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SUPPLEMENTAL METHODS 

Diet-Wide Association Study (DWAS) 

All statistical analyses were performed using R v3.2.3 (www.R-project.org). For all regression 

analyses individuals with partial or missing data were excluded. For each food item a multivariable 

linear regression adjusted for sex, age, body mass index, menopausal status, average daily calorie 

intake, years of education, exercise levels, and smoking status was conducted in the five cohorts 

separately. For each regression analysis the partial R2 (RB
2 ) attributable to the food item was calculated 

by comparing the regression R2 (RAB
2 ) to the R2 (RA

2 ) of a corresponding regression using all the 

adjusting variables, but not the food item using the ‘partial.R2’ function within the R ‘asbio’ 

package.[1] Analyses in ARIC, CARDIA, CHS, and FHS were additionally adjusted for whole-

genome principal component vectors one to four to account for cryptic relatedness (especially within 

FHS) that may cause inflation of test statistics owing to possible shared diet or heritability of serum 

urate levels. Principal components were calculated using publicly available whole-genome genotyping 

data (no genotype data were available for NHANES III) and the EIGENSOFT 2.0 SmartPCA 

program.[2] Regression beta values from the five cohorts were combined using an inverse-variance 

weighted meta-analysis with a Q-statistic calculated to detect any inter-cohort heterogeneity using the 

‘metagen’ function within the R meta package.[3] A fixed-effect model was used if there was no 

significant heterogeneity, with a random-effect model used in the presence of heterogeneity (PQ<0.1). 

The diet-wide association analysis was repeated with the inclusion of four scores estimating diet 

quality (each detailed below) as adjusting variables. Diet-wide significance was set at Pβ<7.94×10-4 

after Bonferroni correction for multiple testing (0.05 divided by 63 food items). For each food item 

the four basic statistical assumptions of a linear regression (linear relationship, multivariable 

normality, multi-colinearity, and homoscedasticity) were assessed by generating plots of the food item 

versus serum urate, the standardised residuals versus the normal distribution (quantile-quantile plot), 

and the standardised residuals versus the predicted values from the linear regression. These plots (not 

shown) did not indicate any substantial deviation from these basic statistical assumptions.  

 

Diet Score Construction 

Four diet scores were evaluated. The first was a Healthy Eating diet score calculated based on the 

Harvard Healthy Eating Pyramid (2008) and Healthy Eating Plate (2011) guidelines and an adaptation 

of the methodologies used by Nettleton et al.[4] Food frequency questions (in serves per week) were 

combined into four categories representing the different levels of the Harvard Healthy Eating Pyramid 



 

 

/ Plate [5] – Level 1: red meat, butter, refined grains, potatoes, sugar-sweetened beverages, and desserts 

or sweets; Level 2: dairy products (excluding butter) and alcohol; Level 3: nuts, seeds, beans, fish, 

poultry, and eggs; Level 4: vegetables, fruits, and whole grains. Quartiles of these four levels were 

determined and labelled numerically (0, 1, 2, 3) before being multiplied by a number representing each 

pyramid level. Level 1 was multiplied by negative two (least favourable), level 2 was multiplied by 

negative one, level 3 was multiplied by one, and level 4 was multiplied by two (most favourable). 

These values were summed to create a Healthy Eating score with a minimum value of -9 and a 

maximum value of 9, with a larger number indicating ‘healthier’ dietary habits (Figure S2).  

 

The second diet score was the ‘Dietary Approaches to Stop Hypertension (DASH)’ score calculated 

based on the DASH diet recommendations and a direct replication of the methodologies used 

previously.[6,7] Food items (in serves per week) were grouped into five food groups representing 

foods that are favourable in the DASH diet; fruits, vegetables, nuts or legumes, whole grains, and low-

fat dairy products. Two food groups representing foods that are unfavourable in the DASH diet were 

also created; red or processed meats and sugar-sweetened beverages. An estimate of the total sodium 

intake (calculated as part of the food to macro-nutrient conversion protocols performed by each 

study[8-12]) was included as a final food group that is unfavourable in the DASH diet. Each food 

group was classified into quintiles. Quintiles for foods that are favourable in the DASH diet was 

labelled in ascending order (1, 2, 3, 4, 5) and for labelled in decending order for foods that are 

unfavourable in the DASH diet (5, 4, 3, 2, 1). These component scores were summed together for each 

of the 8 food groups to create the final DASH diet score with a minimum value of 8 and a maximum 

value of 40, with a larger number indicating ‘healthier’ dietary habits (Figure S3).  

