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Population and Design.  For this analysis, we utilized prospectively collected data on toenail mercury 
concentrations from prior nested prospective case-control studies of incident cardiovascular disease 
(CVD) in both cohorts (1; 2).  Toenail clippings were provided by 68% of HPFS participants in 1987 
and by 52% of NHS participants in 1982-1983, considered the baseline years for the present analyses.  
Participants providing toenail clippings had similar demographic, risk factor, and lifestyle characteristics 
as those not providing clippings (data not shown).  Because methylmercury exposure from seafood 
consumption was the primary exposure of interest (3), HPFS participants who were dentists were 
excluded from mercury measurements due to their common exposure to occupational elemental mercury 
related to dental amalgam procedures (4).  From among all NHS participants and HPFS non-dentist 
participants who had stored toenail samples and were free of cardiovascular disease at the time of toenail 
sampling, we measured toenail mercury concentrations in 9,308 men and women who either went on to 
develop coronary heart disease or stroke during follow-up or who were a matched control (matched on 
month of toenail sample return, age, sex, race, and smoking status), i.e. who did not develop coronary 
heart disease or stroke during an equivalent period of follow-up.  For the present analysis of incident 
diabetes, we excluded 41 participants with prevalent diabetes at the time of toenail sampling, leaving a 
total of 9,267 individuals with measured toenail mercury concentrations and free of diabetes at baseline. 
Assessment of Toenail Mercury Concentrations.   Toenail concentrations of mercury and of selenium 
were measured using neutron activation analysis at the University of Missouri Research Reactor by 
personnel unaware of the participants’ clinical information.  Details of analytical methods and 
information regarding validation of these measures have been reported (1).  Samples of nail clippings 
from all toes were combined, providing a time-integrated measure of exposure over approximately the 
prior year due to the long elimination half-life of methylmercury, the growth rate of toenails, and the 
differential length of time (distance) from cuticle synthesis to toenail clipping comparing the smallest to 
largest toes.  Sample mass was adequate for neutron activation analysis in all participants.  Mercury 
determinations were performed in 98 analytical batches between 2009 and 2011.  Potential laboratory 
drift was controlled by both standard comparison procedures for neutron activation analysis and 
repeated analysis of representative sample subsets.  Intra-assay CVs were 5.5% for mercury and 2.4% 
for selenium.  Mercury concentrations in toenails correlate well with concentrations in hair (r=0.70 to 
0.88), with an average calculated ratio of hair to toenail concentrations of about 2.7 (5-8).   
For assessing population health effects, the primary mercury species of interest is methylmercury, 
derived principally from fish intake.(3; 9)  In the absence of unusual occupational exposures, toenail 
mercury concentrations are an excellent biomarker of usual methylmercury exposure (4; 10-13).  For 
instance, consumption of tuna and other saltwater fish are primary dietary factors positively associated 
with toenail mercury (4; 10; 11).  In addition, when we speciated toenail mercury concentrations in a 
subset of participants, total mercury and methylmercury concentrations correlated nearly perfectly:  
Spearman correlation (r)=0.97, p<0.001.(1)  Similar findings have been seen for mercury concentration 
in hair (14), a similar highly keratinacious protein to toenails.  Toenail mercury concentrations at one 
timepoint also predict future exposure, with r=0.56 (p<0.001) for levels assessed in clippings obtained 6 
years apart (10), similar to correlations over time for widely used epidemiologic measures such as blood 
pressure (15).  In one cross-sectional study comparing several different biomarkers, mercury 
concentrations in toenails had stronger associations with several intermediate cardiovascular risk factors 
than concentrations in blood or hair (8).  Toenail selenium concentrations are also valid biomarkers of 
selenium exposure, responding to long-term changes in dietary consumption and correlating with whole 
blood and serum selenium levels (12; 13).  Reliability of toenail selenium levels over time is also 
reasonable: r=0.48 for levels in clippings obtained 6 years apart, p<0.001 (10).    
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Supplementary Table 1. Multivariable-Adjusted Risk of Incident Diabetes According to Mercury 
Exposure among 9,267 Men and Women in Two Separate Prospective US Cohorts.*  
 
