6 152,356,220 ESR1 27.5% C 59,635 0.0354 5.22*10-8 131,600 0.0250 1.21*10-8 

rs3823974 7 20,442,796 ITGB8 41.3% C 58,625 -0.0390 4.48*10-11 129,396 -0.0279 2.80*10-12 

rs4733727 8 130,731,484 GSDMC 48.8% T 58,394 -0.0355 1.19*10-9 129,730 0.0198 4.50*10-7 

rs76937529 9 78,505,692 PCSK5 11.5% T 56,888 -0.0547 6.57*10-9 126,906 -0.0611 1.21*10-22 

rs7039458 9 86,639,999 RMI1 24.9% G 59,585 0.0379 1.55*10-8 130,985 0.0287 2.33*10-10 

rs68049170 10 72,432,047 ADAMTS14 27.4% A 58,753 0.0380 6.00*10-9 129,746 -0.0198 2.03*10-6 

rs12790261 11 66,988,048 KDM2A 8.4% A 60,165 -0.0910 7.38*10-18 131,608 -0.0688 1.29*10-22 

rs11614785 12 50,880,422 LARP4 33.8% G 58,774 0.0398 9.45*10-11 127,523 0.0265 2.36*10-10 

rs6492538 13 91,993,746 
MIR17-

92HG/GPC5 
22.1% A 59,176 0.0392 2.39*10-8 129,162 0.0212 7.45*10-6 

rs67089639 14 92,526,240 ATXN3 24.5% C 59,789 -0.0363 7.88*10-8 131,418 -0.0224 7.93*10-7 
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rs35874463 15 67,457,698 SMAD3 5.8% G 60,165 0.0687 2.72*10-8 131,608 0.0647 1.20*10-14 

rs12905253 15 74,232,437 LOXL1 47.0% A 59,778 -0.0394 
1.05E*10-

11 
131,113 -0.0322 1.84*10-16 

rs72755233 15 100,692,953 ADAMTS17 11.3% A 60,165 -0.0744 2.84*10-16 131,608 -0.0800 9.86*10-39 

rs28394864 17 47,450,775 ZNF652 46.2% A 60,057 -0.0357 6.33*10-10 129,628 -0.0237 1.95*10-9 

rs7236575 18 46,653,380 DYM 13.7% A 59,933 -0.0463 3.54*10-8 131,355 -0.0220 1.13*10-4 

rs62621197 19 8,670,147 ADAMTS10 3.2% T 58,413 -0.1054 1.57*10-9 129,021 -0.1472 3.32*10-39 

rs6038571 20 6,634,566 BMP2 48.1% A 60,165 0.0308 9.65*10-8 131,608 0.0216 2.79*10-8 

Leading SNPs for each locus is presented along with the chromosome and position (hg19/build 37). MAF: minor allele frequency. 

A1: effect allele. Results from association tests in the discovery (1) and replication cohort (2) are presented. N: number of participants 

with non-missing data for each SNP. β: estimated effect size (change in rank-transformed LFR) per allele. p: p-values from Z-tests 

for deviance of β from zero.  
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Sex specific effects and SNP x sex interactions 

 Clear contrasts could be seen between males and females with regards to the number 

of associations. As many as 33 loci were associated with LFR in females, but only 

one in males. For TFR, 49 loci were identified in in females while only one locus in 

males. For AFR, 14 loci were associated in females compared to seven in males. Only 

two AFR-associated loci, near the MC4R and FTO, were observed in both males and 

females. Altogether, 64 loci appeared to be sex-specific (significant in females but not 

in males or vice versa), of which 29 showed the same pattern in multiple phenotypes. 

We further tested all replicated SNPs (N=159) for interaction with sex. Similarly to 

the GWAS, we first tested for interaction in the discovery cohort using linear 

regression modeling and validated our findings in the replication cohort using the 

same covariates.  