 

The third diet score was the Mediterranean diet score, constructed as previously described.[13] The 

index ascertains consumption of nine major food groups (non-refined cereals, potatoes, fruit, 

vegetables, legumes, fish, red meat, poultry, and full-fat dairy products), along with olive oil and 

alcohol intake. Olive oil was unable to be included as these data were not collected by all five of the 

study cohorts. Food items were grouped into the nine food groups, before each food group was split 

into six categories of consumption (0; >0, ≤ 1; >1, ≤ 2; >2, ≤ 3; >3, ≤ 4; and >4 serves per week). 

These categories were labelled from 0 to 5 in ascending order (0, 1, 2, 3, 4, 5) for the food groups 

favoured in the Mediterranean diet (non-refined cereals, potatoes, fruit, vegetables, legumes, and fish) 

and in descending order (5, 4, 3, 2, 1, 0) for the food groups not favoured in the Mediterranean diet 



 

 

(red meat, poultry, and full-fat dairy). Alcohol consumption was split into similar consumption 

categories, however those who reported consuming no alcohol were grouped with those who reported 

consuming >4 serves per week of alcohol (>0, ≤ 1; >1, ≤ 2; >2, ≤ 3; >3, ≤ 4; and >4 or 0 serves per 

week) as the Mediterranean diet considers alcohol intake of greater than 0 and less than 4 servings per 

week to be favourable. This definition of alcohol consumption categories was the same between males 

and females. The alcohol categories were labelled from 0 to 4 in descending order (4, 3, 2, 1, 0). The 

labelled food groups (and alcohol) were summed together to create the Mediterranean diet score, with 

a minimum value of 0 and a maximum value of 49, with a larger number indicating higher adherence 

to the Mediterranean diet (Figure S4). 

 

The final diet score was a data-driven measure of the true dietary patterns. To create this score the five 

cohorts were combined and the 37 food items with complete information in all cohorts were extracted 

(beer, liquor, wine, citrus juice, non-citrus juice, coffee, tea, diet soft drink, soft drink, butter, cheese, 

ice cream, skim milk, whole milk, yoghurt, cake or pie, chocolate, biscuits or muffins, fish, shellfish, 

citrus fruit, non-citrus fruit, brown bread, white bread, cold cereal, pasta, legumes, meat (beef, pork, 

or lamb), liver, poultry, potato, spinach, tomato, winter squash, margarine, eggs, chips or popcorn). A 

parallel factor analysis was conducted using these 37 food items to visualise the point of inflection and 

determine the number of factors to use (n=11) by comparing the scree plot from the actual data to 

simulated and resampled versions of the same data (Figure S5).[14] The 11 retained factors were 

rotated by an orthogonal transformation (varimax) - factors that had a sum of square loadings >1 were 

identified (n=1) and factor loadings (for each food item) >0.2 were extracted based on the 

methodologies of [14-17]. This resulted in the construction of a single data-driven diet score based on 

factor loadings for seven food items (non-citrus juice=0.22, soft drink=0.40, butter=0.34, white 

bread=0.47, pasta=0.21, meat (beef, pork, or lamb)=0.50, and chips or popcorn=0.30). Consumption 

of each food item (in serves per week) was multiplied by the corresponding factor loading and these 

values were summed together. The resultant data-driven diet score had a minimum value of 0 and a 

maximum value of 71, with a larger number indicating that an individual consumed higher amounts 

of the seven food items used to construct the score (Figure S6). 

 

The correlation between diet scores was assessed using a Pearson’s product-moment correlation test. 

The diet scores were included in separate multivariable linear regression of serum urate levels adjusted 

for sex, age, body mass index, menopausal status, average daily calorie intake, years of education, 



 

 

exercise levels, smoking status, whole-genome principal component vectors one to four for ARIC, 

CARDIA, CHS, and FHS, and alcohol for the DASH diet score analysis (the DASH diet score does 

not include a separate component for alcohol). Regression beta values from each cohort were combined 

using an inverse-variance weighted meta-analysis with a fixed-effect model if there was no significant 

heterogeneity, and a random-effect model if there was heterogeneity present (PQ<0.1). A p-value less 

than 0.05 was considered statistically significant for the diet quality score analyses. 