 Decile of Toenail Mercury Concentration 

 D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 
P for 
Tren
d 

Mercury 
Median, 
μg/g  

0.07 0.11 0.14 0.17 0.21 0.25 0.31 0.39 0.53 0.93  

Geometric 
Mean, ug/g 

0.06 0.11 0.14 0.17 0.21 0.25 0.31 0.39 0.53 1.08  

Cases of 
Incident 
Diabetes 

123 110 119 105 93 93 92 89 94 92 
 
 

Age- and 
Sex-
Adjusted 
Hazard 
Ratio (95% 
CI) 

1.00  
(refer
ence) 

0.72  
(0.53, 
0.98) 

0.95  
(0.72, 
1.26) 

0.86  
(0.64, 
1.15) 

0.75  
(0.55, 
1.01) 

0.60  
(0.44, 
0.83) 

0.65  
(0.48, 
0.88) 

0.70  
(0.52, 
0.95) 

0.74  
(0.56, 
0.99) 

0.78  
(0.59, 
1.05) 

0.26 

Multivariab
le Hazard 
Ratio (95% 
CI) † 

1.00  
(refer
ence) 

0.70  
(0.52, 
0.96) 

0.90  
(0.68, 
1.21) 

0.85  
(0.63, 
1.14) 

0.72  
(0.53, 
0.99) 

0.57  
(0.41, 
0.80) 

0.61  
(0.45, 
0.85) 

0.67  
(0.49, 
0.92) 

0.69  
(0.51, 
0.93) 

0.71  
(0.52, 
0.98) 

0.16 

Multivariab
le+Diet 
Hazard 
Ratio (95% 
CI) ‡ 

1.00  
(refer
ence) 

0.67  
(0.49, 
0.91) 

0.81  
(0.61, 
1.08) 

0.80  
(0.60, 
1.08) 

0.66  
(0.49, 
0.91) 

0.56  
(0.40, 
0.79) 

0.58  
(0.42, 
0.80) 

0.67  
(0.48, 
0.92) 

0.64  
(0.47, 
0.88) 

0.65  
(0.47, 
0.90) 

0.11 

*Toenail mercury measures were measured as part of a prior nested case-control study of incident 
cardiovascular disease, so analyses were weighted according to the inverse probability of each 
individual being sampled from the cohorts.  Compared to a weight of one for cardiovascular cases, 
controls received a weight of 17 in the Nurses Health Study (women) and 24 in the Health Professionals 
Follow-up Study (men).   
†Adjusted for age (years), sex, race (white, nonwhite), region (West, Midwest, South, Other), month of 
toenail return, family history of diabetes (yes, no), smoking status (never, former, current), body mass 
index (kg/m2, quintiles), hypertension (yes, no), hypercholesterolemia (yes, no), future cardiovascular 
disease case-control status (case, control), physical activity (METS/wk, quintiles), alcohol use 
(drinks/wk, quintiles), and fish consumption (5 categories).  
‡Further adjusted for consumption of whole grains (g/day, quintiles), unprocessed meats (servings/day, 
quintiles), processed meats (servings/day, quintiles), fruits (servings/day, quintiles), and vegetables 
(servings/day, quintiles). 
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Supplementary Table 2. Sensitivity Analyses. 

