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Supplementary Note 1 
Comparing BMI stratification and BMI covariates 2 

We explored how the BMI-stratified or BMI-unstratified PRSs predictions would change when BMI is 3 

included in the model as covariates to clarify the discrepancy between BMI stratification and BMI 4 

adjustment. We observed that the liability R2 for the low BMI targets was significantly improved in all 5 

conditions regardless of BMI adjustment (P < 1.0 × 10-4 for all; Extended Data Fig. 4 and Supplementary 6 

Table 5). We replicated similar results within the full model AUC evaluation as with R2 (Extended Data 7 

Fig. 5). The results of full model AUC also showed that BMI stratification provides greater improvements 8 

in absolute values of AUC compared to BMI adjustment as covariates. These results are consistent with 9 

the previous studies that showed only minimal differences in effect sizes for most T2D-associated variants 10 

in comparisons with and without BMI adjustment as covariates38,39. 11 

 12 
Pathway clustering without variant filtering 13 

Udler's clustering applies weight filtering to each variant and assigns the variant to the highest-weighted 14 

pathway. Thus, strictly written, Udler's clustering is soft clustering at the individual level, but exclusive 15 

clustering method at the variant level. Then, we also confirmed the results of soft clustering without variant 16 

filtering (Supplementary Figs. 8–11). Since the assigned variants in each pathway cluster increased, all 17 

clusters showed nominally significant improvement of polygenic prediction in the low BMI groups 18 

(Supplementary Table 9). We note that the unfiltered method does not keep independence among 19 

clusters since each pathway cluster partially shares the variants and corresponding genes. 20 

 21 
Assessment by net reclassification improvement 22 

To quantitatively assess the clinical impact of PRSs for individual risk under BMI stratification, we 23 

calculated net reclassification improvement (NRI) from the model without PRSs to the model including 24 

PRSs45–47. For calculating the categorical NRI, we adopted the percentile-based NRI with the threshold 25 

based on the case-control ratio of the dataset48. We also calculated the continuous NRI, which is an 26 

objective and comparable index without the bias of setting a threshold49. The results in BBJ showed that 27 

low BMI group showed significantly higher categorical NRI than that of high BMI group (P = 1.4 × 10-4, 28 



0.154 for low BMI and 0.123 for high BMI; Supplementary Fig. 14, and Supplementary Table 11). 29 

Continuous NRI showed similar results in BBJ (P = 6.2 × 10-5, 0.277 for low BMI and 0.221 for high BMI; 30 

Supplementary Table 11). In UKBB, the low BMI group showed significantly higher categorical NRI than 31 

that of high BMI group (P = 0.017, 0.099 for low BMI and 0.081 for high BMI, Supplementary Fig. 15, and 32 

Supplementary Table 12). Continuous NRI also showed concordant results to UKBB (P = 2.4 × 10-4, 33 

0.245 for low BMI and 0.193 for high BMI; Supplementary Table 12). We also confirmed that the results 34 

could be replicated in independent cohorts, Tohoku Medical Megabank Project (TMM) and the second 35 

cohort of BBJ (BBJ-2nd). NRIs in TMM showed the concordant direction while not significant 36 

(Supplementary Fig. 18, and Supplementary Table 13), and BBJ-2nd showed significantly higher NRIs 37 

in the low BMI group than in the high BMI group (P = 1.8 × 10-4 in categorical NRI, P = 2.4 × 10-5 in 38 

continuous NRI, Supplementary Fig. 19, and Supplementary Table 14). 39 

  40 



 41 

Supplementary Fig. 1 | BMI-stratified PRS heatmaps for T2D in BBJ (C+T). PRS heatmaps were 42 

performed with the clumping and thresholding method instead of the Bayesian method. We show a PRS 43 

heatmaps of three P-thresholds. The P-thresholds from top to bottom are: 1e-2 (a), 1e-3 (b), 1e-4 (c).  44 



 45 

Supplementary Fig. 2 | BMI-stratified PRS heatmaps for T2D in UKBB (C+T). PRS heatmaps were 46 

performed with the clumping and thresholding method instead of the Bayesian method. We show a PRS 47 

heatmaps of three P-thresholds. The P-thresholds from top to bottom are: 1e-2 (a), 1e-3 (b), 1e-4 (c).  48 

  49 



 50 
Supplementary Fig. 3 | Odds ratio curve of CAD prevalence for each BMI-stratified PRS. Odds ratio 51 

curves for each BMI-stratified PRS in each box are locally estimated scatterplot smoothing (LOESS) 52 

curves. On the left, a comparison is made between male and female samples and the total samples; in the 53 

middle, two BMI-stratified groups of the total samples; on the right, three BMI-stratified groups of the total 54 

samples. a Odds ratio curves for T2D in BBJ. b Odds ratio curves for T2D in UKBB.  55 



