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Supplementary Table 1: Anthropometric data for three homozygote carriers of MSTN missense 

mutations found in UK Biobank. Data reported is untransformed, with % deviation from covariate-

adjusted expected values shown alongside. Results for body fat percentage, body fat-free mass, and fat 

free mass index (FFMI) are derived from bioimpedance analysis (BIA). Expected values computed using 

a linear model with sex, age, age squared, height, height squared, and sex interaction terms as predictors.  

Genotype Hom Ile225Thr Hom Ile225Thr Hom Arg65His 

Sex F F F 

Age 55-60 50-55 65-70 

BMI (kg m-2) 36.8 22.3 25.7 

Body fat % 43.3 (+17.3%) 30.0 (-16.4%) 25.7 (-31.8%) 

Body fat-free mass (kg) 55.4 (+24.0%) 41.1 (-8.0%) 47.1 (+12.3%) 

FFMI (kg m-2) 21.9 (+24.0%) 16.7 (-8.0%) 20.6 (+12.3%) 

Creatinine (mol dm-3) 75.3 (+16.8%) 46.7 (-26.0%) 77.1 (+17.8%) 

Creatinine:cystatin C ratio 78.7 (-5.8%) 69.7 (-20.3%) 107.4 (+37.7%) 
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Supplementary Table 2: Five-fold cross-validation mean Dice scores (unitless) for the custom 

segmentation model of the four thigh muscle groups segmented for left and right legs, demonstrating 

strong concordance with manual annotations. 

 Fold 1 Fold 2 Fold 3 Fold 4 Fold 5 

Right quadriceps femoris 0.96 0.93 0.91 0.98 0.96 

Left quadriceps femoris 0.97 0.95 0.93 0.95 0.96 

Right medial 0.93 0.94 0.91 0.97 0.96 

Left medial 0.93 0.94 0.96 0.96 0.92 

Right posterior 0.93 0.94 0.92 0.96 0.95 

Left posterior 0.93 0.92 0.94 0.94 0.93 

Right sartorius 0.92 0.89 0.88 0.93 0.90 

Left sartorius 0.94 0.89 0.92 0.85 0.87 
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Supplementary Table 3: Five-fold cross-validation mean Dice scores (unitless) for the custom 

segmentation model of the five adipose tissue depots, demonstrating strong concordance with manual 

annotations. 

 Fold 1 Fold 2 Fold 3 Fold 4 Fold 5 

Upper body subcutaneous fat 0.89 0.93 0.96 0.84 0.96 

Abdominal subcutaneous fat 0.92 0.90 0.93 0.86 0.93 

Gluteofemoral subcutaneous fat 0.91 0.90 0.95 0.91 0.94 

Visceral fat 0.92 0.91 0.93 0.89 0.85 

Mediastinal fat 0.83 0.90 0.87 0.63 0.56 
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Supplementary Figure 1. Concordance between MRI-and BIA-derived measures of fat and fat-free 

mass for subjects in the UK Biobank imaging cohort, shown for men (left) and women (right). 

Linear model fits were:  

Men: FMBIA = 3.57 + 1.13 * FVMRI  (R2 = 0.90) and FFMBIA = 15.46 + 2.33 * WVMRI (R2 = 0.62) 

Women: FMBIA = 3.04 + 1.17 * FVMRI  (R2 = 0.95) and FFMBIA = 13.39 + 2.24 * WVMRI (R2 = 0.56) 

where FM = fat mass, FV = fat volume, FFM = fat-free mass, and WV = muscle water volume. MRI fat 

volumes are computed using the total across all fat depots, and total muscle water volume was computed 

using the sum over muscle groups segmented by TVS. The expected slope for fat mass versus fat volume 

given a fat density of 0.9 kg/dm3 would be 0.9, and the slope of fat-free mass versus muscle water volume 

would be 2 in the case that muscle constitutes approximately 50% of BIA-derived fat-free mass. The 

higher estimated slope values versus these expectations are likely due to exclusion of arms and lower legs 

from the MRI-derived measurements, since these are partially or fully outside the field of view in most 

subjects. As an approximate estimate, the volume of muscle contained within lower legs may constitute 

around 1.3 dm3 (Fuchs et al., 2023) and the volume in shoulders and arms may constitute approximately 2 

dm3 (Holzbaur et al., 2007); excluding these volumes will lead to an average underestimate of around 

18% of the total muscle volume in UKB.  
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Supplementary Figure 2. MSTN Arg88Gln single variant associations with body composition, 

quantitative biomarkers, and MRI-derived fat and muscle metrics. This variant was not included in 

the set of predicted function-disrupting variants as defined by the 5-algorithm consensus described in the 

Methods. Effect size estimates are plotted in standard deviation units with numerical values shown 

alongside in clinical units; p-values are computed from gene burden test statistics using a chi-squared test 

(see Methods for additional details). Error bars indicate 95% confidence intervals (±1.96 SE); arrows 

indicate the error bar extends beyond axis limits. Summary statistics are included in Supplementary Data 

6. 
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Supplementary Figure 3: Distributions of deviations from expected values for fat-free mass and 

creatinine:cystatin c ratio for homozygote and heterozygote carriers of Arg65His and Ile225Thr. 