*Toenail mercury measures were measured as part of a prior nested case-control study of incident 
cardiovascular disease, so analyses were weighted according to the inverse probability of each 
individual being sampled from the cohorts.  Compared to a weight of one for cardiovascular cases, 
controls received a weight of 17 in the Nurses Health Study (women) and 24 in the Health Professionals 
Follow-up Study (men).  Hazard ratios are adjusted for age (years), sex, race (white, nonwhite), US 
region (West, Midwest, South, Other), month of toenail return, family history of diabetes (yes, no), 
smoking status (never, former, current), body mass index (kg/m2, quintiles), hypertension (yes, no), 
hypercholesterolemia (yes, no), future cardiovascular disease case-control status (case, control), physical 
activity (METS/wk, quintiles), alcohol use (drinks/wk, quintiles), and consumption of fish (<1 
time/month, 1-3 times/month, 1 time/week, 2-4 times/week and 5+times/week), whole grains (g/day, 
quintiles), unprocessed meats (servings/day, quintiles), processed meats (servings/day, quintiles), fruits 
(servings/day, quintiles), and vegetables (servings/day, quintiles). 
†To minimize potential for reverse causation due to presence of unrecognized subclinical diabetes at 
baseline. 
‡To minimize bias or attenuation toward the null due to changes in mercury exposure over time. 
 
 
 
 
 
 
 
 
 

 
 

N 

Case
s of 
Incid
ent 
Diab
etes  

Quintile of Toenail Mercury Concentration* 

Q1 Q2 Q3 Q4 Q5 
P for 
Tren
d 

Excluding Diabetes Cases 
Occurring within the First Two 
Years of Follow-up † 

  
      

Number of Cases   227 222 180 173 184  

Multivariable Hazard Ratio 
(95% CI) 

9,24
3 

986 
1.00 
(referen
ce) 

1.02 
(0.82, 
1.27) 

0.76 
(0.60, 
0.96) 

0.76  
(0.60, 
0.98) 

0.82  
(0.64, 
1.04) 

0.10 

Restricted to Diabetes Cases 
Occurring within the First Ten 
Years of Follow-up ‡ 

        

Number of Cases     80 73 74 65 64  

Multivariable Hazard Ratio 
(95% CI) 

8,61
3 

356 
1.00 
(referen
ce) 

1.09  
(0.73, 
1.63) 

0.85  
(0.56, 
1.31) 

0.88  
(0.57, 
1.36) 

0.74  
(0.47, 
1.16) 

0.10 
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Supplementary Table 3.  Multivariable-Adjusted Risk of Incident Symptomatic Diabetes According to 
Mercury Exposure among 8,749 US Men and Women in Two Separate Prospective Cohorts.* 

*Restricting the analyses to symptomatic cases only (48.7% of all cases) who reported at least one 
classic symptoms at the time of diagnosis; individuals diagnosed based on elevated glucose measures 
alone were excluded from this analysis.  Analyses were weighted according to the inverse probability of 
each individual being sampled from the overall cohorts.   
†Based on sex-specific quintile cutpoints when women and men were evaluated separately, and overall 
quintile cutpoints when men and women were combined. 

 Quintile of Toenail Mercury Concentration†  

 Q1 Q2 Q3 Q4 Q5 
P for 
Trend 

Women  (N=6,324) 

Mercury Median, μg/g 0.09 0.15 0.21 0.31 0.56  
Geometric Mean, μg/g  0.08 0.15 0.21 0.31 0.64  
Cases of Incident 
Diabetes (total: 386) 

100 85 69 59 73 
 

Hazard Ratio (95%CI)       

Age and Sex-Adjusted 
1.00 

(reference) 
0.64 

(0.44, 0.92) 
0.72 

(0.50, 1.02) 
0.48 

(0.32, 0.71) 
0.78 

(0.56, 1.09) 
0.41 

Multivariable‡ 
1.00 

(reference) 
0.64 

(0.44, 0.93) 
0.74 

(0.51, 1.06) 
0.47 

(0.31, 0.72) 
0.79 

(0.54, 1.14) 
0.62 

Multivariable+Diet§ 
1.00 

(reference) 
0.63 

(0.43, 0.93) 
0.72 

(0.50, 1.05) 
0.48 

(0.31, 0.72) 
0.79 

(0.54, 1.14) 
0.61 

Men  (N=2,425)      

