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Abstract 

Body mass index (BMI) is widely used measure of overall adiposity in epidemiological studies. 

However, BMI has a critical limitation that it cannot distinguish different body compartments, and 

therefore fails to capture the true harmful effect of fat mass and the potentially beneficial effect of lean 

body mass on diverse health outcomes. Unfortunately, assessing body composition in a large 

epidemiological study is infeasible because it requires expensive and sophisticated technologies. Thus, the 

independent role of lean body mass and fat mass on health outcomes remains largely underexplored. In 

this dissertation exercise, I attempted to offer a practical solution to directly assess body composition and 

examine their associations with major health outcomes. Chapter 1 developed anthropometric prediction 

equations using simple anthropometric measures to assess lean body mass, fat mass, and percent fat from 

the National Health and Nutrition Examination Survey 1999-2006. The equations were validated in the 

independent dataset and using obesity-related biomarkers, suggesting their potential application in 

epidemiological studies. Using the developed anthropometric equations, Chapter 2 examined the 

association of predicted lean body mass and fat mass with all-cause and cause-specific mortality in the 

Health Professional Follow-up Study, and found a strong positive association between predicted fat mass 

and mortality and a U-shaped association between predicted lean body mass and mortality in men. In 

particular, I found evidence that low lean body mass may account for the increased risk of mortality in the 

lower BMI range, suggesting that the ‘obesity paradox’ controversy may be explained by understanding 

the role of body composition, especially lean body mass, on mortality. Chapter 3 further examined the 

association between predicted fat mass and type 2 diabetes risk in men, and compared with BMI and other 

obesity indicators. The predicted fat mass consistently demonstrated the stronger association among all 
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other indicators. Although it is preliminary to conclude that predicted fat mass is a superior measure, our 

findings show a potential use of the predicted fat mass in advancing our understanding of obesity and type 

2 diabetes. Overall, evidence based on the developed anthropometric equations may provide novel 

insights into obesity, chronic disease, and mortality research. 
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Chapter 1: Development and validation of anthropometric prediction equations for lean body mass, 

fat mass, and percent fat using the NHANES 1999-2006 

 

 

Abstract 

Background: Quantification of lean body mass and fat mass can provide important insight into 

epidemiological research. However, there is no consensus on generalizable anthropometric prediction 

equations to validly estimate body composition. 

Objective: The purpose of this study was to develop and validate practical anthropometric prediction 

equations for lean body mass, fat mass, and percent fat using large nationwide representative samples of 

the National Health and Nutrition Examination Survey 1999-2006. 

Methods: Adults with wide age range (18-85 yr) and body mass index (12.0-57.3 kg/m2) were included 

in this study (men, N=7,531; women, N=6,534). Using a prediction sample, we predicted each of dual-

energy X-ray absorptiometry (DXA)-measured lean body mass, fat mass, and percent fat based on 

different combinations of anthropometric measures. The proposed equations were validated using a 

validation sample and obesity-related biomarkers. 

Results: The practical equation including age, race, height, weight, and waist circumference had high 

predictive ability for lean body mass (men: R2=0.91, Standard error of estimate (SEE)=2.6 kg; women: 

R2=0.85, SEE=2.4 kg) and fat mass (men: R2=0.90, SEE=2.6 kg; women: R2=0.93, SEE=2.4 kg). Waist 

circumference was a strong predictor in men only. Addition of other circumference measures and skinfold 

measures slightly improved the prediction model for both men and women. For percent fat, R2s were 

generally lower but the trend in variation explained was similar to what was found for lean body mass and 

fat mass. Our validation tests showed robust and consistent results with no evidence of substantial bias. 

Additional validation using biomarkers demonstrated comparable abilities to predict obesity-related 

biomarkers between direct DXA measurements and predicted scores. Moreover, predicted fat mass 
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adjusted for height and percent fat had significantly stronger associations with obesity-related biomarkers 

than body mass index did.  

