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Supplementary Figure 1:  Relative ΔR2 for “white British” and all individuals in UK Biobank.  Numerical 
values of relative ΔR2 are displayed for trait-context pairs with statistically significant differences (multiple 
testing correction for all 72×11 trait-context pairs in this figure; two-sided p < 0.05 / (72×11)). ‘*’ are displayed 
for context-trait pairs with nominally significant differences (multiple testing correction for 11 contexts; two-
sided p < 0.05 / 11). See Fig. 2 caption for additional details. Numerical results are reported in Supplementary 
Table 2. 
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(see next page) 
Supplementary Figure 2:  Estimated 𝛃𝝈 for “white British” and all individuals in UK Biobank. We show 
estimated 𝛽" in CalPred model. Numerical results are reported in Supplementary Table 2. 
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Supplementary Figure 3: Principal components calculated in UK Biobank and All of Us. PC1 and PC2 
were calculated across all individuals separately in UK Biobank and All of Us. We show self-reported 
race/ethnicity in UK Biobank and All of Us to help interpret PC1/PC2. We show the proportion of variance 
explained by PC1 and PC2 out of top ten PCs calculated in each dataset in x-axis and y-axis labels. 
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Supplementary Figure 4: Comparison of fitted parameters across populations and biobanks. We compare 
estimated 𝛽" across populations (a-b) and biobanks (c-d). Each dot denotes a trait-context pair. We separately 
annotate genetic principal component contexts and other contexts, because PC contexts only have small 
variations within Europeans (“white British” in UK Biobank or “white SIRE” in All of Us), therefore are not 
comparable between European and other populations. The regression slope is calculated across all estimated 
𝛽". For (c-d), we include traits that are shared across biobanks. Overall, we find that 𝛽" are highly consistent 
across populations and biobanks. 
 

 



 
Supplementary Figure 5: R2 and phenotypic variance across context groups for example traits. We 
calculate R2 between PGS and covariate-adjusted phenotypes as well as phenotypic variance by PC1 quintile, 
age quintile and sex for LDL, height and BMI across all individuals in UK Biobank. We determined that variable 
R2 across contexts were not solely driven by differences of phenotype variance in context strata. The relationship 
between R2 and phenotypic variance depends on the specific trait-context being studied. For example, height R2 

varies across age quintiles while the phenotypic variance remains relatively constant; BMI R2 stays relatively 
constant across age quintiles while the phenotypic variance varies. 
 
 
 