Mercury Median, μg/g 0.10 0.19 0.30 0.48 0.92  
Geometric Mean, μg/g  0.09 0.19 0.30 0.48 1.04  
Cases of Incident 
Diabetes (total: 106) 

31 19 15 23 18 
 

Hazard Ratio (95%CI)       

Age and Sex-Adjusted 
1.00 

(reference) 
0.99 

(0.57, 1.72) 
0.38 

(0.18, 0.78) 
0.61 

(0.32, 1.13) 
0.79 

(0.44, 1.41) 
0.49 

Multivariable‡ 
1.00 

(reference) 
1.01 

(0.56, 1.80) 
0.39 

(0.18, 0.82) 
0.57 

(0.29, 1.13) 
0.70 

(0.35, 1.36) 
0.38 

Multivariable+Diet§ 
1.00 

(reference) 
1.07 

(0.57, 1.99) 
0.48 

(0.22, 1.05) 
0.55 

(0.27, 1.12) 
0.79 

(0.38, 1.62) 
0.53 

All Participants Combined  (N=8,749) 

Mercury Median, μg/g 0.09 0.16 0.23 0.34 0.65  
Geometric Mean, μg/g  0.08 0.16 0.24 0.36 0.75  
Cases of Incident 
Diabetes (total: 492) 

106 136 106 82 81  

Hazard Ratio (95%CI)       

Age and Sex-Adjusted 
1.00 

(reference) 
0.87 

(0.65, 1.17) 
0.56 

(0.40, 0.78) 
0.53 

0.38, 0.74) 
0.73 

(0.54, 0.98) 
0.07 

Multivariable‡ 
1.00 

(reference) 
0.89 

(0.66, 1.21) 
0.56 

(0.40, 0.79) 
0.54 

(0.38, 0.77) 
0.69 

(0.49, 0.96) 
0.07 

Multivariable+Diet§ 
1.00 

(reference) 
0.83 

(0.61, 1.12) 
0.54 

(0.38, 0.77) 
0.55 

(0.39, 0.79) 
0.65 

(0.46, 0.91) 
0.05 
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‡Adjusted for age (years), sex, race (white, nonwhite), region (West, Midwest, South, Other), month of 
toenail return, family history of diabetes (yes, no), smoking status (never, former, current), body mass 
index (kg/m2, quintiles), hypertension (yes, no), hypercholesterolemia (yes, no), future cardiovascular 
disease case-control status (case, control), physical activity (METS/wk, quintiles), alcohol use 
(drinks/wk, quintiles), and fish consumption (5 categories).  
§Further adjusted for consumption of whole grains (g/day, quintiles), unprocessed meats (servings/day, 
quintiles), processed meats (servings/day, quintiles), fruits (servings/day, quintiles), and vegetables 
(servings/day, quintiles). 
 
Supplementary Table 4. Multivariable-Adjusted Risk of Incident Diabetes According to Both Mercury 
Exposure and Fish Consumption among 9,267 Men and Women in Two Separate Prospective US 
Cohorts.* 
 

 Tertile of Toenail Mercury Concentration 
 T1 T2 T3 
Fish Consumption    
< 0.5 times/week     

  N 707 305 160 
  Cases of Diabetes 82 26 15 
  Hazard Ratio (95%CI)* 1.00 (reference) 0.57 (0.32, 0.99) 0.87 (0.49, 1.53) 

    
0.5 to 1.49 times/week      

  N 1500 1366 906 
  Cases of Diabetes 187 137 76 
  Hazard Ratio (95%CI)* 1.16 (0.86, 1.55) 0.82 (0.60, 1.12) 0.72 (0.51, 1.02) 

    
1.5 to 2.49  times/week    

  N 541 753 826 
  Cases of Diabetes 69 83 93 
  Hazard Ratio (95%CI)* 0.85 (0.57, 1.26) 1.04 (0.74, 1.48) 0.99 (0.71, 1.40) 

