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Abstract 1 

Previous studies have shown that men and women have different genetic architectures 2 

across many traits. However, except waist-to-hip ratio (WHR) and waist circumference (WC), it 3 

remains unknown whether the genetic effects of a certain trait are weaker or stronger on 4 

men/women. With ~18,000 Taiwan Biobank subjects, we comprehensively investigate sexual 5 

heterogeneity in autosomal genetic effects, for traits regarding cardiovascular health, diabetes, 6 

kidney, liver, anthropometric profiles, blood, etc. “Gene-by-sex interactions” (G×S) were 7 

detected in 18 out of 26 traits, each with an interaction p-value (𝑃𝐼𝑁𝑇) less than 0.05 104⁄ =8 

0.00048, where 104 is the number of tests conducted in this study. The most significant evidence 9 

of G×S was found in WHR (𝑃𝐼𝑁𝑇 = 3.2× 10−55) and WC (𝑃𝐼𝑁𝑇 = 2.3× 10−41). As a novel G×S 10 

investigation for other traits, we here find that the autosomal genetic effects are weaker on 11 

women than on men, for low-density lipoprotein cholesterol (LDL-C), uric acid, and 12 

diabetes-related traits such as fasting glucose and glycated hemoglobin. For LDL-C and uric acid, 13 

the evidence of G×S is especially notable in subjects aged less than 50 years, where estrogen can 14 

play a role in attenuating the autosomal genetic effects of these two traits. Men and women have 15 

systematically distinct environmental contexts caused by hormonal milieu and their specific 16 

society roles, which may trigger diverse gene expressions despite the same DNA materials. As 17 

many environmental exposures are difficult to collect and quantify, sex can serve as a good 18 

surrogate for these factors. 19 

 20 

 21 

 22 
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Introduction 23 

Men and women are substantially different in many human complex traits, such as height 24 

and body mass index (BMI). Autosomal genetic effects of some anthropometric traits have been 25 

also found to vary with sex (1, 2). Randall et al. identified 7 loci displaying significant 26 

sex-difference in waist phenotypes (1 for waist circumference and 6 for waist-to-hip ratio), with 27 

consistently higher effect sizes on women for all 7 loci (1). Based on an even larger sample size, 28 

Winkler et al. identified 44 loci with sex-specific effects on waist-to-hip ratio, of which 28 29 

showed larger effects in women than in men (2). Sex-specific autosomal genetic effects have not 30 

been found in other anthropometric traits such as height, BMI, and hip circumference (HC), 31 

possibly due to the challenge of detecting subtle interactions between sex and individuals 32 

single-nucleotide polymorphisms (SNPs) (1). 33 

Some other studies have estimated sex-specific heritabilities across a spectrum of complex 34 

traits (3, 4). For example, the presence of sexual genetic heterogeneity was found in 13 out of 19 35 

traits (4). These studies have shown that men and women have different genetic architectures 36 

across many complex traits. However, except waist phenotypes (1, 2), it remains unknown 37 

whether the genetic effects of a certain trait are weaker or stronger on men/women. 38 

Above-mentioned study participants were of European or European American descent (1, 2, 39 

4). In Han Chinese, a population-based case-control study has found sex-specific genetic 40 

associations with longevity (5). Eleven male-specific and 11 female-specific longevity loci were 41 

identified at P-value < 10−5. Moreover, female specific association has been found between the 42 

Nicotinamide-N-methyltransferase (NNMT) gene and schizophrenia in a Han Chinese population 43 

(6). We still need a comprehensive study to investigate sex-specific autosomal genetic effects for 44 

various human complex traits. 45 
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It is challenging to unravel “gene-by-sex interactions” (G×S) through analyses of individual 46 

SNPs. First, the effect of each SNP-by-sex interaction is usually very small and therefore the 47 

statistical power is limited. Second, the follow-up multiple-testing correction will further 48 

compromise the statistical power. To address this difficulty, for each trait, we here constructed a 49 

polygenic score (PS) to aggregate the effects among an ensemble of SNPs, and then tested the 50 

interaction between PS and sex. The “PS weighted by Marginal effects of SNPs” (“PS-M”) 51 

approach developed in our previous methodology work (7) was used throughout this study. 52 

A total of 26 traits were investigated here, including 6 cardiovascular-related traits, 2 53 

diabetes-related traits, 3 kidney-related traits, 2 liver-related traits, 6 anthropometric traits, 5 54 

blood-related traits, educational attainment, and bone stiffness index (BSI). The PS-M approach 55 

(7, 8) was used to test the significance of G×S for each trait. Moreover, we indicated whether the 56 

autosomal genetic effects of each trait are weaker or stronger on men/women. 57 

[Table 1 is approximately here] 58 

Results 59 

Sexual dimorphism across all the 26 complex traits 60 

The average age of onset of menopause is 48~52 for Taiwan women according to the 61 

Taiwanese menopause society. The cardiovascular risks are elevated (9) and the bone density 62 

levels are decreasing (10) for postmenopausal women. In some previous related studies (1, 2), 63 

stratified analyses were performed according to the age cut-off of 50 years, as this cut-off 64 

coincides with the average age at menopause (2). Moreover, our data show completely different 65 

sex effects on low-density lipoprotein cholesterol (LDL-C) in subjects aged ≤ 50 vs. >50 66 

(Supplementary Data, Fig. S1). Therefore, we here also performed analyses for subjects aged 67 
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under 50 years (younger stratum) and subjects aged over 50 years (elder stratum), separately. 68 

Table 1 shows the presence of sexual dimorphism across all the 26 complex traits. The 69 

significance level throughout this study was set at 0.05 104⁄ = 0.00048, where 104 is the total 70 

number of tests listed in Tables 1 and 3 (26 traits × 2 age strata × 2 tables = 104 tests). All the 71 

26 complex traits are sexually dimorphic (𝑃𝐹 < 0.00048) in at least one age stratum.  72 

Women have significantly lower mean values than men in 20 traits, including diastolic 73 

blood pressure (DBP), systolic blood pressure (SBP), triglycerides (TG) (younger stratum), 74 

fasting glucose (FG), glycated hemoglobin (HbA1c) (younger stratum), creatinine, uric acid (UA), 75 

blood urea nitrogen (BUN), total bilirubin, albumin, height, BMI, waist circumference (WC), 76 

waist-to-hip ratio (WHR), red blood cells (RBC), white blood cells (WBC) (elder stratum), 77 

hemoglobin (Hb), hematocrit (HCT), educational attainment, and BSI. The sex difference in BSI 78 

is especially prominent for subjects aged over 50 years. Only in 4 traits women present 79 

significantly higher mean values than men: high-density lipoprotein cholesterol (HDL-C), body 80 

fat percentage (BFP), hip circumference (HC) (younger stratum), and platelet.  81 