 
Supplementary Figure 6: (a) Correlation of PGS evaluated across All of Us individuals derived from UK Biobank 
GWAS when (1) regressing out age, sex, top 16 PCs and (2) separately regressing out age2, BMI, education 
years, income, or all of these contexts in addition to age, sex, top 16 PCs. By comparing results of separately 
regressing out each context with results regressing out all contexts, we determined that regressing out BMI had 
the most impact to context-specific accuracy. An exception is WHR regressed out of BMI, where PGS for WHR 
is only weakly correlated with PGS for WHR regressed out of BMI (correlation=0.75). This is expected because 
WHR regressed out of BMI (WHRadjBMI) has been routinely used as a standard derived phenotype as a proxy 
of abdominal adiposity and it has been shown that WHRadjBMI had moderate genetic overlap with WHR (Locke 
2015 Nature1). (b) Context-specificity patterns for PGS derived from GWAS regressing out contexts of age2, BMI, 
education years, income. These context-specificity patterns were similar to those in Fig. 3 without regressing out 
these contexts. (c) Consistency of relative ΔR2 for all context-trait pairs, with or without regressing out additional 
contexts when performing GWAS. 
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Supplementary Figure 7: Simulations with varying phenotype-prediction slopes. We simulated variable 
slopes (in regressing phenotypes against point predictions) in addition to variable prediction variances in Fig. 5. 
We applied CalPred with or without fitting the slope parameters (denoted by ‘with slope’ / ‘without slope’) and 
evaluated the coverage of prediction intervals. We simulate point predictions as 𝑦 ∼ 𝒩(𝑦( × )1 + ∑𝛽#,% ×
𝑐., exp)𝛽",& +∑ 𝛽",% × 𝑐% ., where true 𝛽#,'() = 0, 𝛽#,*)+ = 0.3, 𝛽#,,-. = −0.05. Other simulation settings were the 
same as in Fig. 5. (a) Example data with variable slope. Because 𝛽#,*)+ = 0.3, slopes between phenotype and 
point predictions were different between male and female. When interaction parameters 𝛽# were not fitted in the 
calibration, an overall fitted line was obtained. Consequently, at the extreme of point predictions, prediction 
intervals would have lower-than-expected coverages because of the shift in the mean predictions. (b) Coverage 
of prediction intervals evaluated across all 5,000 target individuals. CalPred produced prediction intervals with 
expected coverage level at the overall level regardless of whether interaction term is fitted or not. (c) Coverage 
was evaluated across 5% individuals at the tail distribution of point predictions (left tail~2.5%, right tail ~2.5%). 
When applied without fitted slope, prediction intervals had lower-than-expected coverage because of biased 
point predictions. When applied with fitted slope, prediction intervals resumed well-calibration at extremes of the 
distribution. (d) Numerical results of parameter estimation. We report the parameter values and 95% confidence 
intervals of estimated parameters across 100 simulations. ‘Constant slope’ column denotes simulations in Fig. 
5. ‘Variable slope (with slope)’ / ‘Variable slope (without slope)’ denotes simulations in (a-c) with / without fitting 
interaction term. We determined that when model is correctly specified (‘Constant slope’ and ‘Variable slope 
(with slope)’), parameter estimation was unbiased. When model is mis-specified (‘Variable slope (without slope)’), 
parameter estimation remained robust. For (b) and (c), each box plot contains results across 100 simulations 
(each box contains n=100 points). For box plots, the center corresponds to the median; the box represents the 
first and third quartiles of the points; the whiskers represent the minimum and maximum points located within 
1.5× interquartile ranges from the first and third quartiles, respectively. 
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Supplementary Figure 8: Data likelihood comparison of different modeling strategies in ten quantitative 
traits in All of Us. (a) We evaluated four modeling strategies with regard to their log-likelihood increase (ΔlogL) 
over baseline model (using PGS, age, sex, age*sex, age2, and top 10 PCs, BMI, smoking status, drinking, 
employment, income, current address years, education and constant prediction variance across individuals): (1) 
“PGSxC”: modeling PGSxC interaction in addition to baseline model; (2) “VbyC”: modeling context-specific 
variance which does not include PGS; (3) “PGSxC+VbyC”: modeling both PGSxC interaction and VbyC; (4) 
“PGSxC+VbyC(w/PGS)”: modeling PGSxC interaction and VbyC where VbyC also contains PGS. We found 
limited improvement of model fitting when including PGS in VbyC and therefore did not include PGS in the main 
analysis because model interpretation is more straightforward when prediction variance is solely a function of 
contexts. However, it is technically valid to include PGS in VbyC as genetic contexts may modify prediction 
precisions. (b) The summation of ΔlogL(PGSxC) and ΔlogL(VbyC) is approximately equal to 
ΔlogL(PGSxC+VbyC), indicating that PGSxC and VbyC components had independent contribution to data 
modeling. (c) Prediction R2 between prediction and phenotype for “context only”: using contexts excluding PGS; 
“context+PGS” using contexts and PGS; “context+PGS+PGSxC” using contexts, PGS and PGSxC interaction 
terms. Results for “context+PGS+PGSxC+VbyC” were not shown as including VbyC terms did not impact 
prediction R2. 
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Supplementary Figure 9: Consistency of prediction mean and SD with/without PGSxC interaction terms. 
Evaluation was performed in ten quantitative traits across All of Us individuals. PGSxC had moderate impact to 
prediction mean and had no impact to prediction SD, suggesting the VbyC and PGSxC captured independent 
aspects of trait modeling. 
 



 
Supplementary Figure 10: consistency of prediction mean and SD with/without PGS in modeling 
variance by contexts (VbyC). Evaluation was performed across ten quantitative traits in all individuals from All 
of Us. We determined including PGS in VbyC had no impact to prediction mean and had minor impact to the 
prediction SD. 
  



 
 
 

 
 
Supplementary Figure 11: correspondence between quantile normalized and raw LDL levels for UK 
Biobank (a) and All of Us (b). We plot distribution of LDL in raw unit of mg/dL in upper panels, and plot the 
correspondence between rank-based inverse normal transformed LDL and original LDL measurement in unit of 
mg/dL in lower panels. We note that distribution of LDL is right-skewed in both UK Biobank and All of Us. 
Therefore, the same unit increase in normalized scale at different LDL levels correspond to different amount of 
change in the original LDL measurement. 
 