 

A total of 58 SNP-sex interactions were observed (Bonferroni adjusted p-values < 

0.05/159) in the discovery cohort, of which 43 replicated (Bonferroni adjusted p-

values < 0.05/58). However, for 56 SNPs the P-value for the interaction was 

nominally significant in the replication cohort. The highest number of SNPs with sex-

interactions was seen for TFR (N=24), followed by LFR (N=15), and AFR (N=4) 

(Table 7, S2 Supplementary Data). 
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Table 7. Interactions between leading SNPs and sex. Leading SNPs for each locus is presented along with the chromosome and position (hg19/build 37). 

pint: results from tests of deviance from zero for the interaction term (see mehods). Results from association tests in the discovery and replication cohort are 

presented. N: number of participants with non-missing data for each SNP. β: estimated effect size (change in rank-transformed LFR) per allele. p: p-values from Z-

tests for deviance of β from zero.  

      Discovery Replication 

    SNP-sex-interaction Females Males Females Males 

AFR Chr 
Position 

(bp) 
Proximal 

gene 
pint 

discovery 
pint  

replication β p β p β p β p 

rs754537 2 25,176,277 DNAJC27 2.66*10-7 2.24*10-16 -0.0397 6.53*10-12 0.0001 0.98 -0.0439 1.79*10-29 0.0005 0.91 

rs143384 20 34,025,756 GDF5 6.70*10-10 4.71*10-11 -0.0137 1.96*10-2 0.0354 1.00*10-8 -0.0120 2.59*10-3 0.0247 1.25*10-8 

rs6889311 5 127,431,285 SLC12A2 4.98*10-7 7.28*10-6 0.0059 0.38 0.0602 2.51*10-17 0.0207 5.42*10-6 0.0545 5.38*10-28 

rs539515 1 177,889,025 FAIM2 1.34*10-4 3.27*10-4 0.0547 1.41*10-14 0.0182 1.63*10-2 0.0486 6.02*10-24 0.0257 9.69*10-7 

rs8057620 16 69,884,619 WWP2 6.15*10-8 1.27*10-3 0.0350 1.64*10-9 -0.0081 0.19 0.0245 4.33*10-10 0.0095 2.66*10-2 

rs7562173 2 46,976,217 SOCS5 1.41*10-6 1.56*10-3 -0.0341 1.00*10-8 0.0077 0.22 -0.0175 1.31*10-5 0.0018 0.67 

rs62066707 17 43,273,992 FMNL1 1.88*10-4 8.96*10-3 0.0025 0.70 0.0369 3.65*10-8 0.0026 0.53 0.0176 1.57*10-4 

rs2044387 8 8,907,950 ERI1 5.99*10-5 2.30*10-2 0.0348 8.45*10-9 -0.0003 1.00 0.0245 8.88*10-10 0.0100 2.32*10-2 

rs56372408 2 172,416,803 CYBRD1 1.69*10-4 0.61 -0.0026 0.70 -0.0426 2.34*10-9 -0.0157 5.32*10-4 -0.0213 1.58*10-5 

LFR              

rs7162542 15 84,514,290 
ADAMTSL

3 
5.46*10-16 1.97*10-19 0.0529 8.36*10-20 -0.0159 9.56*10-3 0.0458 1.52*10-31 -0.0068 0.11 

rs2871960 3 141,121,814 ZBTB38 1.98*10-8 7.94*10-17 -0.0517 5.39*10-19 -0.0035 0.57 -0.0481 2.04*10-34 0.0011 0.80 

rs9853018 3 141,101,961 ZBTB38 1.26*10-8 2.76*10-16 -0.0518 4.76*10-19 -0.0029 0.64 -0.0477 5.41*10-34 0.0006 0.89 
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rs10946808 6 26,233,387 HIST1H1D 2.81*10-9 4.66*10-14 0.0558 8.79*10-18 0.0014 0.84 0.0526 2.65*10-33 0.0045 0.35 

rs4800148 18 20,724,328 
RBBP8, 

CABLES1, 
C18orf45 

2.61*10-7 2.03*10-10 0.0403 8.32*10-9 -0.0113 0.13 0.0349 9.27*10-14 -0.0090 8.15*10-2 