Conclusion: The proposed equations derived using simple anthropometric measures were useful to assess 

lean body mass, fat mass, and percent fat, suggesting their potential application in various 

epidemiological settings. 
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Introduction 

Body mass index (BMI) has been the most commonly used measure of adiposity in 

epidemiological research. Numerous studies have found that obesity, defined by BMI, to be a significant 

risk factor for many diseases.1,2 However, BMI, which is calculated by weight in kilogram divided by 

height in meter squared, reflects both lean body mass and fat mass. Lean body mass accounts for most of 

the human body and is known to play an important role in many physiological processes (e.g., physical, 

social, and metabolic functions).3 Reduction in lean body mass may have negative effects on many health 

outcomes.3-5 On the other hand, excess body fat is linked to adverse metabolic disease risks.6 Among 

those with the same weight or BMI, different body composition in terms of lean body mass and fat mass 

could result in different health outcomes. Moreover, lean body mass is even more important for the 

elderly population because aging is related to substantial decrease in lean body mass and increase in fat 

mass.7 In recent years, studies have suggested that sarcopenia (i.e., aging related loss of muscle) and 

sarcopenic obesity (i.e., age related loss of muscle and increase in fat mass) are associated with various 

medical conditions, including functional status, falls, and mortality.8,9 Therefore, explicit understanding of 

these two compartments of the body can provide important insights and may help explain controversial 

issues around optimal weight for health in general and patient populations.10-13 

However, assessing body composition is difficult in large epidemiological studies because it 

requires sophisticated and expensive technologies such as dual-energy X-ray absorptiometry (DXA) or 

imaging techniques (i.e., magnetic resonance imaging (MRI) and computerized tomography (CT)). 

Therefore, research to examine the effect of body composition on health outcomes have largely been 

hampered due to practical issues. On the other hand, anthropometric measures are simple, cheap and 

nonintrusive, and hence are frequently measured in large health surveys and cohort studies. For this 

reason, efforts have been made to develop prediction equations for lean body mass and fat mass using 

anthropometric measures. However, no consensus has been made to date for anthropometric equations 

that could be validly used in clinical and epidemiological studies. Most of the previously developed 

equations were not cross-validated in a validation sample,14 and the validated equations were limited in 
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generalizability due to small sample size and narrow range of subject characteristics (e.g., age, race, and 

BMI). Moreover, these equations could not be widely used in epidemiological studies due to low 

predictive power.  

Therefore, the purpose of this study was to develop simple anthropometric prediction equations 

for lean body mass, fat mass, and percent fat using the large samples of the National Health and Nutrition 

Examination Survey (NHANES) 1999-2006 in order to provide updated and unified equations to estimate 

body composition in both clinical and epidemiological settings. Furthermore, we validated our 

anthropometric prediction equations using biomarkers to examine whether the predicted body 

composition scores are useful to predict obesity-related biomarkers. 
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Methods 

Study population 

Participants were from the NHANES, which is a cross-sectional survey of the health and 

nutritional status of the noninstitutionalized civilians in the US conducted by the National Center for 

Health Statistics and Centers for Disease Control and Prevention.15 The survey sampled participants using 

a complex multistage probability sampling design to allow generalizability of the results to the rest of the 

population. The current study used four cycles of the continuous NHANES data from 1999 to 2006, 

where information on DXA and anthropometric measurements was available. We excluded participants 

who were under 18 years old or pregnant. After exclusion, there were 7,531 males and 6,534 females who 

had all information on DXA and anthropometric measures. 

 

DXA measurements  

Whole body DXA were performed at the Mobile Examination Center using a Hologic QDR 

4500A fan beam X-ray bone densitometer (Hologic, Inc., Bedford, MA). Participants were excluded if 

they had radiographic contrast material tests in the past 72 hours or a nuclear medicine test in the past 3 

days or if they exceeded self-reported weight over 300 pounds or height over 6’.5”. All DXA scans were 

reviewed for quality control and analyzed using Hologic Discovery software, version 12.1, to derive total 

and regional body composition including lean body mass, fat mass, percent fat, and bone mineral content. 

Invalid DXA scans were coded as missing in the data files and missing DXA values were imputed using a 

multiple imputation method. For this study, we used the data for total lean body mass, excluding bone 

density mineral, total fat mass, and total percent fat. 

 

Anthropometric measurements 

Anthropometric measures were measured by trained health technicians at the mobile examination 

center following the standard protocols.16 Standing height was measured with a stadiometer to the nearest 

0.1 centimeter. Weight was measured to the nearest 0.1 kilogram using a Toledo digital scale. BMI was 
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calculated as weight in kilograms divided by height in meters squared. Waist circumference was assessed 

with a measuring tape at the uppermost lateral border of the hip crest (ilium) to the nearest 0.1 centimeter. 