  



 
 
 

 
Supplementary Figure 12: Results for other populations and traits in UK Biobank. We plot results for LDL 
and height in “white British”, and height in all individuals. (top panel) prediction R2 between phenotype and point 
predictions. (middle panel) coverage of generic vs. context-specific 90% prediction intervals. (bottom panel) 
average length of generic vs. context-specific 90% prediction intervals in each context. See Fig. 6 caption for 
more details. For box plots, the center corresponds to the median; the box represents the first and third quartiles 
of the points; the whiskers represent the minimum and maximum points located within 1.5× interquartile ranges 
from the first and third quartiles, respectively. Each box contains results across 30 random samples with each 
sample of 5000 training and 5000 target individuals (n=30 points for each box).   
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Supplementary Figure 13: Results for other traits in All of Us. We plot results for LDL and height in “white 
SIRE” and height in all individuals. (top panel) prediction R2 between phenotype and point predictions. (middle 
panel) coverage of generic vs. context-specific 90% prediction intervals. (bottom panel) average length of 
generic vs. context-specific 90% prediction intervals in each context. See Fig. 6 caption for more details. For box 
plots, the center corresponds to the median; the box represents the first and third quartiles of the points; the 
whiskers represent the minimum and maximum points located within 1.5× interquartile ranges from the first and 
third quartiles, respectively. Each box contains results across 30 random samples with each sample of 5000 
training and 5000 target individuals (n=30 points for each box). 
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Supplementary Figure 14: Comparison of model-predicted and observed SD levels incorporating all 
contexts. We display model-predicted versus observed prediction SDs across traits incorporating effects of all 
contexts in All of Us. We observed high consistency between expected model-predicted SD and observed 
prediction SD (standard deviation of differences between observed and predicted phenotypes). For each trait, 
we also show the overall prediction SD produced by a model without modeling VbyC (vertical black lines). Here 
we did not show results for education years which was coded with only four discrete levels in our analysis and 
was not suitable to calculate prediction SD designed for continuous values. 
 
 

 

Supplementary Figure 15: Prediction interval length in predicting LDL as a function of PC1 and age. 
Average length of context-specific 90% prediction intervals stratified by both five quintiles of PC1 and five 
quintiles of age. By contrasting individuals with youngest age and smallest PC1 (leftmost) quintiles versus those 
of oldest age and largest PC1 quintiles (rightmost), we find larger differences of prediction interval length across 
these subgroups compared to results obtained when single context (either age or PC1) is considered as in Fig. 
6. By considering the contribution of both age and PC1 (two largest contributors to context-specific accuracy), 
we detected larger differences for individuals with youngest age and smallest PC1 quintiles (more similar to 
European) versus those of oldest age and largest PC1 quintiles (less similar to European) (27.3 vs. 36.3 mg/dL, 
33% difference). Each box plot contains data across 30 random samples with each sample of 5,000 training 
individuals and 5,000 target individuals (n=30 points for each box plot), the center corresponds to the median; 
the box represents the first and third quartiles of the points; the whiskers represent the minimum and maximum 
points located within 1.5× interquartile range from the first and third quartiles, respectively.  
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Supplementary Figure 16: Variation of prediction SD accounting for all contexts in All of Us. (a) Ordered 
LDL prediction SD in unit of mg/dL. Gray lines denote prediction SD obtained with random sample of 5,000 
training and applied to 5,000 testing individuals. Red line denote prediction SD obtained from all individuals. (b) 
Box plots of results in (a) from individuals of LDL prediction SD quantile of 0-10%, 45-55%, 90-100% (n=96K 
individuals in total); the center corresponds to the median; the box represents the first and third quartiles of the 
points; the whiskers represent the minimum and maximum points located within 1.5× interquartile range from 
the first and third quartiles, respectively. 
 
 

 
Supplementary Figure 17: Variation of prediction standard deviation (SD) accounting for all contexts 
across prediction SD quintiles. Relative difference of prediction SD between top and bottom prediction SD 
quintiles (80-100% vs. 0-20%) for all traits in UK Biobank (a) and All of Us (b). Traits are ranked by prediction 
SD. See Fig. 7 for additional details. 
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Supplementary Figure 18: Comparison of different types of models in predicting disease traits in All of 
Us. We evaluated three modeling strategies in their (a) incremental data likelihood and (b) area under the curve 
(AUC) compared to baseline models. “Baseline”: a baseline model with prediction mean modeled using age, sex, 
age*sex, age2, BMI, and top 10 PCs; “Context”: additionally include contexts of smoking status, drinking, 
employment, income, current address years and education; “Context+PGSxC”: additionally include PGSxC 
interaction terms; “Context+PGSxC+VbyC”: additionally include VbyC terms. 
 