For total cholesterol and LDL-C, substantially different results were observed from the two 82 

age strata (under 50 years and over 50 years). As shown in Table 1, in the younger stratum 83 

women have lower mean LDL-C than men by 7.41 mg/dL (𝑃𝐹 = 3.1 × 10−27), whereas in the 84 

elder stratum women have higher mean LDL-C than men by 6.93 mg/dL (𝑃𝐹 = 6.8 × 10−20). 85 

Similarly, younger women have lower mean total cholesterol than younger men (𝑃𝐹 = 6.3 ×86 

10−7), whereas elder women have higher mean total cholesterol than elder men (𝑃𝐹 = 7.6 ×87 

10−86).  88 

[Table 2 is approximately here] 89 
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Identification of 7 SNP-by-sex interactions 90 

A total of 3 SNPs were detected to interact with sex at the genome-wide significance level of 91 

5 × 10−8, in which 1 was found on UA and 2 were detected on WBC (upper part of Table 2). 92 

With the two-step approach, additional 4 SNPs were identified to interact with sex on UA, BFP, 93 

WHR, and Hb, respectively (lower part of Table 2). Figure 1 presents the interaction plots for 94 

these 7 SNPs. Exploring individual SNP-by-sex interactions is challenging, because of the low 95 

power in detecting subtle interactions between sex and individual SNPs. Moreover, the multiple 96 

testing correction would further compromise the statistical power. 97 

[Figure 1 is approximately here] 98 

[Table 3 is approximately here] 99 

The presence of PS-by-sex interactions in 18 out of 26 traits 100 

As shown in Table 3, G×S is significant in 18 traits for at least one age stratum (𝑃𝐼𝑁𝑇 < 101 

0.05
104⁄ = 0.00048). Among 18 traits showing significant PS-by-sex interactions, most �̂�𝐼𝑁𝑇s 102 

(Table 3) were in the same direction with �̂�𝐹s (Table 1), except 4 anthropometric traits (BMI, 103 

BFP, WC, and WHR), 2 blood-related traits (Hb and HCT (younger stratum)), and educational 104 

attainment (elder stratum). The most significant evidence of G×S was found in WHR. Each 1 sd 105 

increase in WHR-PS was associated with a 0.016 higher WHR in elder women than in elder men 106 

(𝑃𝐼𝑁𝑇 = 3.2 × 10−55), where 0.016 is approximately the length difference between the two bars 107 

in Figure 2 (F). Each 1 sd increase in WHR-PS was associated with a 0.011 higher WHR in 108 

younger women than in younger men (𝑃𝐼𝑁𝑇 = 1.1 × 10−38), where 0.011 is approximately the 109 

length difference between the two bars in Figure 2 (E). 110 
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[Figure 2 is approximately here] 111 

From Table 3, we can see that each 1 sd increase in WC-PS was associated with a 1.280 cm 112 

higher WC in elder women than in elder men (𝑃𝐼𝑁𝑇 = 2.3 × 10−41), where 1.280 cm is 113 

approximately the length difference between the two bars in Figure 2 (D). Each 1 sd increase in 114 

WC-PS was associated with a 0.913 cm higher WC in younger women than in younger men 115 

(𝑃𝐼𝑁𝑇 = 1.2 × 10−22), where 0.913 cm is approximately the length difference between the two 116 

bars in Figure 2 (C). Besides, Figure 2 (A) (B) show sex-specific PS effects on UA, where highly 117 

significant evidence of G×S was also detected. Each 1 sd increase in UA-PS was associated with 118 

a 0.223 mg/dL lower UA in younger women than in younger men (𝑃𝐼𝑁𝑇 = 3.6 × 10−26), where 119 

0.223 mg/dL is approximately the length difference between the two bars in Figure 2 (A). 120 

Discussion 121 

 Gene-environment interaction is defined as “a different genetic effect on phenotype in 122 

persons with different environmental exposures” (11). Similarly, in this work, the presence of 123 

G×S indicates a different genetic effect on complex trait “values” in men and in women. Some 124 

previous studies transformed phenotypes within each stratum (men ≤ 50 y, men > 50 y, women 125 

≤ 50 y, and women > 50 y) (1, 2) by mapping their within-stratum ranks to a standard normal 126 

distribution (4). These studies actually investigated whether genetic variants explain more/less 127 

“variance” in one or the other sex. Table S1 (Supplementary Data) presents our additional 128 

analyses on these rank normalized phenotypes. Except BFP, WC, and WHR, all significant G×S 129 

disappeared. This type of transformation removes heteroscedasticity in a phenotype between 130 

sexes. However, unequal phenotypic variability for the two sexes is a direct consequence of the 131 

presence of G×S (proved in the Supplementary Data) (12, 13). If we force the phenotypic 132 

variances for men and women to be equal, we may hardly detect different genetic effects on 133 
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complex trait “values” in men and in women. 134 

Except anthropometric traits (1, 2), few G×S studies have been done for other traits. We 135 

used the PS-M approach (7) and provided a comprehensive investigation of sexual heterogeneity 136 

in autosomal genetic effects, for traits related to cardiovascular profiles, diabetes, kidney, liver, 137 

anthropometric, blood, etc. PS aggregates the effects among an ensemble of SNPs across the 138 

genome. Therefore, we cannot pinpoint specific genes or SNPs that interact with sex. 139 

Because of less muscle, women on average have lower creatinine levels than men (14). 140 

Moreover, women have higher HDL-C (15, 16) and lower TG (17) than men. Different gender 141 

roles in our society lead to lifetime systematic differences in environmental exposures for men 142 

and women. According to the Ministry of Labor of Taiwan, women are, on average, more risk 143 

averse than men in choosing occupations. Heavier works are generally performed by men. 144 

Moreover, across Asia, Europe, Africa, and the Americas, men in general eat more meat than 145 

women (18), whereas women consume more fruits and vegetables (19). In our Taiwan Biobank 146 

(TWB) data, 5,369 subjects aged under 50 and 4,738 subjects aged over 50 completed the 147 

questionnaire regarding dietary habits. Consistent with most studies (18, 19), our TWB data also 148 

show that women have a higher frequency in eating vegetables and a lower frequency in eating 149 

meat than men. 150 

Because only a part of TWB subjects completed the dietary questionnaire, our regression 151 

analyses did not adjust for the dietary information. Compared with sex, information related to 152 

work, diet, and environmental exposures is much more difficult to collect. Moreover, the validity 153 

of data regarding environmental factors is usually compromised by measurement errors and recall 154 

bias. In contrast, sex is a relatively unambiguous factor and can serve as a good surrogate for 155 

subtle environmental exposures. 156 

 For LDL-C and UA, the evidence of G×S is much more significant in subjects aged under 157 
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50 years than in subjects aged over 50 years. The autosomal genetic effects of these 2 traits are 158 

weaker in women than in men. The evidence of G×S in these 2 traits is diluted in the elder 159 

stratum. Estrogen might play a role in blunting the autosomal genetic effects of these 2 traits. 160 