 56 

Supplementary Fig. 4 | BMI-stratified PRS heatmaps of T2D in BBJ for each pathogenic pathway. 57 

PRS heatmaps with different pathogenic pathways of a soft clustering model can be compared vertically. 58 

The values in PRS heatmaps are Fisher's z-transformation averages of pseudo-R2 calculated by the 59 

LOGO-PRS method. Red, high polygenic prediction accuracy; white, low polygenic prediction accuracy. 60 

The upper description of the heatmap represents the BMI group of the discovery population, and the left 61 

side represents that of the target population.  62 



 63 

Supplementary Fig. 5 | BMI-stratified PRS heatmaps of T2D in UKBB for each pathogenic pathway. 64 

PRS heatmaps with different pathogenic pathways of a soft clustering model can be compared vertically. 65 

The values in PRS heatmaps are Fisher's z-transformation averages of pseudo-R2 calculated by the 66 

LOGO-PRS method. Red, high polygenic prediction accuracy; white, low polygenic prediction accuracy. 67 

The upper description of the heatmap represents the BMI group of the discovery population, and the left 68 

side represents that of the target population.   69 



 70 

Supplementary Fig. 6 | BMI-stratified PRS heatmaps of T2D in BBJ for each pathogenic pathway 71 

evaluated using AUC. PRS heatmaps with different pathogenic pathways of a soft clustering model can 72 

be compared vertically. The values in PRS heatmaps are calculated by simple model AUC. Red, high 73 

polygenic prediction accuracy; white, low polygenic prediction accuracy. The upper description of the 74 

heatmap represents the BMI group of the discovery population, and the left side represents that of the 75 

target population.  76 



 77 

Supplementary Fig. 7 | BMI-stratified PRS heatmaps of T2D in UKBB for each pathogenic pathway 78 

evaluated using AUC. PRS heatmaps with different pathogenic pathways of a soft clustering model can 79 

be compared vertically. The values in PRS heatmaps are calculated by simple model AUC. Red, high 80 

polygenic prediction accuracy; white, low polygenic prediction accuracy. The upper description of the 81 

heatmap represents the BMI group of the discovery population, and the left side represents that of the 82 

target population.  83 



 84 

 85 

Supplementary Fig. 8 | BMI-stratified PRS heatmaps of T2D in BBJ for each pathogenic pathway 86 

without variant filtering. PRS heatmaps with different pathogenic pathways of a soft clustering model 87 

can be compared vertically. The values in PRS heatmaps are Fisher's z-transformation averages of 88 

pseudo-R2 calculated by the LOGO-PRS method. Red, high polygenic prediction accuracy; white, low 89 

polygenic prediction accuracy. The upper description of the heatmap represents the BMI group of the 90 

discovery population, and the left side represents that of the target population. 91 

 92 
  93 



 94 

Supplementary Fig. 9 | BMI-stratified PRS heatmaps of T2D in UKBB for each pathogenic pathway 95 

without variant filtering. PRS heatmaps with different pathogenic pathways of a soft clustering model 96 

can be compared vertically. The values in PRS heatmaps are Fisher's z-transformation averages of 97 

pseudo-R2 calculated by the LOGO-PRS method. Red, high polygenic prediction accuracy; white, low 98 

polygenic prediction accuracy. The upper description of the heatmap represents the BMI group of the 99 

discovery population, and the left side represents that of the target population. 100 
  101 



 102 

Supplementary Fig. 10 | BMI-stratified PRS heatmaps of T2D in BBJ for each pathogenic pathway 103 

without variant filtering evaluated using AUC. PRS heatmaps with different pathogenic pathways of a 104 

soft clustering model can be compared vertically. The values in PRS heatmaps are calculated by simple 105 

model AUC. Red, high polygenic prediction accuracy; white, low polygenic prediction accuracy. The upper 106 

description of the heatmap represents the BMI group of the discovery population, and the left side 107 

represents that of the target population. 108 
  109 



 110 

Supplementary Fig. 11 | BMI-stratified PRS heatmaps of T2D in UKBB for each pathogenic pathway 111 

without variant filtering evaluated using AUC. PRS heatmaps with different pathogenic pathways of a 112 

soft clustering model can be compared vertically. The values in PRS heatmaps are calculated by simple 113 

model AUC. Red, high polygenic prediction accuracy; white, low polygenic prediction accuracy. The upper 114 

description of the heatmap represents the BMI group of the discovery population, and the left side 115 