 
 
 
 
 
 

 
 

(see next four pages) 
Supplementary Figure 19: Calibration of predicted probability. Calibration curve of observed proportions 
versus predicted probabilities for different context groups in prediction models for all individuals in All of Us. We 
fit four models using different sets of predictors in regression across all individuals: “Baseline”: using PGS, age, 
sex, age*sex, age2, BMI, and top 10 PCs; “Baseline+C”: also including smoking status, drinking, employment, 
income, current address years and education; “Baseline+C+PGSxC”: also including corresponding PGSxC 
interaction; “Baseline+C+PGSxC; VbyC”: additionally model variance by contexts within a liability threshold 
model. For binary contexts, we show the calibration curve separately for two groups. For continuous context 
variables, we divided individuals into five quintiles and compared the calibration between top and bottom quintile 
groups. Error bars denote observed disease proportions and their 95% confidence intervals for each predicted 
probability bin (n=”number of individuals shown in parenthesis” / 20 bins). See Fig. 8 caption for additional details. 
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Supplementary Tables 
 
Supplementary Table 1: Trait information in UK Biobank. We report trait names, sample size used in training 
PGS weights, estimated heritability in the training sample, prediction R2 (between PGS and covariate-adjusted 
phenotypes) and sample sizes used in testing populations, separately for white British and all populations. These 
traits are selected for their sufficient predictive power and/or biological importance. 
 
Supplementary Table 2: Numerical results of relative ΔR2 and estimated 𝛃𝝈 in UK Biobank. We report trait, 
context, relative ΔR2 differences between groups, and z-score for the significance of R2 differences between 
groups. We also report 𝛃" estimates and their standard errors. 
 
Supplementary Table 3: Trait information in All of Us. We report trait names, prediction R2 (between PGS 
and covariate-adjusted phenotypes) and sample size used in testing populations, separately for self-reported 
race of white and all populations.  
 
Supplementary Table 4: Numerical results of relative ΔR2 and estimated 𝛃𝝈 in All of Us. We report trait, 
context, relative ΔR2 differences between groups, and z-score for the significance of R2 differences between 
groups. We also report 𝛃" estimates and corresponding standard errors. 
 
 
 
  



Supplementary Note 
 
Comparison to other PGS calibration methods 
The observation that PGS distribution differs across genetic ancestry continuum2 motivates methods that regress 
out effects of variables representing genetic ancestry from PGS distribution to facilitate comparison across 
individuals locating at different positions in genetic ancestry continuum3,4. However, such approaches may 
unintentionally remove true biological differences of PGS distribution across genetic ancestry continuum (e.g., 
African Americans have reduced neutrophil count explained by the large effect of a single Duffy-null SNP5) as 
they do not consider phenotype value distribution in calibration procedure; in addition, these approaches do not 
represent different standard errors in PGS predictions for individuals across genetic ancestry continuum. Our 
method CalPred leverages a set of calibration data to adjust point predictions across contexts according to true 
phenotype distribution. Compared to other data-driven calibration methods6, our approach provides a framework 
to incorporate context information. 
 
Comparison between single-context and combined-context analyses 
Here, we clarify differences between single-context and combined-context analyses. Overall, single-context 
analyses compared R2 between covariate-adjusted phenotypes and PGS, while combined-context analyses 
assessed how residual phenotypic variance increases by contexts in a regression model. Technically, single-
context analyses require discretization of continuous context variable into pre-specified groups to calculate R2 
differences across groups, while combined-context analyses use a regression model that naturally accommodate 
continuous context variable. Moreover, single-context analyses only consider one context variable at a time, 
while combined-context analyses consider multiple context variables jointly and can evaluate effect of each 
context variable conditional on other contexts. 
 
To illustrate their differences, we consider a model where phenotype 𝑦 is a function of predicted phenotype 𝑦( 
multiplied by a slope 𝑠 and environmental noise 𝑒: 𝑦 = 𝑠 ⋅ 𝑦( + 𝑒, and we discuss how 𝑅/(𝑦, 𝑦() varies as a function 
of both 𝑠 and Var[𝑒]. The slope 𝑠 can vary across contexts (e.g., phenotype-PGS regression slope 𝑠 can vary 
across sex (see ref.7). Here prediction R2 is 

𝑅/(𝑦, 𝑦() = 𝑅/(𝑠 ⋅ 𝑦( + 𝑒, 𝑦() =
𝑠/ ⋅ Var[𝑦(]

𝑠/ ⋅ Var[𝑦(] + Var[𝑒]
. 