Other circumferences such as arm circumference, calf circumference and thigh circumference were 

measured with a tape to the nearest 0.1 centimeter. Skinfold thickness of triceps and subscapular were 

measured with a Holtain calipers to the nearest 0.1 milliliter. 

 

Other covariates 

Information on other predictors such as age and race/ethnicity were collected via household 

interview by trained interviewers during the study period.  

 

Biomarker collection  

Laboratory-based biomarkers from the continuous NHANES 1999-2006 were used to further 

validate the developed anthropometric prediction equations. Triglyceride, total cholesterol, LDL-

cholesterol, HDL-cholesterol, plasma glucose, insulin, C-reactive protein, and plasma creatinine were 

measured using the standard techniques. Fasting measures (i.e., Triglyceride, LDL, insulin and plasma 

glucose) were assessed in a sub-sample of participants, and those who had fasted for at least 8.5 hours 

were included in the analysis. Detailed information on these measurements is available from the 

NAHNES web site.17  

 

Statistical analysis 

We conducted all analyses separately by sex. To develop the prediction equations for lean body 

mass, fat mass, and percent fat, we first divided all participants randomly into two independent groups: a 

prediction group was used to develop prediction equations, and a validation group served as a validation 

dataset. The ratio of prediction group and validation group was 70:30. Participant characteristics between 

the two groups were compared using a Student’s t-test for continuous variables and a Chi-square test for 

categorical variables.  
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Using the prediction group, we conducted a series of multivariable linear regressions to predict 

each of the DXA-measured lean body mass, fat mass, and percent fat as a dependent variable in relation 

to the following anthropometric measures as predictor variables. We examined the following 

anthropometric measures as a continuous variable: height (cm), weight (kg), BMI (kg/m2), waist 

circumference (inch), other circumference measures (i.e. arm, calf and thigh (cm)), and skinfold measures 

(i.e. triceps and subscapular (mm)). All models additionally included age (year) and race (i.e., White, 

Black, Mexican American, Hispanic, Others). Polynomial terms and two-way interaction terms were 

included in the model to test whether these terms improved the predictive power of the model. If there 

was no substantial improvement in the model, interaction terms were omitted to keep our models 

parsimonious. Coefficient of determination (R2) and standard error of estimate (SEE) were used to 

compare different models and determine the most accurate model to use for prediction. Of note, R2 and 

adjusted R2 were approximately same due to a large sample size of the study. 

For validation, we calculated predicted lean body mass, fat mass, and percent fat scores using the 

developed anthropometric equations for all participants in the validation group. Then we compared the 

predicted scores and DXA-measured values in the validation group for cross-validation. First, Paired t-

test was used to check the difference between predicted values and DXA-measured values. Second, 

correlation coefficients were calculated to assess the degree of agreement between predicted scores and 

DXA-measured values in the validation group. Third, R2 and SEE of the fitted models from the prediction 

group and validation group were compared. Fourth, Bland-Altman analysis was used to assess the 

agreement between DXA-measured values and predicted scores by regressing the difference between 

DXA-measured value and predicted score on the mean of the DXA-measured value and the predicted 

score.18 The limit of agreements was calculated using standard deviations of the differences (mean 

difference±2SD). Lastly, we further validated our predicted values for fat mass and percent fat by 

calculating the correlation of each of these with obesity-related biomarkers. To remove extraneous 

variation due to height which is unrelated to obesity-related biomarkers, predicted fat mass was further 

adjusted for height by including height as a continuous variable in the correlation analyses. If these 
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correlations are similar, or higher, than the correlations of the obesity-related biomarkers with BMI and 

the actual DXA-measured values, then we considered our predicted values to be sufficiently accurate. 

Moreover, we further tested whether predicted fat mass or percent fat was significantly better in 

predicting obesity-related biomarkers, and whether the one equation was superior to the other equations. 