rs3817428 15 89,415,247 ACAN 1.49*10-6 3.54*10-10 0.0527 4.68*10-16 0.0074 0.29 0.0451 1.39*10-24 0.0046 0.35 

rs41271299 6 19,839,415 ID4 3.15*10-6 4.38*10-9 -0.0918 2.55*10-12 0.0009 0.95 -0.0770 2.05*10-18 0.0026 0.79 

rs72755233 15 100,692,953 
ADAMTS1

7 
3.40*10-6 3.26*10-8 0.0636 2.83*10-12 0.0020 0.84 0.0646 7.91*10-26 0.0152 2.38*10-2 

rs2273368 1 113,063,771 WNT2B 6.36*10-5 1.41*10-7 0.0397 6.70*10-8 -0.0024 0.75 0.0297 1.45*10-9 -0.0083 0.12 

rs3791679 2 56,096,892 EFEMP1 1.83*10-5 2.49*10-7 0.0506 2.24*10-13 0.0079 0.28 0.0519 8.74*10-29 0.0178 5.08*10-4 

rs1415287 1 219,742,537 
LYPLAL1, 
SLC30A10, 
ZC3H11B 

8.25*10-5 1.18*10-6 -0.0423 3.04*10-11 -0.0065 0.34 -0.0397 1.21*10-20 -0.0103 2.68*10-2 

rs3791675 2 56,111,309 EFEMP1 6.45*10-6 2.98*10-6 0.0503 1.63*10-13 0.0058 0.42 0.0488 2.99*10-26 0.0184 2.73*10-4 

rs1613835 12 51,205,066 
BCDIN3D, 

FAIM2 
1.11*10-5 4.13*10-6 -0.0360 8.41*10-9 0.0043 0.52 -0.0213 4.04*10-7 0.0069 0.14 

rs12785906 11 66,951,966 KDM2A 5.41*10-5 3.85*10-5 0.0901 1.34*10-12 0.0137 0.31 0.0603 1.03*10-12 0.0063 5.1 

rs994014 4 82,165,790 intergenic 3.25*10-6 6.37*10-5 -0.0382 1.02*10-9 0.0037 0.58 -0.0303 9.04*10-13 -0.0061 0.19 

rs3823974 7 20,442,796 TWISTNB 1.72*10-4 1.57*10-3 0.0339 1.11*10-8 0.0012 0.85 0.0236 3.25*10-9 0.0053 0.22 

rs1993878 5 127,476,971 SLCA2 2.06*10-8 1.58*10-3 0.0028 0.67 -0.0523 1.82*10-13 -0.0122 7.40*10-3 -0.0334 2.07*10-11 

rs68049170 10 72,432,047 
ADAMTS1

4 
3.69*10-6 2.51*10-3 -0.0367 1.99*10-8 0.0081 0.24 -0.0233 1.20*10-7 -0.0041 0.39 

rs1317415 5 157,952,404 EBF1ZZV 4.69*10-5 0.22 -0.0343 4.67*10-8 0.0018 0.78 -0.0179 2.48*10-5 -0.0105 2.34*10-2 

TFR              

rs2871960 3 141,121,814 ZBTB38 1.39*10-11 2.68*10-27 0.0549 2.87*10-21 -0.0010 0.87 0.0558 7.05*10-46 -0.0064 0.13 
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rs6785012 3 141,109,348 ZBTB38 2.48*10-11 7.39*10-27 0.0549 4.81*10-21 -0.0006 0.92 0.0563 2.06*10-46 -0.0056 0.19 

rs11856122 15 84,576,348 
ADAMTSL

3 
2.28*10-12 3.58*10-20 -0.0579 1.06*10-23 -0.0006 0.93 -0.0579 1.01*10-49 -0.0059 0.16 

rs11259934 15 84,580,171 
ADAMTSL

3 
1.33*10-11 3.79*10-20 -0.0581 1.36*10-23 -0.0026 0.68 -0.0579 1.21*10-49 -0.0059 0.17 