Holding Var[𝑦(] as constant, 𝑅/(𝑦, 𝑦() increases with increasing 𝑠 and decreasing Var[𝑒] – variable 𝑅/ can result 
from variable slope 𝑠 when residual variance Var[𝑒] and prediction interval length are constant. Therefore, the 
distinction between single- and combined- context analyses is that single-context analyses models R2 while 
combined-context analyses models Var[𝑒]. 
 
Next, we performed case studies on two context-trait pairs (sex-BMI, sex-WHR) where we observed large 
differences between single-context and combined-context analyses. We focused on evaluation within white 
British individuals from UK Biobank to minimize confounding due to differences across ancestry groups. First, 
for sex-BMI, we observed almost no cross-sex difference in R2

PGS between covariate-adjusted phenotype and 
PGS, while we observed a significant 𝛽"(sex). We determined that this was because both	Var[𝑦(] and Var[e] 
varied proportionally across sex, while the ratio between the two 𝑅/(𝑦, 𝑦() did not vary substantially across sex. 
 

Sex R2 R2
PGS SD(pred) SD(resid) AVG(y) SD(y) 

Female 0.159 0.137 0.423 0.992 -0.12 1.082 
Male 0.146 0.136 0.343 0.809 0.139 0.875 

Supplementary Note Table 1. Statistics of PGS-based predictions of BMI across sex in UK Biobank. R2 denotes 
squared Pearson correlation between measured phenotype and predicted phenotype incorporating PGS, age, 
sex and top 10 PCs. R2

PGS denotes squared Pearson correlation between covariate-adjusted phenotype 
(adjusted for age, sex and top 10 PCs) and PGS. SD(pred), SD(resid), SD(y) denote standard deviation of 
predicted phenotype, residual phenotype and phenotype, respectively. AVG(y) denotes average of phenotype. 
 
Second, for sex-WHR, we observed lower R2

PGS
 between covariate-adjusted phenotype and PGS in male 

compared to female in single-context analyses, while the sign of 𝛽" indicated lower prediction residual error in 
male compared to female, which seemed to be inconsistent with results from R2

PGS. This was explained by that 



𝛽" 	captured the residual error level in trait prediction, and the overall R2 between prediction (with contribution 
from including PGS and other contexts) and phenotype is higher in male compared to female. This discrepancy 
between R2 and R2

PGS was because BMI – the context with the highest prediction power to WHR had a much 
higher effect in male compared to female. 
 

Sex R2 R2
PGS SD(pred) SD(resid) AVG(y) SD(y) 

Female 0.31 0.104 0.45 0.656 -0.603 0.79 
Male 0.438 0.064 0.48 0.541 0.702 0.721 

Supplementary Note Table 2. Statistics of PGS-based predictions of WHR across sex in UK Biobank. R2 
denotes squared Pearson correlation between phenotype and predicted phenotype incorporating PGS, age, sex 
and top 10 PCs. R2

PGS denotes squared Pearson correlation between covariate-adjusted phenotype (adjusted 
for age, sex and top 10 PCs) and PGS. SD(pred), SD(resid), SD(y) denote standard deviation of predicted 
phenotype, residual phenotype and phenotype, respectively. AVG(y) denotes average of phenotype. 
 
Overall, the commonly-used metric of R2

PGS between covariate-adjusted phenotype and PGS and 𝛽" in this work 
are related but different quantities for PGS-based predictions. The extent of concordance of the two metrics 
depends on the trait. Notably, 𝛽" we estimated here directly relates to individual-specific residual noise level 
when PGS and other contexts are jointly used to predict quantitative trait values.  
 
Investigating source of variable accuracy due to bias versus conditional variance 
With 𝑦0 = 𝒩)𝜇(𝐜0), 𝜎/(𝐜0)., CalPred models the variable conditional variance through 𝜎/(𝐜0). Therefore, CalPred 
performance relies on the unbiasedness of prediction mean 𝜇(𝐜0) to properly model the conditional variance term. 
We investigated the bias of prediction mean by comparing distribution of phenotype values versus prediction 
mean across contexts. We performed the comparison for three example traits of height, BMI and LDL across all 
individuals in UK Biobank.  

 

 



 
Across three example traits, we observed that the prediction mean tracked well with the phenotypic mean, 
indicating that prediction biases were small across context groups and that CalPred model assumption was valid. 
Meanwhile, more fine-grained modeling of prediction factors that capture more variation, for example, by 
modeling interactions between prediction factors will benefit CalPred model via more precise, and shorter, 
prediction intervals. 
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