Previous studies have found that estrogen could reduce the risk of cardiovascular disease (20-22) 161 

and was associated with lower levels of LDL-C (23-28) and UA (29). Our findings in Table 1 162 

were in line with previous studies, where gender difference in these 2 traits is more notable in the 163 

younger stratum than that in the elder stratum. As shown in Table 3, our results show that 164 

estrogen might also play a role in attenuating the autosomal genetic effects of these 2 traits. For 165 

example, each 1 sd increase in LDL-C-PS was associated with a 2.29 mg/dL (𝑃𝐼𝑁𝑇 = 4.7 × 10−4) 166 

lower LDL-C in younger women than in younger men (Table 3). The evidence of G×S on 167 

LDL-C was no longer significant in the elder stratum.  168 

 Studies have shown that estrogen can mitigate bone loss for postmenopausal women (30, 169 

31). Our results showed that women have lower BSI than men in both age strata, and the 170 

difference is especially prominent for subjects aged over 50 years (the last row of Table 1). 171 

Moreover, while the evidence of G×S on BSI is not significant in the younger stratum, each 1 sd 172 

increase in BSI-PS was associated with a 2.217 lower BSI in elder women than in elder men 173 

(𝑃𝐼𝑁𝑇 = 5.0 × 10−12, the last row of Table 3). 174 

 Women in general have a healthier cardiovascular profile than men, including lower blood 175 

pressure levels, lower TG (younger stratum), lower total cholesterol (younger stratum), lower 176 

LDL-C (younger stratum), and higher HDL-C (Table 1). Moreover, women have lower values in 177 

FG, HbA1c (younger stratum), creatinine, UA, BUN, and total bilirubin, where high levels in 178 

these traits are indicators of diabetes (FG, HbA1c), worse kidney function (creatinine, UA, BUN), 179 

and worse liver function (total bilirubin), respectively. 180 
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 The genetic effects of some above-mentioned traits are weaker in women than in men, 181 

including: LDL-C (younger stratum), FG, HbA1c, UA, and total bilirubin (elder stratum) (Table 182 

3). Moreover, HDL-C is considered as “good cholesterol” in the sense that higher levels of 183 

HDL-C are associated with a lower risk of heart disease (32). From Table 3, we can see that the 184 

genetic effects of HDL-C are stronger in women than in men. Each 1 sd increase in HDL-C-PS 185 

was associated with a 1.53 mg/dL higher HDL-C in younger women than in younger men 186 

(𝑃𝐼𝑁𝑇 = 1.4 × 10−14), and a 1.63 mg/dL higher HDL-C in elder women than in elder men 187 

(𝑃𝐼𝑁𝑇 = 3.3 × 10−11). 188 

 In this study, sexual dimorphism was observed in all the 26 complex traits (Table 1). Among 189 

these 26 traits, 8 do not exhibit significant PS-by-sex interactions, including DBP, SBP, TG, total 190 

cholesterol, creatinine, BUN, albumin, and WBC (Table 3). 191 

Men and women have systematically distinct environmental contexts caused by hormonal 192 

milieu and their specific society roles, which may trigger different gene expressions even they 193 

have the same DNA materials. Although many subtle environmental factors are difficult to collect 194 

and quantify, sex can serve as a good surrogate for environmental exposures. 195 

Materials and Methods 196 

Taiwan Biobank 197 

The TWB aims at collecting genomic and lifestyle information from Taiwan residents aged 198 

30 to 70 years (33, 34). Informed consent was obtained from all individual participants included 199 

in this study. Participants took a physical examination and provided blood and urine samples. 200 

Moreover, their lifestyle factors were collected through a face-to-face interview with one of the 201 

TWB researchers. All procedures performed in this study involving human participants were in 202 
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accordance with the ethical standards of the Research Ethics Committee of National Taiwan 203 

University Hospital (NTUH-REC no. 201805050RINB) and with the 1964 Helsinki declaration 204 

and its later amendments or comparable ethical standards. 205 

Our study comprised 20,287 TWB individuals who have been whole-genome genotyped 206 

until October, 2018. To remove cryptic relatedness, we used PLINK 1.9 (35) to estimate the 207 

genome-wide identity by descent (IBD) sharing coefficients between any two subjects. Similar to 208 

many genetic studies (36-38), we excluded relatives within third-degree consanguinity by 209 

removing one subject from a pair with PI-HAT   0.125, where PI-HAT = Probability(IBD = 2) 210 

+ 0.5 Probability(IBD = 1). Finally, 18,425 unrelated subjects (9,094 males and 9,331 females) 211 

remained in the following analysis. 212 

Most TWB subjects were of Han Chinese ancestry (33). The Axiom Genome-Wide TWB 213 

genotyping array was designed for Taiwan’s Han Chinese and was run on the Axiom 214 

Genome-Wide Array Plate System (Affymetrix, Santa Clara, CA, USA). In the TWB array, a 215 

total of 646,783 autosomal SNPs were genotyped. A total of 51,293 SNPs with genotyping rates 216 

< 95%, 6,095 SNPs with Hardy-Weinberg test P-values < 75.7 10  (39), and 1,869 variants 217 

with minor allele frequencies < 1%, were removed from our analyses. To adjust for population 218 

stratification, we used the remaining 587,526 SNPs to construct ancestry principal components. 219 

10 traits obtained from physical examination or interview 220 

Traits obtained from a physical examination included anthropometric profiles such as height, 221 

BMI, BFP, WC, HC, and WHR. To have more reliable measurements, DBP of a subject was the 222 

average of two DBP measurements with a 5-minute rest interval, and SBP was obtained similarly. 223 

BSI was measured as the bone exam result of an individual. 224 
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Educational attainment was obtained through a face-to-face interview with one of the TWB 225 

researchers. It was recorded as a value ranging from 1 to 7, with the following coding: 1: 226 

“illiterate”, 2: “no formal education but literate”, 3: “primary school graduate”, 4: “junior high 227 

school graduate”, 5: “senior high school graduate”, 6: “college graduate”, and 7: “Master’s or 228 

higher degree”.  229 

The sample sizes of these 10 traits obtained from physical examination or interview ranged 230 

from 17,849 (8,787 males and 9,062 females) to 18,425 (9,094 males and 9,331 females). The 231 

sample size of each trait can be found from Table 1. 232 

16 traits obtained from blood or urine tests 233 

Five traits related to blood were under consideration, including RBC, WBC, platelet, Hb, 234 

and HCT. 235 

Four traits related to lipids were investigated, including TG, total cholesterol, LDL-C, and 236 

HDL-C. HDL-C and LDL-C are considered “good” and “bad” cholesterol, respectively. 237 

Numerous studies have demonstrated an inverse relationship between HDL-C and the risk of 238 

developing coronary heart disease (CHD) (40). Elevated LDL-C, elevated TG, and low levels of 239 

HDL-C were causally associated with an increased risk of CHD (41). 240 

Two traits related to diagnosis of diabetes, FG and HbA1c, were analyzed. An HbA1c level 241 

higher than 6.5% can be used to diagnose diabetes (42). Moreover, according to the American 242 