rs62346126 4 145,560,166 HHIP 2.05*10-4 1.61*10-13 -0.0515 3.89*10-12 -0.0123 0.12 -0.0612 2.56*10-34 -0.0074 0.18 

rs9358913 6 26,239,404 HIST1H1D 5.32*10-11 3.35*10-13 -0.0569 5.44*10-18 0.0049 0.48 -0.0529 1.23*10-32 -0.0061 0.21 

rs41271299 6 19,839,415 ID4 3.86*10-8 6.82*10-13 0.1065 4.57*10-16 -0.0008 0.95 0.0902 1.23*10-24 -0.0045 0.64 

rs143384 20 34,025,756 GDF5 4.42*10-5 6.67*10-12 0.0498 2.78*10-17 0.0172 0.54 0.0475 5.68*10-33 0.0086 4.72*10-2 

rs3791679 2 56,096,892 EFEMP1 4.69*10-8 1.14*10-11 -0.0568 1.74*10-16 -0.0024 0.74 -0.0601 4.26*10-38 -0.0150 3.43*10-3 

rs72755233 15 100,692,953 
ADAMTS1

7 
6.25*10-7 1.70*10-11 -0.0744 2.84*10-16 -0.0096 0.32 -0.0800 9.85*10-39 -0.0215 1.42*10-3 

rs4800148 18 20,724,328 
RBBP8, 

CABLES1, 
C18orf45 

1.52*10-8 1.79*10-11 -0.0442 2.72*10-10 0.0117 0.11 -0.0392 6.70*10-17 0.0060 0.25 

rs3817428 15 89,415,247 ACAN 2.11*10-7 2.83*10-9 -0.0608 7.49*10-21 -0.0120 8.17*10-2 -0.0513 2.46*10-31 -0.0126 9.25*10-3 

rs12790261 11 66,988,048 KDM2A 8.11*10-5 1.25*10-8 -0.0910 7.38*10-18 -0.0290 9.20*10-3 -0.0688 1.35*10-22 -0.0097 0.21 

rs2273368 1 113,063,771 WNT2B 6.20*10-5 1.54*10-8 -0.0425 6.99*10-9 -0.0010 0.90 -0.0331 1.57*10-11 0.0079 0.15 

rs798491 7 2,800,521 GNA12 1.05*10-4 1.03*10-7 -0.0504 1.26*10-15 -0.0164 1.40*10-2 -0.0483 5.79*10-30 -0.0161 5.63*10-4 

rs10916174 1 227,804,041 ZNF678 1.07*10-4 1.55*10-7 -0.0433 6.20*10-8 0.0014 0.87 -0.0367 9.64*10-12 0.0065 0.27 

rs11614785 12 50,880,422 
BCDIN3D, 

FAIM2 
5.15*10-7 5.75*10-7 0.0398 9.45*10-11 -0.0034 0.60 0.0265 2.32*10-10 -0.0024 0.61 

rs994014 4 82,165,790 PRKG2 7.49*10-7 4.64*10-6 0.0416 2.72*10-11 -0.0027 0.68 0.0356 4.13*10-17 0.0078 9.46*10-2 

rs6038571 20 6,634,566 BMP2 3.92*10-6 5.39*10-6 0.0308 9.65*10-8 -0.0093 0.13 0.0216 2.79*10-8 -0.0055 0.20 

rs11049361 12 28,284,841 CCDC91 2.14*10-4 1.27*10-5 -0.0428 2.13*10-11 -0.0092 0.17 -0.0298 5.57*10-12 -0.0037 0.43 
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rs991967 1 218,615,451 TGFB2 4.99*10-5 1.57*10-5 0.0426 2.94*10-11 0.0063 0.36 0.0244 1.64*10-8 -0.0016 0.74 

rs12905253 15 74,232,437 LOXL1 1.51*10-5 7.77*10-5 -0.0394 1.05*10-11 -0.0051 0.41 -0.0322 1.87*10-16 -0.0105 1.40*10-2 

rs3823974 7 20,442,796 TWISTNB 1.02*10-5 1.37*10-4 -0.0390 4.48*10-11 -0.0005 0.94 -0.0279 2.91*10-12 -0.0058 0.19 