 

Genetic analysis 

The percentage of variance in serum urate explained by common genetic variants was assessed in two 

ways. Firstly, the 30 genome-wide significant variants identified in the largest European genome-wide 

association study[18] were obtained from the whole-genome genotyping data of the ARIC, CARDIA, 

CHS, and FHS cohorts. All variants were in Hardy-Weinberg equilibrium (P>0.01) within the 

combined analysis group, except for rs653178 (PHWE<0.001) and rs2079742 (PHWE=0.005). For these 

two SNPs the individual cohorts were in Hardy-Weinberg equilibrium, except rs653178 for ARIC 

(PHWE=0.002). A weighted genetic risk score was constructed from these genotypes and assessed for 

its contribution to serum urate variability. Where a particular variant in the genetic risk score was not 

directly genotyped, it was imputed using the IMPUTE2 imputation method and the 1000 Genomes 

phase 3 reference panel [19]. Imputation quality was high for all SNPs analysed (quality score ≥ 0.71). 

To create the genetic risk score genotypes were coded (0, 1, 2) to represent the number of urate-raising 

alleles present, as defined by the effect directions previously reported and were multiplied by the effect 

size (β-value; converted to µmol/L).[18] These weighted variables were summed together, resulting 

in a genetic risk score with a minimum value of 0 and a maximum value of 236.15. The genetic risk 

score was tested for association with serum urate levels using a multivariable linear regression, 

adjusted for sex, age, body mass index, menopausal status, average daily calorie intake, years of 

education, exercise levels, smoking status, and whole-genome principal component vectors one to 

four. The resultant regression beta values from each cohort were combined using an inverse-variance 

weighted meta-analysis. 

 

Secondly, non-imputed whole-genome genotypes for the ARIC, CARDIA, CHS, and FHS cohorts 

were merged, then filtered to exclude variants deviating from Hardy-Weinberg equilibrium (P<0.001), 

with a variant call rate (<70%), or a minor allele frequency<0.01 using PLINK v1.90,[20] before a 

genetic relationship matrix was created using GCTA v1.26.0.[21] The genetic heritability of serum 



 

 

urate was then calculated using the restricted maximum likelihood (REML) analysis procedure within 

GCTA v1.26.0. This heritability estimate was adjusted for sex, age, body mass index, menopausal 

status, average daily calorie intake, years of education, exercise levels, smoking status, and whole-

genome principal component vectors one to four.  

  



 

 

SUPPLEMENTAL TABLES 

Table S1. Demographic, anthropomorphic, and clinical summary for the five datasets. 

Values are shown as the mean ± standard deviation, or as the number of participants (percentage). For menopause status 
the percentage is of only the female participants. 

Table S2. Food frequency questionnaire answer categories and serves per week conversion 
factor. 

NHANES III did not specify portion size. CHS only specified relative portion size (small, medium, or large). ARIC, 
CARDIA, and FHS did not specify the same portion sizes. Portion size was not considered in this study. Category – possible 
answers as designated by the study questionnaire. Conversion – number of serves per week corresponding to the average 
category answer. 

Table S3. Summary of 63 comparable food items and their study-specific food frequency 
questions. 

/ – indicates items were asked about together on the questionnaire. ; – indicates questions that were combined before 
analysis to make food items comparable between studies. * – indicates not all data-sets had a comparable question, the 
number of asterisks represents the number of data-sets missing data. 

Table S4. Summary of the average consumption frequency for 63 food items after conversion to 
serves per week. 

All values are presented in serves per week. * – indicates not all data-sets were included in the analysis, the number of 
asterisks represents the number of data-sets missing data for this food item. n – number of participants. 

Table S5. Diet-wide association study results for the original and diet quality score adjusted 
analyses in the full cohort. 

n – number of participants analysed. β – inverse-variance weighted meta-analysis beta value, reflecting the change in serum 
urate level (µmol/L) per one extra serve per week of the food item. 95% CI – 95% confidence intervals of the beta value. 
Pβ – p-value for meta-analysis beta value, p-values in italics were nominally significant (Pβ<0.05; Pβ ≥ 7.94×10-04), p-
values in bold were diet-wide significant (Pβ<7.94×10-04). R2 – partial R2 value (RB

2 ) converted to a percentage (R2 * 100). 
PQ – p-value for the heterogeneity Q-statistic generated during the meta-analysis, if PQ<0.1 a random-effect model was 
used in the meta-analysis. * – indicates not all data-sets were included in the analysis, the number of asterisks represents 
the number of data-sets missing data. 