Diabetes Association (43) and the Ministry of Health and Welfare in Taiwan, an FG level lower 243 

than 100 mg/dL is considered normal, an FG level between 100 and 126 mg/dL is prediabetes, 244 

and an FG level higher than 126 mg/dL is an indicator of diabetes. 245 

Three traits related to kidney function were considered, including creatinine, UA, and BUN. 246 

Creatinine is a chemical waste product produced by muscle metabolism and meat consumption. 247 



13 

Because of more muscle mass and larger meat consumption (18), men generally have higher 248 

creatinine levels than women (Table 1). UA is a normal waste product made during the 249 

breakdown of purines. BUN is the amount of nitrogen in blood that comes from the waste 250 

product urea. In general, a BUN level around 7 to 20 mg/dL is considered normal. According to 251 

the Ministry of Health and Welfare in Taiwan, male creatinine higher than 1.4 mg/dL, female 252 

creatinine higher than 1.2 mg/dL, male UA higher than 7 mg/dL, female UA higher than 6 mg/dL, 253 

and BUN higher than 20 mg/dL are all indicators of worse kidney function. 254 

Two traits related to liver function, total bilirubin and albumin, were under investigation. 255 

Bilirubin is a substance made during the normal breakdown of RBCs. Bilirubin passes through 256 

liver and is eventually excreted out of the body. A higher bilirubin level than the normal range 257 

(0.2-1.2 mg/dL) may indicate liver problems or an increased rate of destruction of RBCs. 258 

Moreover, according to National Institutes of Health, albumin is a protein made by liver. It 259 

carries various substances throughout one’s body, such as enzymes, hormones, and vitamins. 260 

Lower than normal levels of albumin (3.8-5.1 g/dL) may indicate a problem in liver or kidneys. 261 

The sample sizes of these 16 traits obtained from physical examination or interview ranged 262 

from 18,412 (9,089 males and 9,323 females) to 18,416 (9,090 males and 9,326 females). The 263 

sample size of each trait can be found from Table 1. 264 

Definition of drinking, smoking, and regular exercise 265 

We here explain the definition of three covariates including drinking, smoking, and regular 266 

exercise. In TWB, drinking was defined as a subject having a weekly intake of more than 150 cc 267 

of alcohol for at least 6 months and having not stopped drinking at the time his/her traits were 268 

being assessed. Smoking was defined as a subject who had smoked for at least 6 months and had 269 

not quit smoking at the time his/her traits were being assessed. Regular exercise was defined as 270 
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engaging in 30 minutes of “exercise” three times a week. “Exercise” indicates leisure-time 271 

activities such as jogging, mountain climbing, yoga, etc. 272 

Sexual dimorphism in complex traits 273 

To test whether the trait differences between sexes are statistically significant, we regressed 274 

each trait according to the following model: 275 

𝑌 = 𝛽0 + 𝛽𝐹𝐹𝑒𝑚𝑎𝑙𝑒 + 𝜷𝑪𝑪𝒐𝒗𝒂𝒓𝒊𝒂𝒕𝒆𝒔 + 𝜀,                   (1) 276 

where Y is a trait or a natural log transformed trait, Female is coded as 1 for females and 0 for 277 

males, and 𝜀 is the random error term. Covariates included age (in years), BMI, drinking status 278 

(yes vs. no), smoking status (yes vs. no), performing regular exercise (yes vs. no), educational 279 

attainment (a value from 1 to 7), and the first 10 ancestry principal components. The definition of 280 

drinking, smoking, regular exercise, and educational attainment has been described above. BMI 281 

was not adjusted in the regression model when Y = height or BMI. Moreover, according to a 282 

previous study (44) and our investigation for TWB data, BFP is a better predictor than BMI for 283 

total bilirubin. Therefore, BFP (instead of BMI) was considered as a covariate for Y = total 284 

bilirubin. 285 

Six right-skewed traits were first natural log transformed before fitting the regression model 286 

(1), including TG, FG, HbA1c, creatinine, BUN, and total bilirubin. The natural log 287 

transformation was widely used for these 6 traits in previous studies (45-50). Moreover, the 288 

R-square of model (1) was notably improved if these 6 traits were natural log transformed. 289 

Therefore, the natural log transformation was made on these 6 traits throughout all regression 290 

models in this study. 291 
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SNP-by-sex interactions in 26 traits 292 

To identify SNPs that interact with sex, we considered the following model for each trait: 293 

     𝑌 = 𝛾0 + 𝛾𝑆𝑁𝑃,𝑗𝑆𝑁𝑃𝑗 + 𝛾𝐹𝐹𝑒𝑚𝑎𝑙𝑒 + 𝛾𝐼𝑁𝑇,𝑗𝑆𝑁𝑃𝑗 × 𝐹𝑒𝑚𝑎𝑙𝑒 + 𝜸𝑪𝑪𝒐𝒗𝒂𝒓𝒊𝒂𝒕𝒆𝒔 + 𝜀,     

𝑗 = 1,⋯ ,587526,  (2) 294 

where Y is a trait or a natural log transformed trait, 𝑆𝑁𝑃𝑗  is the number of minor alleles at the j
th

 295 

SNP (0, 1, or 2), covariates adjusted for each trait have been described under model (1), and 𝜀 is 296 

the error term. If the p-value of testing 𝐻0: 𝛾𝐼𝑁𝑇,𝑗 = 0 vs. 𝐻1: 𝛾𝐼𝑁𝑇,𝑗 ≠ 0 is less than the 297 

genome-wide significance level of 5 × 10−8, the j
th

 SNP will be declared to interact with sex. 298 

Besides, we also applied the two-step approach to SNP-by-sex interaction analysis (51). In 299 

the filtering step, each trait or natural log transformed trait (denoted by Y) was regressed on every 300 

SNP while adjusting for covariates, as follows: 301 

𝑌 = 𝛽0 + 𝛽𝑆𝑁𝑃,𝑗𝑆𝑁𝑃𝑗 + 𝜷𝑪𝑪𝒐𝒗𝒂𝒓𝒊𝒂𝒕𝒆𝒔 + 𝜀, 𝑗 = 1,⋯ ,587526.          (3) 302 

Notations have been described under models (1) and (2). By testing 303 

𝐻0: 𝛽𝑆𝑁𝑃,𝑗 = 0 vs. 𝐻1: 𝛽𝑆𝑁𝑃,𝑗 ≠ 0, we obtained marginal association p-value of the j
th