rs6492538 13 91,993,746 GPC5 5.03*10-5 3.09*10-4 0.0392 2.39*10-8 -0.0016 0.83 0.0212 7.33*10-6 -0.0028 0.58 

rs12654493 5 176,535,209 FGFR4 1.11*10-6 1.06*10-3 0.0412 3.64*10-9 -0.0072 0.33 0.0173 2.23*10-4 -0.0048 0.35 

rs34716573 12 576,037 
B4GALNT

3 
2.21*10-4 2.63*10-3 0.0395 1.91*10-10 0.0070 0.29 0.0174 2.41*10-5 -0.0015 0.75 

rs4733727 8 130,731,484 GSDMC 8.38*10-5 6.91*10-3 -0.0355 1.19*10-9 -0.0024 0.70 -0.0198 4.46*10-7 -0.0033 0.44 

rs2982708 6 152,356,220 ESR1 4.51*10-6 1.69*10-2 0.0354 5.22*10-8 -0.0062 0.37 0.0250 1.16*10-8 0.0093 5.23*10-2 

rs68049170 10 72,432,047 
ADAMTS1

4 
4.32*10-5 1.71*10-2 0.0380 6.00*10-9 -0.0019 0.79 0.0234 1.07*10-7 0.0081 9.26*10-2 

rs79334166 4 17,859,466 LCORL 2.16*10-5 2.30*10-2 -0.0498 7.74*10-9 0.0029 0.75 -0.0272 2.84*10-6 -0.0088 0.16 
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Discussion 

We performed GWAS for body fat distribution, using segmental BIA measurements, 

and identified 78 loci body fat distribution to the arms (N=28), legs (N=43) and trunk 

(N=57). As many as 50 of the loci have not been associated with an adiposity related 

phenotype previously. This is probably due to the low correlation between our derived 

phenotypes and commonly used variables for adiposity (i.e. BMI). In contrast to 

previous studies, we have not addressed the total amount of fat but rather the fraction 

of the total body fat mass that is located in the arms (AFR), the legs (LFR), or the 

trunk (TFR). While most of the loci were novel, with regards to adiposity, we did see 

an overlap with previously reported height loci, e.g. loci near SLC12A2, ADAMTSL3 

and BMP2 [21]. This is surprising since we did see a very limited covariance between 

height and all our analyzed phenotypes. These results suggest that there is a shared 

genetic contribution between height and body fat distribution. It follows by logic that 

genes that are involved in growth can potentially influence several different tissue 

types such as bone, adipose tissue and muscle.  

 

Interestingly, some of the novel loci overlapped with regions that have previously 

been associated with lipid-related traits. We found that our lead SNP (rs10402308) at 

the at the CLIP2/PBX4-locus (associated with TFR, and LFR in women) was in 

strong linkage disequilibrium (LD) (r > 0.8) with several SNPs previously associated 

with triglycerides, and LDL cholesterol [22]. The lead SNP at the TFR-associated 

locus within OSBPL7, rs2074188, was also associated with higher expression of 

OSBPL7 in the thyroid [23]. OSBPL7 encodes oxysterol-binding protein-like protein 

7, which is highly expressed in the thyroid, skeletal muscles, GI-tract, kidney and 

seminal vesicles (www.proteinatlas.org). Oxysterol-binding proteins encompass a 
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family of lipid-binding proteins involved in lipid trafficking, lipid metabolism and 

intracellular signaling [24].  

 

Within the novel body loci we also find several genes related to estrogen and 

androgen signaling. Associations were observed between TFR and variants within the 

estrogen receptor-encoding gene, ESR1, in females. In addition, the TFR-, and LFR-

associated SNP at the ADAMTS17-locus in females, rs72755233, is a missense 

mutation [25] which causes a potentially deleterious threonine to isoleucine 

substitution at position 446 of the ADAMTS17 protein (www.ensembl.org). This 

gene encodes a secreted metalloproteinase that is inducible in response to estrogen 

and inhibits breast cancer cell growth [26]. LFR-, and TFR-associated SNPs were also 

observed near ID4 in women. ID4 encodes a helix-loop-helix transcription factor that 

is highly expressed in the thyroid gland (www.proteinatlas.org) and also regulates 

androgen receptor function in the prostate [27].  