Table S6. Diet-wide association study results for the original and diet quality score adjusted 
analyses in the male-only cohort. 

n – number of participants analysed. β – inverse-variance weighted meta-analysis beta value, reflecting the change in serum 
urate level (µmol/L) per one extra serve per week of the food item. 95% CI – 95% confidence intervals of the beta value. 
Pβ – p-value for meta-analysis beta value, p-values in italics were nominally significant (Pβ<0.05; Pβ ≥ 7.94×10-04), p-
values in bold were diet-wide significant (Pβ<7.94×10-04). R2 – partial R2 value (RB

2 ) converted to a percentage (R2 * 100). 
PQ – p-value for the heterogeneity Q-statistic generated during the meta-analysis, if PQ<0.1 a random-effect model was 
used in the meta-analysis. * – indicates not all data-sets were included in the analysis, the number of asterisks represents 
the number of data-sets missing data. 

 



 

 

Table S7. Diet-wide association study results for the original and diet quality score adjusted 
analyses in the female-only cohort.  

n – number of participants analysed. β – inverse-variance weighted meta-analysis beta value, reflecting the change in serum 
urate level (µmol/L) per one extra serve per week of the food item. 95% CI – 95% confidence intervals of the beta value. 
Pβ – p-value for meta-analysis beta value, p-values in italics were nominally significant (Pβ<0.05; Pβ ≥ 7.94×10-04), p-
values in bold were diet-wide significant (Pβ<7.94×10-04). R2 – partial R2 value (RB

2 ) converted to a percentage (R2 * 100). 
PQ – p-value for the heterogeneity Q-statistic generated during the meta-analysis, if PQ<0.1 a random-effect model was 
used in the meta-analysis. * – indicates not all data-sets were included in the analysis, the number of asterisks represents 
the number of data-sets missing data. 

Table S8. Individual association results for the 30 SNPs used in the genetic risk score. 

NHANES III was unable to be included in these analyses owing to no genome-wide genotype date being available. Risk / 
Oth – risk or other allele. Freq – risk allele frequency. n – number of participants analysed. β – inverse-variance weighted 
meta-analysis beta value, reflecting the change in serum urate level (µmol/L) per risk allele. 95% CI – 95% confidence 
intervals of the beta value. Pβ – meta analysis p-value. R2 – partial R2 value converted to a percentage (R2 * 100). R2

No – 
R2 for no additional diet quality score adjustment. R2

HES – R2 for additional adjustment by the healthy eating score. R2
DASH 

– R2 for additional adjustment by the DASH diet score. R2
MDT – R2 for additional adjustment by the Mediterranean diet 

score. R2
Factor – R2 for additional adjustment by the data-derived diet score. PQ – p-value for the heterogeneity Q-statistic 

generated during the meta-analysis, if PQ<0.1 a random-effect model was used in the meta-analysis. PHWE - Hardy-
Weinberg p-value for all cohorts combined. For the two SNPs with a PHWE<0.01 (rs653178 and rs2079742) all individual 
cohorts had a PHWE ≥ 0.02, except the ARIC cohort for rs653178 (PHWE=1.56×10-03). 

Table S9. Interaction between the four diet quality scores and the genetic risk score. 

NHANES III was unable to be included in these analyses owing to no genome-wide genotype date being available. n – 
number of participants analysed. β – inverse-variance weighted meta-analysis of the interaction beta value, reflecting the 
change in serum urate level (µmol/L) per one unit increase in the diet score multiplied by the genetic risk score. 95% CI – 
95% confidence intervals of the beta value. Pβ – P-value for meta-analysis beta value, p-values in bold were considered 
significant (Pβ<0.05). R2 – partial R2 value (R2

B) converted to a percentage (R2 * 100). PQ – P-value for the heterogeneity 
Q-statistic generated during the meta-analysis, if PQ<0.1 a random-effect model was used in the meta-analysis. 
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SUPPLEMENTAL FIGURES 

Figure S1. Exclusion criteria for each data-set. 

Demographic and medical exclusion criteria are in normal font, dietary data exclusion criteria are in italics. The cohort 
sizes before and after exclusion are shown in bold font. Study-specific criteria were exclusion of related family members 
in the ARIC and NHANES III cohorts and exclusion of CHS individuals who were also part of the ARIC, Systolic 
Hypertension in the Elderly (SHEP), or NHANES III studies. CHS interviewers did not assess the reliability of participant’s 
food frequency questionnaire answers nor acquire data on gout status.  

Figure S2. Distribution of the Healthy Eating diet score in the ARIC (A), CARDIA (B), CHS (C), 
FHS (D), and NHANES III (E) cohorts. 

Solid blue line – smoothed density curve of the Healthy Eating diet score distribution. Dashed red line – smoothed density 
curve for a random approximation of the normal distribution for data of the same length, mean, and standard deviation. 