 SNP with Y.  304 

�̂�𝑆𝑁𝑃,𝑗 (estimated from model (3)) and 𝛾𝐼𝑁𝑇,𝑗 (estimated from model (2)) are 305 

asymptotically independent under the null hypothesis of no SNP-by-sex interaction (proved in 306 

corollary 1 of (52)). A two-step approach that first filters SNPs by a criterion independent of the 307 

test statistic (𝛾𝐼𝑁𝑇,𝑗 from model (2)) under the null hypothesis, and then only uses SNPs that pass 308 

the filter, can maintain type I error rates and boost power (51, 53). 309 

Suppose there are L SNPs with marginal association p-values less than 0.1 (the largest 310 

p-value threshold in the following PS-M approach is 0.1, and therefore we also use 0.1 here). In 311 

the testing step, we fitted model (2) for these L SNPs. If the p-value of testing 𝐻0: 𝛾𝐼𝑁𝑇,𝑗 =312 
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0 vs. 𝐻1: 𝛾𝐼𝑁𝑇,𝑗 ≠ 0 (𝑗 = 1,⋯ , 𝐿) is less than the Bonferroni-corrected significance level of 313 

0.05 𝐿⁄ , the j
th

 SNP will be declared to interact with sex. 314 

Polygenic scores of the 26 complex traits 315 

The PS-M method (7, 8) was used to test the presence of G×S for each of the 26 traits. This 316 

method incorporates a pruning stage and a filtering stage. We first pruned SNPs in high linkage 317 

disequilibrium (54, 55), with the PLINK 1.9 command “plink --bfile TWBGWAS --chr 1-22 318 

--indep 50 5 2” (35). This means that we excluded SNPs with a variance inflation factor > 2 319 

within a sliding window of size 50, where the sliding window was shifted at each step of 5 SNPs. 320 

A total of 142,040 SNPs remained through this pruning step. Each trait or natural log transformed 321 

trait (denoted by Y) was then regressed on every SNP while adjusting for covariates, as described 322 

by model (3). Let 𝑃𝑆𝑁𝑃,𝑗 be the p-value of testing 𝐻0: 𝛽𝑆𝑁𝑃,𝑗 = 0 vs. 𝐻1: 𝛽𝑆𝑁𝑃,𝑗 ≠ 0, i.e., the 323 

significance of the marginal association of the j
th

 SNP with Y (𝑗 = 1,⋯ ,142040). 324 

 Rather than using SNPs that achieved the genome-wide significance level (5 × 10−8), some 325 

studies have shown that a PS comprising more SNPs can improve the prediction for a phenotype 326 

(54, 56-58). SNPs interacting with sex may not necessarily exhibit a strong marginal association 327 

with the trait. To explore gene-environment interactions (or G×S here), the PS-M approach (7, 8) 328 

considers more liberal thresholds than the genome-wide significance level (5 × 10−8). To this 329 

end, 10 p-value thresholds (𝑃𝑡, 𝑡 = 1,⋯ ,10) are used in the PS-M approach, i.e., 0.0001, 330 

0.00025, 0.0005, 0.001, 0.0025, 0.005, 0.01, 0.025, 0.05, and 0.1 (7, 8). The PS under 𝑃𝑡 was 331 

calculated by 332 

𝑃𝑆𝑡′ = ∑ 𝐼(𝑃𝑆𝑁𝑃,𝑗 < 𝑃𝑡)�̂�𝑆𝑁𝑃,𝑗𝑆𝑁𝑃𝑗
142040
𝑗=1 , 𝑡 = 1,⋯ ,10,                (4) 333 

where �̂�𝑆𝑁𝑃,𝑗 (𝑗 = 1,⋯ ,142040) had been estimated from model (3), and 𝐼(𝑃𝑆𝑁𝑃,𝑗 < 𝑃𝑡) is 1 if 334 



17 

𝑃𝑆𝑁𝑃,𝑗 < 𝑃𝑡 and 0 otherwise. Because only SNPs associated with trait (at the significance level of 335 

𝑃𝑡) can be included in the calculation of 𝑃𝑆𝑡′, this is the so-called “marginal-association filtering” 336 

in gene-environment interaction analyses (51, 52, 59). The 𝑃𝑆𝑡′ is then transformed into a 337 

z-score to represent how many standard deviations (sds) the 𝑃𝑆𝑡′ is from the mean. Let 𝑃𝑆𝑡 be 338 

the z-scored 𝑃𝑆𝑡′. 339 

𝑆𝑁𝑃𝑗  is the number of minor alleles at the j
th

 SNP (0, 1, or 2). However, not all minor 340 

alleles are trait-increasing. Therefore, �̂�𝑆𝑁𝑃,𝑗 in formula (4) can be positive or negative 341 

(𝑗 = 1,⋯ ,142040). A positive �̂�𝑆𝑁𝑃,𝑗 indicates that the minor allele is trait-increasing, and a 342 

subject with more copies of the minor allele (more trait-increasing alleles) will have a larger 𝑃𝑆𝑡. 343 

In contrast, a negative �̂�𝑆𝑁𝑃,𝑗 represents that the minor allele is trait-decreasing, and a subject 344 

with more copies of the minor allele (more trait-decreasing alleles) will have a lower 𝑃𝑆𝑡. Finally, 345 

a higher 𝑃𝑆𝑡 is linked to a larger trait value. Although “polygenic risk score” or “genetic risk 346 

score” is a commonly used terminology, we avoid inserting “risk” into “polygenic score”. For 347 

some traits such as HDL-C and BSI, a higher PS is linked to a healthier profile. 348 

PS-by-sex interactions in 26 traits 349 

We then used 𝑃𝑆𝑡 (𝑡 = 1,⋯ ,10) to test for the presence of G×S. The following model was 350 

considered for each trait:   351 

𝑌 = 𝜙0 + 𝜙𝑃𝑆𝑡𝑃𝑆𝑡 + 𝜙𝐹𝐹𝑒𝑚𝑎𝑙𝑒 + 𝜙𝐼𝑁𝑇𝑡𝑃𝑆𝑡 × 𝐹𝑒𝑚𝑎𝑙𝑒 + 𝝓𝑪𝑪𝒐𝒗𝒂𝒓𝒊𝒂𝒕𝒆𝒔 

                   +𝝓𝑷𝑺𝑪𝑃𝑆𝑡 × 𝑪𝒐𝒗𝒂𝒓𝒊𝒂𝒕𝒆𝒔 + 𝝓𝑭𝑪𝐹𝑒𝑚𝑎𝑙𝑒 × 𝑪𝒐𝒗𝒂𝒓𝒊𝒂𝒕𝒆𝒔 + 𝜀,            (5) 352 

where Y is a trait or a natural log transformed trait, and 𝑃𝑆𝑡 is the z-scored PS under the t
th

 353 

p-value threshold, 𝑡 = 1,⋯ ,10. Covariates adjusted for each trait have been described under 354 

model (1). To further control confounding, 𝑃𝑆𝑡 × 𝑪𝒐𝒗𝒂𝒓𝒊𝒂𝒕𝒆𝒔 and 𝐹𝑒𝑚𝑎𝑙𝑒 × 𝑪𝒐𝒗𝒂𝒓𝒊𝒂𝒕𝒆𝒔 355 
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were also included in model (5) (60). Table S2 (Supplementary Data) presents the determination 356 

coefficients (R
2
) of model (5) for the 26 traits. 357 

Let 𝑃𝐼𝑁𝑇𝑡 be the p-value of testing 𝐻0: 𝜙𝐼𝑁𝑇𝑡 = 0 vs. 𝐻1: 𝜙𝐼𝑁𝑇𝑡 ≠ 0, where 𝑡 = 1,⋯ ,10. 358 