 

AFR was the phenotype that was most highly correlated with BMI. In agreement with 

this, the most significant AFR loci were FTO, MC4R, TMEM18, SEC16B and 

TFAP2B, which have previously been associated with BMI and body adiposity-

related traits [8–10,28]. Several TFR and LFR-associated loci have also previously 

been associated with anthropometric traits. In contrast to AFR, most of these loci did 

not overlap with previously known BMI-loci, but to a larger extent with waist-, and 

hip-associated loci such as MTMR11, GDF5, ZBTB38, ADAMTS10, ADAMTS17. 

[28]; and with height loci such as HIST1H1D, ADAMTSL3, LIN28B [29].  
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Comparing men to women showed that genetic effects differ between sexes for a 

large fraction of the loci. For trunk and legs, many effects were only detected (or 

significantly higher) in women. In agreement with this, a larger fraction of the 

variance in fat distribution to different compartments could also be attributed to the 

SNPs investigated in women, as compared to men. These results are consistent with 

previous GWAS that have revealed sexual dimorphisms in genetic loci for adiposity-

related phenotypes, such as waist-circumference, waist-to-hip ratio, and visceral fat 

mass [14,30–32]. In our study we find evidence for 43 loci whose effects differed 

between the males and females, of which one overlapped with a locus (LYPLAL1) that 

has previously been reported to display a different effect between sexes. Our lead 

SNP (rs1415287) at the LYPLAL1 locus is in strong LD with rs2820443 and 

rs4846567 (R2=1.00 and 0.99), which have been associated with stronger effects on 

WHR and WHR adjusted for BMI in women [14,32].  

 

One possible limitation of our study is the use of segmental BIA measurements for 

assessments of body adiposity in contrast to using more exact methods such as DXA 

or MRI. However, the relatively low cost and ease of use has allowed for assessment 

of body composition in almost the entire UK Biobank cohort, which enables us to 

perform highly powered association studies. The accuracy in reference to DXA of the 

body scanner used in UK Biobank, the Tanita BC-418, has previously been assessed 

in a European sample showing that total fat mass were accurately estimated. 

However, some biases were present depending on sex and anatomical compartment 

[33]. This is unlikely to affect our results as we analyzed each compartment 

separately and also performed sex-stratified analyses in addition to the sex-combined 

GWAS. 
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Conclusions 

GWAS of body fat distribution to the arms, legs and trunk revealed 50 novel adiposity 

loci. Our results indicate that the trunk and legs share genetic determinants of fat 

distribution, while distribution of fat to the arms is more independent. We also present 

evidence for 43 SNP-sex interactions that influence adipose tissue distribution. 

Distribution of adipose tissue between the trunk, legs and arms differ between sexes, 

which may be due to hormonal differences. Sex hormones primarily affect cellular 

proliferation, differentiation and fate by binding to and activating nuclear receptors 

that act as transcription factors. Consequently, the observed interactions with sex are 

likely to represent genes that are affected by changes in sex hormone levels.  

 

Methods 

UK Biobank participants 

The first release of genetic data from UK Biobank (N = 152,249) was used as a 

discovery cohort, and genotype data from an unrelated set of participants from the 

second genotype batch release (N = 326,565) as a replication cohort. Participants who 

self-reported as being of British descent (data field 21000) and were classified as 

Caucasian by principal component analysis (data field 22006) were included in the 

analysis. Genetic relatedness pairing was provided by the UK Biobank (Data field 

22011). In total, 9,385 participants were removed due to relatedness based on kinship 

data (estimated genetic relationship > 0.044) and individuals with poor call rate 

(<95%), with high heterozygosity (Data field 22010), or with sex-errors (Data filed 

22001) were also removed. After filtering, 116,138 participants were included in the 

discovery cohort and 246,361 in the replication cohort. 
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Genotyping  