represents that of the target population. 116 
  117 



 118 
Supplementary Fig. 12 | BMI-stratified PRS heatmaps for CAD across biobanks. PRS heatmaps for 119 

the same target with different discovery populations can be compared vertically. The PRS heatmap for the 120 

same population coincidences with the total sample in Figure 4. a PRS heatmaps for CAD with BBJ as 121 

target population. b PRS heatmaps for CAD with UKBB as target population.  122 



 123 
Supplementary Fig. 13 | Odds ratio curve of CAD prevalence for each BMI-stratified PRS across 124 

biobanks. Odds ratio curves for each BMI-stratified PRS in each box are locally estimated scatterplot 125 

smoothing (LOESS) curves. On the left, the comparison is made with combinations of discovery and target 126 

populations; in the middle, two BMI-stratified groups in the meta-populational method; on the right, three 127 

BMI-stratified groups in the meta-populational method. a Odds ratio curves for CAD with BBJ as target 128 

population. b Odds ratio curves for CAD with UKBB as target population. High BMI, high BMI group; Mid 129 

BMI, middle BMI group; Low BMI, low BMI group; Total, total dataset including both male and female 130 

samples. 131 
  132 



 133 
Supplementary Fig. 14 | Sanky diagram of individual reclassification by including PRS in the model 134 

for BBJ targets. In each model, individuals with high probability were classified as positive and those with 135 

low probability as negative. Pink lines represent case individuals, and light blue lines represent control 136 

individuals. TP, true positive; FP, false positive; FN, false negative; TN, true negative. 137 

 138 

 139 
Supplementary Fig. 15 | Sanky diagram of individual reclassification by including PRS in the model 140 

for UKBB targets. In each model, individuals with high probability were classified as positive and those 141 

with low probability as negative. Pink lines represent case individuals, and light blue lines represent control 142 

individuals. TP, true positive; FP, false positive; FN, false negative; TN, true negative. 143 
  144 



 145 

Supplementary Fig. 16 | BMI-stratified PRS heatmaps and Odds ratio curves of T2D in TMM. a PRS 146 

heatmaps targeting TMM using PRS calculated from BBJ and UKBB. We defined the cut point for BMI 147 

stratification in TMM as BMI = 25, the criterion for obesity in Japan. The values in PRS heatmaps are 148 

Fisher's z-transformation averages of pseudo-R2 calculated by the LOGO-PRS method. b The values of 149 

PRS heatmaps were calculated by full model AUC. c The values of PRS heatmaps were calculated by 150 

simple model AUC. d Odds ratio curves for each BMI-stratified PRS in each box are locally estimated 151 

scatterplot smoothing (LOESS) curves. On the left, odds ratio curve of BMI-unstratified samples; on the 152 

right, a comparison is made between two BMI-stratified groups. 153 



 154 

Supplementary Fig. 17 | BMI-stratified PRS heatmaps and Odds ratio curves of T2D in BBJ-2nd. a 155 

PRS heatmaps targeting BBJ-2nd using PRS calculated from BBJ and UKBB. We defined the cut point for 156 

BMI stratification in BBJ-2nd as BMI = 25, the criterion for obesity in Japan. The values in PRS heatmaps 157 

are Fisher's z-transformation averages of pseudo-R2 calculated by the LOGO-PRS method. b The values 158 

of PRS heatmaps were calculated by full model AUC. c The values of PRS heatmaps were calculated by 159 

simple model AUC. d Odds ratio curves for each BMI-stratified PRS in each box are locally estimated 160 

scatterplot smoothing (LOESS) curves. On the left, odds ratio curve of BMI-unstratified samples; on the 161 

right, a comparison is made between two BMI-stratified groups.  162 



 163 
Supplementary Fig. 18 | Sanky diagram of individual reclassification by including PRS in the model 164 
for TMM targets. In each model, individuals with high probability were classified as positive and those 165 
with low probability as negative. Pink lines represent case individuals, and light blue lines represent control 166 
individuals. TP, true positive; FP, false positive; FN, false negative; TN, true negative. 167 
 168 

 169 
Supplementary Fig. 19 | Sanky diagram of individual reclassification by including PRS in the model 170 
for BBJ 2nd cohort targets. In each model, individuals with high probability were classified as positive 171 
and those with low probability as negative. Pink lines represent case individuals, and light blue lines 172 
represent control individuals. TP, true positive; FP, false positive; FN, false negative; TN, true negative. 173 
  174 