Because 10 tests have been performed, the Bonferroni-corrected p-value is 𝑃𝐼𝑁𝑇 = 10 ×359 

𝑚𝑖𝑛𝑡=1,⋯,10 𝑃𝐼𝑁𝑇𝑡. The presence of G×S will be declared if 𝑃𝐼𝑁𝑇 < 0.05 104⁄ = 0.00048, where 360 

104 is the total number of tests performed in this study (26 traits × 2 age strata, for sexual 361 

dimorphism tests (Table 1) and PS-by-sex interaction tests (Table 3), respectively). Although 362 

587,526 SNP-by-sex interaction tests were performed for each trait, they were considered as the 363 

results of a benchmark method. Therefore, these 587,526 × 26 tests were not counted in our 364 

total number of tests. 365 

Building PS with internal weights 366 

Although the same data set is used to estimate 𝛽𝑆𝑁𝑃,𝑗 from model (3) (𝑗 = 1,⋯ ,142040) 367 

and to test the significance of G×S in model (5), this PS-M approach is valid in the sense that the 368 

type I error rates are satisfactorily controlled (7). Corollary 1 of Dai et al. (52) has justified the 369 

validity of using marginal associations (between SNP and a trait) as the filtering test statistics, 370 

and the data-splitting strategy is not required. 371 

Building PS with internal weights has been widely used in gene-environment interaction 372 

analyses (7, 8, 51, 59, 61-63). Extracting weights from other cohorts or splitting data into two 373 

subsets is not required in the PS-M approach (7). The comprehensive simulations performed by 374 

Hüls et al. (61, 62) and Lin et al. (7) have confirmed that building PS with internal weights is 375 

appropriate for detecting gene-environment interactions. 376 
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Legends to Figures 565 

 566 

Figure 1  SNP-by-sex interactions detected at the genome-wide significance level (5 × 10−8, 567 

top row) or by the two-step approach (bottom row) 568 

 569 

Figure 2  The effect of PS on uric acid (UA), waist circumference (WC), and waist-to-hip ratio 570 

(WHR). 571 

Sex-stratified regression model was built as 𝑌 = 𝛽0 + 𝛽𝑃𝑆𝑃𝑆 + 𝜷𝑪𝑪𝒐𝒗𝒂𝒓𝒊𝒂𝒕𝒆𝒔 + 𝜀, where Y is 572 

a trait, 𝑃𝑆 is the polygenic score leading to the most significant gene-by-sex interactions, 573 

covariates have been described under model (1), and 𝜀 is the random error term. Four regression 574 

models were built for each trait, regarding younger females (age ≤ 50), younger males (age ≤ 575 

50), elder females (age > 50), and elder males (age > 50), respectively. The bars represent �̂�𝑃𝑆 576 

on a trait, and the black segments mark the 95% confidence intervals, i.e., [�̂�𝑃𝑆 − 1.96 ×577 

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑒𝑟𝑟𝑜𝑟 𝑜𝑓  �̂�𝑃𝑆,  �̂�𝑃𝑆 + 1.96 × 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑒𝑟𝑟𝑜𝑟 𝑜𝑓  �̂�𝑃𝑆]. 578 
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Younger stratum (age ≤ 50 y) Elder stratum (age > 50 y) 

Human complex traits No. of 

males 

No. of  

females 

Mean (sd)  

in males 

Mean (sd)  

in females 

Females 

relative to 

males 
1, 2

 

(𝑷𝑭) 

No. of  

males 

No. of  

females 

Mean (sd)  

in males 

Mean (sd) in  

females 

Females 

relative to 

males 
1, 2

 

(𝑷𝑭) 

6 cardiovascular-related traits 

Diastolic blood pressure 

(mmHg) 
4,917 5,071 

76.3  

(10.8) 

67.5  

(10.1) 

-6.48 

 (3.9E-189) 
4,177 4,260 

77.6  

(10.3) 

71.6  

(10.1) 

-5.24  

(1.1E-103) 

Systolic blood pressure 

(mmHg) 
4,917 5,071 

117.9  

(14.4) 

106.9  

(14.3) 

-8.18  

(4.2E-161) 
4,177 4,260 

126.5  

(16.7) 

121.3  

(18.0) 

-3.73  

(4.6E-21) 

Triglycerides (mg/dL) 4,916 5,067 
139.3  

(115.2) 

87.5  

(58.9) 

-22.81% 
1
 

(3.8E-120) 
4,174 4,258 

129.6  

(100.7) 

115.4  

(78.6) 

-1.94% 
1
 

(0.09) 

Total cholesterol (mg/dL) 4,916 5,067 
191.8  

(35.8) 

184.7 

 (32.9) 

-3.79  

(6.3E-07) 
4,174 4,258 

191.9  

(34.6) 

207.9  

(35.3) 

16.73  

(7.6E-86) 

LDL cholesterol (mg/dL) 4,916 5,067 
123.2  

(32.3) 

112.7  

(30.1) 

-7.41 
2
 

(3.1E-27) 
4,174 4,258 

121.9  

(31.1) 

128.3  

(31.8) 

6.93  

(6.8E-20) 

HDL cholesterol (mg/dL) 4,916 5,067 
47.7  

(10.9) 

58.0  

(12.8) 

7.77 

 (6.0E-206) 
4,174 4,258 

48.3  

(11.2) 

57.9  

(13.4) 

8.39  

(4.9E-189) 

2 diabetes-related traits 

Fasting glucose (mg/dL) 4,916 5,067 
96.2  

(22.0) 

89.9  

(14.5) 

-4.14% 
1
  

(5.3E-47) 
4,174 4,258 

102.8  

(25.8) 

97.5  

(19.7) 

-3.61% 
1
  

(3.9E-20) 

HbA1c (%) 4,916 5,068 
5.66  

(0.83) 

5.50  

(0.58) 

-1.09% 
1
  

(4.8E-07) 
4,174 4,258 

5.95  

(0.94) 

5.91  

(0.81) 

0.02% 
1
 

(0.95) 

3 kidney-related traits 

Creatinine (mg/dL) 4,916 5,067 
0.90  

(0.45) 

0.60  

(0.20) 

-32.68% 
1
 

(0 
3
) 

4,174 4,257 
0.91  

(0.33) 

0.63  

(0.25) 

-30.70% 
1
  

(0 
3
) 

Uric acid (mg/dL) 4,916 5,067 
6.62  

(1.37) 

4.65  

(1.03) 

-1.70  

(0 
3
) 

4,174 4,258 
6.34  

(1.36) 

5.13  

(1.15) 