Genotyping in the discovery cohort had been performed on two custom-designed 

microarrays: referred to as UK BiLEVE and Axiom arrays, which genotyped 807,411 

and 820,967 SNPs, respectively. Imputation had been performed using UK10K [34] 

and 1000 genomes phase 3 [35] as reference panels. This dataset included 73,355,667 

SNPs. Prior to analysis, we filtered SNPs based on call rate (>0.01%), HWE (P-value 

> 10-20), MAF (> 0.0001) and imputation quality (Info >0.3) resulting in 25,472,837 

SNPs in the discovery analyses. The second release of data from the UK BioBank 

contained genotyped and imputed data for 488,366 participants (partly overlapping 

with the first release). For our replication analyses, we included an independent subset 

that did not overlap with the discovery cohort (N = 326,565). Genotyping in this 

subset was performed exclusively on the UK Biobank Axiom Array. This dataset 

included 47,512,111 SNPs that were filtered based on HWE (p<10-20) and MAF 

(>0.0001). 

 

Phenotypic measurements 

The phenotypes used in this study derive from impedance measurements produced by 

the Tanita BC418MA body composition analyzer. Participants were barefoot, wearing 

light indoor clothing, and measurements were taken with participants in the standing 

position. Height and weight were entered manually into the analyzer before 

measurement. The Tanita BC418MA uses eight electrodes: two for each foot and two 

for each hand. This allows for five impedance measurements: whole body, right leg, 

left leg, right arm and left arm. Body fat for the whole body and individual body parts 

had been calculated using a regression formula, that was derived from reference 
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measurements of body composition by DXA in Japanese and Western subjects, and 

uses weight, age, height and impedance measurements [36] as input data. Arm and leg 

fat masses were averaged over both limbs. Arm, leg, and trunk fat masses were then 

divided by the total body fat mass to obtain the ratios of fat mass for the arms, legs 

and trunk, i.e. what proportion of the total fat in the body is distributed to each of 

theses compartments. These variables were analyzed in this study and were named: 

arm fat ratio (AFR), leg fat ratio (LFR), and trunk fat ratio (TFR).  

 

Correlation 

Correlations between fat distribution ratios and anthropomorphic traits were assessed 

by ANOVA of linear regression model fits. BMI, waist circumference, waist-to-hip 

ratio and height were included as the last term in generalized linear models with 

adipose tissue distributions (AFR, LFR and TFR) as the response variable. The 

reduction in residual deviance, i.e. , the reductions in the residual sum of squares as 

BMI, waist circumference, waist-to-hip ratio and height is is added to the formula, is 

presented as percentages in Table 1. 

 

Associations tests 

Ratios (AFR, LFR, and TFR) were adjusted for age and age squared, normalized by 

rank-transformation separately in males and females using the rntransform function 

included in the GenABEL library [37] in R-Studio v1.0.143 [38]. The GWAS was 

performed in PLINK v1.90b3n [39] using linear regression models with AFR, LFR, 

and TFR as the response variables and the SNPs as predictor variables. A batch 

variable was used as covariate in the discovery analyses to adjust for genotyping array 

(Axiom and BiLEVE). We also included the first 15 principal components and sex (in 
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the sex-combined analyses) as covariates. We used a threshold of p < 10-7 as threshold 

for significance in the discovery cohort and one leading SNPs from each loci were 

taken forward for replication. Individual loci were defined as a region with one or 

more associated SNPs. The start and stop position of a locus was the position of a 

SNPs where no additional associated SNP were found (upstream for start position, or 

downstream for stop position) within 1000kb. For each locus, the leading SNP 

(lowest P-value) was taken forward for replication. Since imputation and QC had 

been performed separately for the first and second release of genotype data from UK 

Biobank, some of the leading SNPs from the discovery analysis were not present (had 

not passed QC) in the replication cohort. In these cases, a replacement SNP from the 

same locus, prioritized by the P-value (the second most significant) was taken further. 

No replacement SNP was taken further for loci that contained only one SNP if that 

SNP was not available in the replication cohort.  