    
2.5 +  times/week    

  N 341 665 1197 
  Cases of Diabetes 49 64 129 

Hazard Ratio (95%CI)* 1.17 (0.77, 1.79) 0.66 (0.45, 0.98) 1.04 (0.76, 1.44) 
    

*Toenail mercury measures were measured as part of a prior nested case-control study of incident 
cardiovascular disease, so analyses were weighted according to the inverse probability of each 
individual being sampled from the cohorts.  Compared to a weight of one for cardiovascular cases, 
controls received a weight of 17 in the Nurses Health Study (women) and 24 in the Health Professionals 
Follow-up Study (men). Fish consumption was adjusted for total energy intake using the residual 
method.  Hazard ratios are adjusted for age (years), sex, race (white, nonwhite), US region (West, 
Midwest, South, Other), month of toenail return, family history of diabetes (yes, no), smoking status 
(never, former, current), body mass index (kg/m2, quintiles), hypertension (yes, no), 
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hypercholesterolemia (yes, no), future cardiovascular disease case-control status (case, control), physical 
activity (METS/wk, quintiles), alcohol use (drinks/wk, quintiles), and consumption of whole grains 
(g/day, quintiles), unprocessed meats (servings/day, quintiles), processed meats (servings/day, quintiles), 
fruits (servings/day, quintiles), and vegetables (servings/day, quintiles). 
 
Supplementary Table 5. Multivariable-Adjusted Risk of Incident Diabetes According to Both Mercury 
Exposure and Estimated EPA+DHA Consumption among 9,267 Men and Women in Two Separate 
Prospective US Cohorts.* 
 
 Tertile of Toenail Mercury Concentration 
 T1 T2 T3 
EPA+DHA Consumption    
Quartile 1    
N 1223 717 376 
Cases of Diabetes 153 60 35 
Hazard Ratio (95%CI)* 1.00 (reference) 0.62 (0.44, 0.88) 0.62 (0.40, 0.96) 
    
Quartile 2    
N 859 881 577 
Cases of Diabetes 107 98 49 
Hazard Ratio (95%CI)* 0.93 (0.70, 1.24) 0.86 (0.64, 1.15) 0.61 (0.42, 0.87) 
    
Quartile 3    
N 671 814 832 
Cases of Diabetes 85 89 90 
Hazard Ratio (95%CI)* 0.96 (0.71, 1.30) 0.77 (0.57, 1.04) 0.93 (0.70, 1.24) 
    
Quartile 4    
N 336 677 1304 
Cases of Diabetes 42 63 139 
Hazard Ratio (95%CI)* 0.79 (0.51, 1.22) 0.60 (0.42, 0.86) 0.91 (0.68, 1.20) 
    
*Toenail mercury measures were measured as part of a prior nested case-control study of incident 
cardiovascular disease, so analyses were weighted according to the inverse probability of each 
individual being sampled from the cohorts.  Compared to a weight of one for cardiovascular cases, 
controls received a weight of 17 in the Nurses Health Study (women) and 24 in the Health Professionals 
Follow-up Study (men).  EPA+DHA consumption was adjusted for total energy intake using the residual 
method.  Hazard ratios are adjusted for age (years), sex, race (white, nonwhite), US region (West, 
Midwest, South, Other), month of toenail return, family history of diabetes (yes, no), smoking status 
(never, former, current), body mass index (kg/m2, quintiles), hypertension (yes, no), 
hypercholesterolemia (yes, no), future cardiovascular disease case-control status (case, control), physical 
activity (METS/wk, quintiles), alcohol use (drinks/wk, quintiles), and consumption of whole grains 
(g/day, quintiles), unprocessed meats (servings/day, quintiles), processed meats (servings/day, quintiles), 
fruits (servings/day, quintiles), and vegetables (servings/day, quintiles). 