Homozygote missense carriers (red dots) are shown relative to heterozygote carriers (box plots) for 

Ile225Thr (second row, N=1,786 for body fat percentage and fat-free mass, N=1,793 for 

creatinine:cystatin c ratio) and Arg65His (third row, N=113 for body fat percentage and fat-free mass, 

N=114 for creatinine:cystatin c ratio). The distribution of homozygous reference individuals is shown on 

the top row for comparison (N= 458,758 for body fat percentage and fat-free mass, N=461,190 for 

creatinine:cystatin c ratio). Expected values computed using a linear model with sex, age, age squared, 

height, height squared and sex interaction terms as predictors. Boxes show medians and interquartile 

ranges (IQR); whiskers extend in each direction to the most extreme data point that is no further than 1.5 

multiples of the IQR from the upper and lower quartile. Mean (SD) percent deviations for Arg65His 

heterozygotes were +5.3% (17.7) for body fat percentage, +3.8% (9.75) for body fat-free mass, and 

+13.9% (20.2) for creatinine : cystatin C ratio. Mean (SD) percent deviations for Ile225Thr heterozygotes 

were -2.3% (20.6) for body fat percentage, +0.3% (9.23) for body fat-free mass, and +1.8% (16.0) for 

creatinine : cystatin C ratio. While homogygous effect sizes cannot be accurately estimated due to the low 

sample sizes, Z-scores for the homozygotes relative to the heterozygote distribution were calculated, and 

converted to one-sided p-values, to provide a measure of deviation of the homozygote(s) from the 

heterozygote distributions. For the single Arg65His homozygote, the Z-scores and corresponding p-values 

obtained by this procedure were 2.08 (p=0.018) for body fat percentage, 0.87 (p=0.19) for body fat-free 

mass, and 1.18 (p=0.12) for creatinine : cystatin C ratio. 
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Supplementary Figure 4. Gene burden association analysis of MSTN with cardiometabolic disease 

outcomes (A) and quantitative biomarkers (B). Predicted loss-of-function and deleterious missense 

variants in MSTN with allele frequency below 0.5% were included in the gene burden tests. For the 

Malmo cohort the Ile225Thr variant has a frequency of 0.66%, but was included in the gene burden test 

for this cohort since the allele frequency is below 0.5% in all other cohorts. Effect sizes are reported in 

odds ratios (OR) for disease outcomes (A), and standard deviation (SD) and clinical units for quantitative 

traits (B). Error bars indicate 95% confidence intervals, calculated as ±1.96 SE from the effect estimate; 

for binary traits, the interval was calculated on the logistic scale and converted to OR units. p-values are 

computed from gene burden test statistics using a chi-squared test (see Methods for additional details). 

Arrows indicate the error bar extends beyond axis limits. Summary statistics are included in 

Supplementary Data 8. 

 

A. 

 

B. 
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Supplementary Figure 5. Gene burden association analysis of MSTN with fertility-related 

quantitative traits (A) and fertility and polycystic ovary syndrome (PCOS; B). Burden test 

associations are reported for predicted loss-of-function and deleterious missense variants in MSTN with 

allele frequency below 0.5% and fertility-related traits. Effect sizes are reported in odds ratios (OR) for 

disease outcomes (A), and standard deviation (SD) and clinical units for quantitative traits (B). Error bars 

indicate 95% confidence intervals, calculated as ±1.96 SE from the effect estimate; for binary traits, the 

interval was calculated on the logistic scale and converted to OR units. p-values are computed from gene 

burden test statistics using a chi-squared test (see Methods for additional details). Arrows indicate the 

error bar extends beyond axis limits. PCOS indicates polycystic ovary syndrome. FSHB indicates follicle 

stimulating hormone subunit beta levels. Summary statistics are included in Supplementary Data 9. 

 

A. 

 
B. 
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Supplementary Figure 6. Comparison between downloaded values of fat-free mass from UKB (field 

23101) and values obtained from a linear fit of inverse whole-body impedance (UKB field 23106) of the 

form FFM ~ 1/R + h2/R + age + age2, where R is impedance in Ohms and h is height, fitted separately for 

men (left) and women (right). Instance 0 values were used to fit the model, after filtering outliers with 

impedance < 360 Ohms. Identity lines are shown in blue. All terms in the model were estimated as 

significantly different from zero, and the R2 for men and women were 0.93 and 0.91 respectively, 

indicating that the proprietary model used to derive these fat-free mass values from the impedance 

measurements is well approximated by an equation of this form, as noted in previous studies  

(Janssen et al., 2000). A corollary of this is that estimated fat-free mass will have a positive genetic 

correlation with height. 