 

Conditional analyses 

GWAS were rerun for each phenotype while conditioning for the leading SNPs from 

the primary analyses to identify individual effects within the same loci. Conditional 

analyses were performed using PLINK v1.90b3n [39]. The same covariates were used 

as in the primary analyses.  

 

Interaction between SNPs and sex 

SNPs were tested for interaction with sex using linear regression modeling in RStudio 

v1.0.143 [38]. Models included interactions between most covariates (interactions 

with PCs were not considered) in order to properly control for potential confounders, 

in accordance with recommendations by Keller [40]. The models we used looked like: 
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where P is the phenotype, SNP is the genetic variant under interest and PC, sex, age 

and age2 are covariates and β are the estimates. For the interaction analyses; AFR, 

LFR and TFR were rank-transformed separately for males and females without 

adjusting for age or age2 to avoid potential interference between covariates that affect 

the interaction terms. The estimate for SNP*sex interaction terms, β5, was tested for 

deviance from zero using a two-sided marginal student’s t-test with the null 

hypothesis H0: β = 0. The Bonferroni method was used to designate a cutoff for 

significance of p-values that was adjusted for multiple testing, p-values < 3.1*10-4 

(0.05/159) were considered significant, where 159 was the number of tests performed. 

 

SNP heritability 

SNP heritabilities, i.e. the heritability explained by the genotyped SNPs investigated 

were calculated in the discovery cohort using GCTA [20]. We only included 

genotyped SNPs to avoid confounding due to uncertainties in the imputed data. 

Additional individuals were excluded from these analyses to ensure that no pairs had 

an estimated genetic relationship > 0.025. This was done to avoid phenotypic 

resemblance between relatives resulting from non-genetic effects, e.g. shared 

environment. Estimates of variance explained by all autosomal SNPs can be biased by 

genotyping errors and we therefore applied a stricter quality control than for typical 

GWAS analyses: SNPs with a missing call rates exceeding 5% and 1% minimum 
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allele frequency. After filtering, 730,616 SNPs remained for these analyses. Ten 

principal components (principal components) were included as covariates to capture 

variance due to population stratification. Sex, a batch variable for the two genotyping 

arrays used in the discovery cohort, as well as age were also included as covariates.  

 

Cross-reference with previous GWAS 

To identify novel loci, all significant SNPs in the GWAS regions were compared to 

the SNPs in the NHGRI-EBI catalog of published genome-wide association studies 

(GWAS Catalog) [41], and leading SNPs from each locus were further investigated 

using PhenoScanner [42] and HaploReg [43]. We also cross-referenced our identified 

loci with the findings from a recent GWAS of BMI and body adiposity [44]. 
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Figure legends 

Figure 1. Manhattan plots showing the significance of association between all 

SNPs and AFR (A), LFR (B) and TFR (C) in the sex-combined discovery 

analyses. The red lines show the genome wide significance cut-off (p < 5*10-8). 

 

Supplementary material 

S1 Fig. Manhattan plots showing the significance of association between all SNPs 
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and AFR (A), LFR (B) and TFR (C) in the discovery analyses in females. The red 

lines show the genome wide significance cut-off (p < 5*10-8). 

 

S2 Fig. Manhattan plots showing the significance of association between all SNPs 

and AFR (A), LFR (B) and TFR (C) in the discovery analyses in males. The red 

lines show the genome wide significance cut-off (p < 5*10-8). 

 

S3 Fig. Quantile-quantile plots of all SNPs in the discovery analyses for the 

combined and sex-stratified analyses. The red lines show the expected distribution 

of p-values under the null hypotheses. 

 

S1 Table. Significant GWAS findings when conditioning for the leading SNPs 

from the initial discovery analyses. 

 

S1 Supplementary Data. Results from the discovery and replication analyses for 

leading SNPs associated with AFR, LFR and TFR. Data is presented for each of 

the sex-combined and stratified analyses. 

 

S2 Supplementary Data. Results from tests for SNP-sex interactions for body fat 

distribution.  
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