BMI 

cut point 

 type 2 diabetes  coronary artery disease   

 BBJ  UKBB  BBJ  UKBB   

 Male Female  Male Female  Male Female  Male Female   

1st tertile  24.62 24.03  28.97 28.20  24.98 24.80  30.23 30.48   

Median  23.34 22.47  27.30 26.08  23.71 23.28  28.35 28.07   

2nd tertile  22.04 21.03  25.80 24.31  22.53 21.85  26.74 26.03   

Supplementary Table 1 | BMI values used as cut points for BMI stratification. The median and tertile 175 

points of BMI in disease cases were used as cut points for BMI stratification. We set cut points of BMI 176 

separately for each of the sex and population groups. 177 

 178 

 179 

 180 

Number of 
BMI-stratified 

groups 

type 2 diabetes  coronary artery diseases 

Male 
Case 

Male 
Control 

Female 
Case 

Female 
Control Total  Male 

Case 
Male 

Control 
Female 
Case 

Female 
Control Total 

All samples 17,838 45,330 9,804 24,912 97,884  
17,100 56,646 5,550 18,384 97,680 

Two BMI groups 8,919 22,665 4,902 12,456 48,942  
8,550 28,323 2,775 9,192 48,840 

Three BMI groups 5,946 15,110 3,268 8,304 32,628  
5,700 18,882 1,850 6,128 32,560 

Supplementary Table 2 | Number of total cases and controls in BMI-stratified subsets. The number 181 

of samples was adjusted by stratified random sampling based on BMI values to prevent bias in GWAS 182 

heritability and polygenic prediction due to differences in the case-control ratios. The samples correspond 183 

among three types of stratified data sets. In stratified random sampling, we adjusted the number of case 184 

and control samples to match the smallest sample size groups in both biobanks. Thus, we used the same 185 

number of samples for the data sets in BBJ and UKBB. Total: the total of all combinations of male/female 186 

and case/control. 187 

 188 

 189 
  190 



    T2D   CAD   

    BBJ UKBB   BBJ UKBB   

Total  1.2×10-11 1.4×10-7  0.0045 0.42   

Male  0.0014 7.8×10-4  0.0045 0.14   

Female   1.5×10-4 0.15  0.28 0.80   

Supplementary Table 3 | P-values for likelihood ratio test of BMI-stratified polygenic prediction of 191 

T2D. The p-values were calculated by the likelihood ratio test of the group indicator in logistic regression 192 

analysis. 193 

 194 
 BBJ UKBB 

Total <1.0×10-15 1.6×10-15 

Male 1.1×10-5 1.6×10-7 

Female 8.1×10-7 0.020 

Supplementary Table 4 | P-values for Delong’s unpaired test in simple model AUC of BMI-stratified 195 

polygenic prediction of T2D. The p-values were calculated by the Delong’s unpaired test for simple 196 

model AUCs. 197 

 198 
    BBJ   UKBB   
    high BMI target low BMI target   high BMI target low BMI target   

Full AUC  <1.0×10-15 <1.0×10-15  <1.0×10-15 <1.0×10-15   
Simple AUC   1.2×10-5 <1.0×10-15   9.4×10-5 1.3×10-15   

Supplementary Table 5 | P-values for the difference of polygenic prediction of T2D between PRSs 199 

generated from high and low BMI discovery GWAS. The p-values were calculated by the Delong’s 200 

paired test for AUCs. 201 
  202 



Discovery Target BBJ UKBB 

BMI-unadjusted BMI-unadjusted 1.2×10-11 1.4×10-11 

BMI-unadjusted BMI-adjusted 2.0×10-10 8.8×10-5 

BMI-adjusted BMI-unadjusted 2.9×10-11 7.7×10-9 

BMI-adjusted BMI-adjusted 5.1×10-10 2.1×10-5 

Supplementary Table 6 | P-values for chi-square test of top 5% samples in BMI-stratified PRS. 203 

Covariates related to BMI could be included at two points in the polygenic predictive model, the discovery 204 

GWAS and the target regression analysis. We performed polygenic predictions with and without BMI 205 

adjustment at these two points and performed a likelihood ratio test of the group indicator in logistic 206 

regression analysis. 207 

 208 
Complication High BMI Low BMI P (logistic) 
Neuropathy 0.205 0.232 4.2×10-7 
Retinopathy 0.235 0.281 1.1×10-15 

Nephropathy 0.226 0.221 0.39 

Supplementary Table 7 | Differences in complication rates between BMI categories in BBJ. 209 