-1.05  

(2.2E-267) 
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Younger stratum (age ≤ 50 y) Elder stratum (age > 50 y) 

Human complex traits No. of 

males 

No. of  

females 

Mean (sd)  

in males 

Mean (sd)  

in females 

Females 

relative to 

males 
1, 2

 

(𝑷𝑭) 

No. of  

males 

No. of  

females 

Mean (sd)  

in males 

Mean (sd) in  

females 

Females 

relative to 

males 
1, 2

 

(𝑷𝑭) 

Blood urea nitrogen 

(mg/dL) 
4,916 5,067 

13.2  

(3.9) 

11.3  

(3.0) 

-15.03% 
1
  

(1.2E-178) 
4,174 4,258 

15.1  

(4.1) 

14.1  

(4.1) 

-6.97% 
1
  

(1.3E-32) 

2 liver-related traits 

Total bilirubin (mg/dL) 4,916 5,067 
0.74  

(0.31) 

0.59  

(0.25) 

-23.29% 
1
  

(9.9E-192) 
4,174 4,258 

0.77  

(0.35) 

0.63  

(0.22) 

-18.83% 
1
  

(2.7E-125) 

Albumin (g/dL) 4,916 5,067 
4.69  

(0.22) 

4.52  

(0.23) 

-0.19  

(3.4E-299) 
4,174 4,258 

4.55  

(0.23) 

4.51  

(0.23) 

-0.04  

(4.3E-14) 

6 anthropometric traits 

Height (cm) 4,917 5,071 
171.5  

(6.0) 

158.9  

(5.4) 

-12.26  

(0 
3
) 

4,176 4,260 
167.2  

(5.9) 

155.5  

(5.3) 

-11.28  

(0 
3
) 

Body mass index (kg/m
2
) 4,917 5,071 

25.4  

(3.7) 

23.1  

(3.9) 

-2.38  

(9.0E-177) 
4,176 4,260 

24.9  

(3.0) 

23.9  

(3.3) 

-1.22  

(9.2E-59) 

Body fat (%) 4,798 4,967 
23.4  

(5.8) 

30.8  

(6.7) 

10.80  

(0 
3
) 

3,989 4,095 
22.3  

(5.1) 

32.4  

(6.0) 

11.63  

(0 
3
) 

Waist circumference (cm) 4,917 5,071 
87.4  

(9.7) 

78.7  

(9.6) 

-3.52  

(6.8E-224) 
4,176 4,260 

87.5  

(8.4) 

82.6  

(9.4) 

-2.49 

 (2.4E-86) 

Hip circumference (cm) 4,916 5,071 
98.5  

(6.9) 

95.3  

(7.4) 

0.54  

(1.4E-10) 
4,176 4,260 

96.4  

(5.9) 

94.9  

(6.6) 

0.19  

(0.04) 

Waist-to-hip ratio 4,916 5,071 
0.89  

(0.06) 

0.82  

(0.06) 

-0.04  

(2.1E-302) 
4,176 4,260 

0.91  

(0.05) 

0.87  

(0.07) 

-0.03  

(1.7E-97) 

5 blood-related traits 

Red blood cells 4,916 5,067 5.17  4.54  -0.60  4,173 4,257 4.97  4.55  -0.42  
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Younger stratum (age ≤ 50 y) Elder stratum (age > 50 y) 

Human complex traits No. of 

males 

No. of  

females 

Mean (sd)  

in males 

Mean (sd)  

in females 

Females 

relative to 

males 
1, 2

 

(𝑷𝑭) 

No. of  

males 

No. of  

females 

Mean (sd)  

in males 

Mean (sd) in  

females 

Females 

relative to 

males 
1, 2

 

(𝑷𝑭) 

(million/uL) (0.46) (0.42) (0 
3
) (0.48) (0.42) (1.4E-307) 

White blood cells 

(1000/uL) 
4,916 5,067 

6.36  

(1.63) 

6.05  

(1.61) 

0.07  

(0.03) 
4,173 4,257 

6.10  

(1.60) 

5.70  

(1.44) 

-0.22  

(3.5E-10) 

Platelet (1000/uL) 4,916 5,066 
235.7  

(51.3) 

264.7  

(61.5) 

35.73  

(1.3E-171) 
4,173 4,257 

214.5  

(50.8) 

237.4  

(54.2) 

24.39  

(1.4E-82) 

Hemoglobin (g/dL) 4,916 5,067 
15.21  

(1.15) 

12.75  

(1.36) 

-2.32  

(0 
3
) 

4,173 4,257 
14.87  

(1.23) 

13.26  

(1.04) 

-1.50  

(0 
3
) 

Hematocrit (%) 4,916 5,067 
46.7  

(3.7) 

40.3  

(3.8) 

-6.06  

(0 
3
) 

4,173 4,257 
45.6  

(3.8) 

41.5  

(3.3) 

-3.95  

(0 
3
) 

2 other traits 

Educational attainment 

(degree) 
4,914 5,068 

5.84  

(0.75) 

5.64  

(0.76) 

-0.34  

(8.8E-104) 
4,174 4,256 

5.37  

(1.04) 

4.88  

(1.14) 

-0.62  

(3.1E-141) 

Bone stiffness index 4,917 5,071 
99.1  

(17.8) 

96.1  

(16.2) 

-2.11  

(2.1E-08) 
4,175 4,260 

92.5  

(16.4) 

82.6  

(14.9) 

-9.57  

(9.8E-144) 

 582 

Table 1.  Sex-specific mean and standard deviation (sd) for each of the 26 complex traits, and the associations of sex with each complex trait 583 

(significant results with 𝑃𝐹 < 0.05 104⁄ = 0.00048 are highlighted) 584 

1 Six traits were natural log transformed, including triglycerides, fasting glucose, HbA1c, creatinine, blood urea nitrogen, and total bilirubin. For 585 

these six traits, (𝑒 𝑝(�̂�𝐹) − 1) × 100  is shown to represent the percent change in traits between females and males, while adjusting for the 586 

covariates listed under model (1). For example, younger females on average have lower triglycerides than younger males by 22.81% (𝑃𝐹 = 3.8 ×587 
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10−120), where 𝑃𝐹 is the p-value of testing 𝐻0: 𝛽𝐹 = 0 𝑣𝑠. 𝐻1: 𝛽𝐹 ≠ 0 in model (1). 588 