 

 

 

 

 

 

  



 19 

 

Supplementary Figure 7: Correlations of total body muscle water volume with age and height, 

stratified by sex. Scatter plots show total muscle water volume versus age (top) for men (left) and 

women (right); and versus height (bottom) for men (left) and women (right). As expected, muscle water 

volume decreases with age (top rows), and increases in an approximately linear fashion with height (fit of 

linear model with single predictor shown in blue).  
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Supplementary Figure 8: Comparisons between BIA-derived fat-free mass values obtained from UK 

Biobank, and predicted values using a linear model with age, sex and height, plus squared and interaction 

terms, for men (left) and women (right). The overall R2 for this model was 0.80, and 0.41 and 0.25 for 

men and women respectively. Percentage deviations from these predicted values were used to assess the 

effects on fat-free mass in excess of variation expected due to differences in height. Identity lines are 

shown in blue for reference. The fit for fat mass, defined as weight minus fat-free mass, was poor with 

this model (overall R2=0.08), suggesting that estimated fat mass may be less sensitive to variations in 

body size. 
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Supplementary Data Captions (data provided in Supplementary_Data.xlsx) 

For summary statistic tables, effect values are in standard deviation (SD) units for quantitative 

traits or odds ratios (ORs) for binary traits. Effect estimates and p-values for single-variant and 

gene burden tests were obtained via REGENIE v4.1, using default settings.  

The lci_effect and uci_effect columns indicate lower and upper bounds for the 95% confidence 

intervals. For quantitative traits these are calculated as ±1.96 standard errors from the effect 

estimate; for binary traits, the confidence interval is computed on the logistic scale and converted 

into OR units.  

The num_cases and num_controls columns indicate the total number of cases and controls 

included in the analysis. The case_ref, case_het, and case_alt columns indicate the case counts 

who respectively do not carry a variant in the burden test, are heterozygous for a variant included 

in the burden test, or homozygous for a variant included in the burden test.  

The control_ref, control_het, and control_alt columns indicate the control counts who 

respectively do not carry a variant in the burden test, are heterozygous for a variant included in 

the burden test, or homozygous for a variant included in the burden test.  

In all cases, our analyses were based on the GRCh38 genome assembly.  

 

Supplementary Data 1. List of cohorts included for each phenotype where cross-cohort meta-

analyses were available. 

Supplementary Data 2. List of all variants predicted to induce loss of function of MSTN as 

detected in whole exome sequencing data from 11 cohorts (see Supplementary Data 1 for cohort 

list). Positions are based on the GRCh38 genome assembly. 

Supplementary Data 3. Summary statistics for gene burden associations between  MSTN and 

quantitative traits related to lean mass and fat mass, including (1) MSTN pLoF + missense (5/5), 

AAF<0.5%, (2) MSTN pLoF, AAF<0.5%, and (3) MSTN non-function-disrupting missense, 

AAF<0.5% (the latter includes all missense variants not present in the other two categories). 

AAF indicates alternative allele frequency. pLoF indicates putative loss-of-function. Also 

included are summary statistics for sex-stratified analyses. 

Supplementary Data 4. Summary statistics for associations between MSTN gene burden 

variants and DXA-derived measures of lean and fat mass. AAF indicates alternative allele 

frequency. pLoF indicates putative loss-of-function. 

Supplementary Data 5. Summary statistics for associations between individual MSTN missense 

variants and measures of lean and fat mass. Positions are based on the GRCh38 genome 

assembly. 

Supplementary Data 6. Summary statistics for custom gene burden associations between 

MSTN missense masks and MRI-derived fat volume traits, including (1) MSTN pLoF + 

missense (5/5), AAF<0.5%, (2) MSTN any other missense, AAF<0.5%, and (3) MSTN any 

other missense, AAF<0.5% removing the Arg88Gln variant. AAF indicates alternative allele 

frequency. pLoF indicates putative loss-of-function. Also included are summary statistics for 

associations with the single Arg88Gln variant. 
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Supplementary Data 7. Summary statistics for associations between MSTN missense variants 

and cardiac wall thickness. Positions are based on the GRCh38 genome assembly. 

Supplementary Data 8. Summary statistics for gene burden test associations across 

cardiometabolic traits. AAF indicates alternative allele frequency. pLoF indicates putative loss-

of-function. 

Supplementary Data 9. Summary statistics for gene burden test associations across infertility-

related traits. Within the outcome column, FSHB indiciates follicle stimulating hormone subunit 

beta levels and PCOS indicates polycystic ovary syndrome. AAF indicates alternative allele 

frequency. pLoF indicates putative loss-of-function. 
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