Figure S3. Distribution of the DASH diet score in the ARIC (A), CARDIA (B), CHS (C), FHS 
(D), and NHANES III (E) cohorts. 

Solid blue line – smoothed density curve of the DASH diet score distribution. Dashed red line – smoothed density curve 
for a random approximation of the normal distribution for data of the same length, mean, and standard deviation. 

Figure S4. Distribution of the Mediterranean diet score in the ARIC (A), CARDIA (B), CHS (C), 
FHS (D), and NHANES III (E) cohorts. 

Solid blue line – smoothed density curve of the Mediterranean diet score distribution. Dashed red line – smoothed density 
curve for a random approximation of the normal distribution for data of the same length, mean, and standard deviation. 

Figure S5. Parallel factor analysis scree plot of eigenvalues. 

Solid blue line / triangles – eigenvalues from the actual dietary data. Dotted red line – eigenvalues from simulated data had 
the same mean and variance as the original data, but with no correlations among the observed variables. Dashed red line – 
eigenvalues from resampled data generated from the original sample. The point where the eigenvalues for the simulated or 
resampled data crosses the eigenvalues from the actual data is the point of inflection, indicating the number of factor 
analysis vectors to retain for further analysis. 

Figure S6. Distribution of the data-driven diet score in the ARIC (A), CARDIA (B), CHS (C), 
FHS (D), and NHANES III (E) cohorts. 

Solid blue line – smoothed density curve of the data-driven diet score distribution. Dashed red line – smoothed density 
curve for a random approximation of the normal distribution for data of the same length, mean, and standard deviation. 

Figure S7. Correlogram of consumption of 63 food items (serves per week). 

Correlations were calculated using a Pearson’s product-moment correlation test in the full cohort. Blue indicates a positive 
correlation, orange a negative correlation. X – non-significant correlation p-value (PCor ≥ 2.6×10-5; Bonferroni multiple-
testing correction of 0.05 divided by 1,953 correlations), no mark indicates a significant correlation (PCor<2.6×10-5). 

Figure S8. Distribution of the genetic risk score in the ARIC (A), CARDIA (B), CHS (C) and 
FHS (D) cohorts.  

Solid blue line – smoothed density curve of the data-driven diet score distribution. Dashed red line – smoothed density 
curve for a random approximation of the normal distribution for data of the same length, mean, and standard deviation.  

 



 

 

Figure S1. Exclusion criteria for each data set. 

 

  

<18 Years Old

No Serum Urate 
Measurement

Non-European Ancestry

Not Whole-Genome 
Genotyped

Participant Has Gout

Participant Has Kidney 
Disease

Currently Taking Urate 
Lowering Therapies

Currently Taking 
Diuretics

Missing Any Covariate 
Data

Other Exclusion Criteria 
(Study Specific)

Answered <10% of Diet 
Questionnaire

Average Calorie Intake ≤ 
600 or ≥ 4,200 kcal/day

Answers Deemed 
Unreliable by Study

ARIC

15,485

N/A

162

3,995

1,707

427

137

11

1,229

970

350

5

135

99

6,258

CARDIA

3,622

6

40

1,647

262

22

63

0

9

78

N/A

1

134

25

1,335

CHS

5,582

N/A

131

878

1,308

N/A

141

68

625

147

7

14

309

N/A

1,954

FHS

4,148

0

131

23

205

31

162

0

109

63

N/A

325

82

40

2,977

NHANES III

33,994

13,559

3,939

9,620

N/A

293

174

18

669

330

608

2

546

0

4,236



 

 

Figure S2. Distribution of the Healthy Eating score in the ARIC (A), CARDIA (B), CHS (C), 

FHS (D), and NHANES III (E) cohorts. 

  



 

 

Figure S3. Distribution of the DASH diet score in the ARIC (A), CARDIA (B), CHS (C), FHS 

(D), and NHANES III (E) cohorts. 

  



 

 

Figure S4. Distribution of the Mediterranean diet score in the ARIC (A), CARDIA (B), CHS (C), 

FHS (D), and NHANES III (E) cohorts. 

  



 

 

Figure S5. Parallel factor analysis scree plot of eigenvalues. 

 

  



 

 

Figure S6. Distribution of the data-driven diet score in the ARIC (A), CARDIA (B), CHS (C), 

FHS (D), and NHANES III (E) cohorts. 

  



 

 

 

Figure S7. Correlogram of consumption of 63 food items (serves/week). 

 

  



 

 

Figure S8. Distribution of the genetic risk score in the ARIC (A), CARDIA (B), CHS (C) and 

FHS (D) cohorts. 
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