2 For other 20 traits, �̂�𝐹 is shown to represent the difference in traits between females and males, while adjusting for the covariates. For example, 589 

younger females on average have lower LDL cholesterol than younger males by 7.41 mg/dL (𝑃𝐹 = 3.1 × 10−27), where 𝑃𝐹 is the p-value of 590 

testing 𝐻0: 𝛽𝐹 = 0 𝑣𝑠. 𝐻1: 𝛽𝐹 ≠ 0 in model (1). 591 

3    
A P-value of “0” represents that the test is extremely significant. 592 
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Human complex traits Stratum SNP Chromosome Base pair P-value of SNP-by-sex 

interaction 

Detected at the genome-wide significance level of  ×   −  

Uric acid Younger (age ≤ 50 y) rs2231142 4 89052323 9.1E-9 

White blood cells Elder (age > 50 y) rs17640911 4 46853036 1.1E-8 

White blood cells Elder (age > 50 y) rs7658410 4 46971324 4.0E-8 

Detected according to the two-step approach 

Uric acid Younger (age ≤ 50 y) rs13120819 4 89160677 4.3E-7 

Body fat (%) Elder (age > 50 y) rs11764608 7 57350982 6.5E-7 

Waist-to-hip ratio Elder (age > 50 y) rs3133324 11 77899097 2.5E-7 

Hemoglobin Elder (age > 50 y) rs11726519 4 11232290 7.4E-7 

 593 

Table 2.  SNPs detected to interact with sex 594 
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Table 3 Younger stratum (age ≤ 50 y) Elder stratum (age > 50 y) 

Human complex traits Number of SNPs used 

to construct the PS 

PS effect in females 

relative to males 
1, 2

 

𝑷    Number of SNPs used 

to construct the PS 

PS effect in females 

relative to males 
1, 2

 

𝑷    

6 cardiovascular-related traits 

Diastolic blood pressure (mmHg) 15 -0.204  1 3764 -0.192  1 

Systolic blood pressure (mmHg) 15 0.833  4.5E-02 399 0.954  3.2E-02 

Triglycerides (mg/dL) 3842 -2.295 % 
1
   1.5E-03 810 -1.365 % 

1
 1 

Total cholesterol (mg/dL) 415 -2.085  8.1E-03 397 1.228  8.2E-01 

LDL cholesterol (mg/dL) 423 -2.294  4.7E-04 7193 0.521  1 

HDL cholesterol (mg/dL) 765 1.530  1.4E-14 411 1.631  3.3E-11 

2 diabetes-related traits 

Fasting glucose (mg/dL) 14131 -0.548 % 
1
 8.2E-05 752 -2.418 % 

1
 2.7E-16 

HbA1c (%) 7234 -0.553 % 
1
 6.8E-07 348 -1.925 % 

1
 1.2E-15 

3 kidney-related traits 

Creatinine (mg/dL) 1566 1.038 % 
1
 4.5E-02 1503 0.559 % 

1
 1 

Uric acid (mg/dL) 1575 -0.223
  2

  3.6E-26 3649 -0.139  9.4E-16 

Blood urea nitrogen (mg/dL) 742 1.453 % 
1
 1.3E-02 72 -0.782 % 

1
 1 

2 liver-related traits 

Total bilirubin (mg/dL) 1496 -1.369 % 
1
 3.7E-01 3669 -2.485 % 

1
 1.4E-04 

Albumin (g/dL) 3901 0.009  3.2E-02 51 -0.009  7.3E-01 

6 anthropometric traits 

Height (cm) 7653 -0.417  3.0E-05 1548 -0.442  8.0E-04 

Body mass index (kg/m
2
) 48 0.148  6.2E-01 765 0.241  1.9E-04 

Body fat (%) 14546 -0.749  9.9E-29 14606 -0.660  3.6E-18 

Waist circumference (cm) 416 0.913  1.2E-22 770 1.280  2.3E-41 

Hip circumference (cm) 87 0.261  1.0E-02 1556 0.401  6.3E-12 

Waist-to-hip ratio 780 0.011  1.1E-38 722 0.016  3.2E-55 

5 blood-related traits 
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Table 3 Younger stratum (age ≤ 50 y) Elder stratum (age > 50 y) 

Human complex traits Number of SNPs used 

to construct the PS 

PS effect in females 

relative to males 
1, 2

 

𝑷    Number of SNPs used 

to construct the PS 

PS effect in females 

relative to males 
1, 2

 

𝑷    

Red blood cells (million/uL) 1533 -0.035  6.6E-05 1532 -0.049  2.3E-10 

White blood cells (1000/uL) 3763 0.043  2.6E-01 3874 -0.069  2.2E-03 

Platelet (1000/uL) 1646 7.152  1.6E-15 3889 2.520  2.3E-03 

Hemoglobin (g/dL) 1498 0.191  8.0E-14 837 -0.153  6.4E-11 

Hematocrit (%) 1605 0.280  3.8E-04 876 -0.412  6.6E-09 

2 other traits 

Educational attainment (degree) 375 0.023  9.2E-01 392 0.096  1.6E-05 

Bone stiffness index 831 -0.995  3.5E-03 385 -2.217  5.0E-12 

 595 

Table 3.  Interaction between PS (polygenic score) and sex on each complex trait (significant results with 𝑃𝐼𝑁𝑇 < 0.05 104⁄ = 0.00048 are 596 

highlighted) 597 

1 Six traits were natural log transformed, including triglycerides, fasting glucose, HbA1c, creatinine, blood urea nitrogen, and total bilirubin. For 598 

these six traits, (𝑒 𝑝(�̂�𝐼𝑁𝑇) − 1) × 100  is shown to represent the percent change in PS effect size between females and males. For example, 599 

each 1 standard deviation increase in triglycerides-PS was associated with a 2.295 % lower triglycerides in younger women than in younger men 600 

(𝑃𝐼𝑁𝑇 = 1.5 × 10−3), where 𝑃𝐼𝑁𝑇 is the Bonferroni-corrected p-value for PS-by-sex interaction. 601 

2 For other 20 traits, �̂�𝐼𝑁𝑇 is shown to represent the difference in PS effect size between females and males. For example, each 1 standard 602 

deviation increase in UA-PS was associated with a 0.223 mg/dL lower UA in younger women than in younger men (𝑃𝐼𝑁𝑇 = 3.6× 10−26), where 603 

𝑃𝐼𝑁𝑇 is the Bonferroni-corrected p-value for PS-by-sex interaction.604 
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Abbreviations 605 

BFP: body fat percentage 606 

BMI: body mass index 607 

BSI: bone stiffness index 608 

BUN: blood urea nitrogen  609 

DBP: diastolic blood pressure 610 

FG: fasting glucose   611 

G×S: gene-by-sex interaction 612 

GWAS: genome-wide association study 613 

Hb: hemoglobin 614 

HbA1c: glycated hemoglobin 615 

HC: hip circumference 616 

HCT: hematocrit 617 

HDL-C: high-density lipoprotein cholesterol 618 

IBD: identity by descent 619 

LDL-C: low-density lipoprotein cholesterol 620 

PS: polygenic score 621 

PS-M: polygenic score weighted by marginal effects of single-nucleotide polymorphisms 622 

RBC: red blood cells 623 

SBP: systolic blood pressure  624 

sd: standard deviation 625 

SNP: single-nucleotide polymorphism 626 

TG: triglycerides 627 
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TWB: Taiwan Biobank 628 

UA: uric acid 629 

WBC: white blood cell 630 

WC: waist circumference  631 

WHR: waist-to-hip ratio 632 

 633 