Complication rates in the high BMI and low BMI T2D cases in BBJ. The P-value of logistic regression 210 

analysis for the difference in complication rates. 211 

 212 

Pathway 
 BBJ  UKBB  

 LRT Delong  LRT Delong  

BetaCell  5.5×10-6 9.9×10-10  3.0×10-10 1.2×10-14  

Proinsulin  0.011 1.8×10-4  0.018 0.017  

Obesity  0.58 0.67  0.088 0.10  

Lipodystrophy  0.26 0.28  0.15 0.095  

Liver  0.94 0.97  0.59 0.68  

Supplementary Table 8 | P-values of BMI-stratified polygenic prediction of T2D in each pathogenic 213 

pathway. LRT, likelihood ratio test of the group indicator in logistic regression analysis; Delong, Delong’s 214 

unpaired test for simple model AUCs. 215 

  216 



Pathway 
  BBJ   UKBB   

  LRT Delong   LRT Delong   

BetaCell  3.6×10-7 1.3×10-11  1.8×10-11 1.1×10-16   
Proinsulin  3.4×10-5 6.8×10-8  8.0×10-7 2.2×10-8   

Obesity  0.26 0.038  0.0011 2.3×10-4   
Lipodystrophy  0.030 0.0036  1.7×10-5 4.0×10-8   

Liver   0.76 0.58   0.59 0.018   

Supplementary Table 9 | P-values of BMI-stratified polygenic prediction of T2D in each pathogenic 217 

pathway without variant filtering. LRT, likelihood ratio test of the group indicator in logistic regression 218 

analysis; Delong, Delong’s unpaired test for simple model AUCs. 219 

 220 
    BBJ target   UKBB target   
    Meta-PRS UKBB-PRS   Meta-PRS BBJ-PRS   

Full AUC  5.7×10-10 <1.0×10-15  3.2×10-10 <1.0×10-15   
Simple AUC   1.0×10-10 <1.0×10-15   5.5×10-13 <1.0×10-15   

Supplementary Table 10 | P-values for the difference of polygenic prediction of T2D between PRSs 221 
generated from different discovery GWAS. We statistically compared AUCs between same populational 222 
model and other populational model, such as meta-populational model or different populational model. 223 
The p-values were calculated by the Delong’s paired test for AUCs. 224 
 225 

  
  Categorical NRI   Continuous NRI   
  Case Control Total SE   Total SE   

High BMI  0.0880 0.0346 0.1226 0.0058  0.2206 0.0099   
Low BMI   0.1103 0.0434 0.1537 0.0057   0.2767 0.0099   

Supplementary Table 11 | NRI values of each BMI group in BBJ. For calculating the categorical NRI, 226 

we adopted the percentile-based NRI with the threshold based on the case-control ratio of the target 227 

dataset. P = 1.4 × 10-4 for categorical NRI and P = 6.2 × 10-5 for continuous NRI. The p-values were 228 

calculated by the Z test for NRIs. 229 

 230 

  
  Categorical NRI   Continuous NRI   
  Case Control Total SE   Total SE   

High BMI  0.0585 0.0230 0.0815 0.0053  0.1932 0.0100   

Low BMI   0.0711 0.0280 0.0991 0.0051   0.2446 0.0099   

Supplementary Table 12 | NRI values of each BMI group in UKBB. For calculating the categorical NRI, 231 

we adopted the percentile-based NRI with the threshold based on the case-control ratio of the target 232 

dataset. P = 0.017 for categorical NRI and P = 2.4 × 10-4 for continuous NRI. The p-values were calculated 233 



by the Z test for NRIs. 234 

 235 

  
  Categorical NRI   Continuous NRI   
  Case Control Total SE   Total SE   

High BMI  0.0897 0.0269 0.1166 0.0117  0.1915 0.0206   
Low BMI   0.0903 0.0271 0.1174 0.0117   0.2185 0.0206   

Supplementary Table 13 | NRI values of each BMI group in TMM. For calculating the categorical NRI, 236 

we adopted the percentile-based NRI with the threshold based on the case-control ratio of the target 237 

dataset. P = 0.95 for categorical NRI and P = 0.35 for continuous NRI. The p-values were calculated by 238 

the Z test for NRIs. 239 

 240 

  
  Categorical NRI   Continuous NRI   
  Case Control Total SE   Total SE   

High BMI  0.0575 0.0296 0.0870 0.0090  0.1948 0.0163   
Low BMI   0.0897 0.0461 0.1358 0.0095   0.2417 0.0162   

Supplementary Table 14 | NRI values of each BMI group in BBJ 2nd cohort. For calculating the 241 

categorical NRI, we adopted the percentile-based NRI with the threshold based on the case-control ratio 242 

of the target dataset. P = 1.8 × 10-4 for categorical NRI and P = 2.4 × 10-5 for continuous NRI. The p-243 

values were calculated by the Z test for NRIs. 244 

 245 
  246 
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