We calculated sample-weighted Pearson correlation coefficients of BMI and DXA-measured and 

predicted values with log biomarkers. To test for differences in correlation coefficients, Wolfe’s test was 

used to compare dependent correlation coefficients estimated in the same sample.19 Multiple comparisons 

were adjusted using Bonferroni correction. 

All statistical tests were two-sided and analyzed using SAS version 9.4 (SAS institute, Inc.) and 

SAS-callable Sudaan (Research Triangle Institute). Complex sampling of the NHANES data was properly 

accounted by using provided sample weights.3,20  
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Results 

Participants’ characteristics stratified according to sex in the prediction group and validation 

group are presented in Table 1.1 The average age was 42.7±22.4 for men and 45.3±24.2 for women. The 

mean BMI was slightly higher in men (26.6 kg/m2) than in women (25.8 kg/m2), though the variability 

was higher in women (standard deviation of 8.7 vs 5.8 kg/m2). On average, men had 18 kg higher lean 

body mass and 4 kg lower fat mass, and consequently 11% lower percent fat, compared to women. 

Moreover, men had higher variation in lean body mass while women had higher variation in fat mass. The 

majority of the participants were Whites (~50%). Overall, there were no significant differences in age, 

anthropometric measures, actual body composition, and race/ethnicity distribution between the prediction 

group and validation group for both men and women.  

Table 1.1. Characteristics of participants in the prediction and validation group sampled from the 

NHANES (1999-2006)a          

  Prediction groupc   Validation groupc   
    

Variableb Men Women   Men Women  Pmen Pwomen 

  (N=5,239) (N=4,519)   (N=2,292) (N=2,015)    
Age, yr 42.7±22.4 45.3±24.2   42.8±23.5 44.9±23.3   0.80 0.48 

Height, cm 176.5±10.9 162.5±8.7  176.1±8.6 162.4±9.9  0.11 0.83 

Weight, kg 82.9±22.4 68.2±24.2   82.7±16.3 67.8±22.0   0.69 0.48 

Body mass index, kg/m2 26.6±5.8 25.8±8.7  26.6±4.8 25.7±7.6  0.60 0.60 

Waist circumference, cm 95.8±19.5 88±20.8   96.1±16.3 87.8±20.6   0.35 0.55 

Arm circumference, cm 33.1±5.1 30.2±7.4  33.1±4.3 30.1±6.3  0.91 0.40 

Calf circumference, cm 38.7±5.1 37.1±6.1   38.6±3.8 37.1±6.3   0.39 0.89 

Thigh circumference, cm 52.7±7.2 51.1±10.8  52.7±5.7 51.0±8.5  0.73 0.56 

Skinfold (triceps), mm 13.5±10.1 22.9±11.4   13.7±7.2 22.6±11.2   0.26 0.16 

Skinfold (subscapular), mm 18.6±12.3 20.2±14.1  18.7±8.6 19.8±11.7  0.48 0.16 

Lean body mass, kg 58.3±13.1 40.1±9.7   58.0±7.6 39.9±8.3   0.25 0.51 

Fat mass, kg 22.7±11.8 26.7±16.1  22.8±10.8 26.5±15.4  0.63 0.54 

Fat percent 26.5±8.0 37.9±10.8   26.7±8.1 37.7±10.8   0.28 0.58 

White 47.9% 50.0%  47.8% 49.1%  0.65 0.61 

Black 20.1% 18.5%  20.2% 17.5%    
Mexican American 24.3% 22.9%  24.7% 24.5%    
Hispanic 3.7% 4.5%  4.1% 4.8%    
Other 3.9% 4.0%   3.3% 4.1%    
Abbreviation: NHANES, national health and nutrition examination survey; DXA, dual-energy X-ray 

absorptiometry 

a Analysis included all subjects who had DXA and anthropometric measurements 

b Data were presented as mean±standard deviation for continuous variables and percentage for categorical 

variables. 
c Weighted number of participants 
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Prediction and validation of lean body mass 

The proposed anthropometric equations are shown in Table 1.2 The simplest model including 

age, height, and weight explained 88% and 85% of the variation in lean body mass for men and women, 

respectively. For men, adding waist circumference in the model significantly increased the R2 from 88 to 

91% and decreased SEE from 2.96 to 2.55 kg, indicating improved predictive ability of the model. 

Moreover, addition of other circumference measures (i.e., arm, calf and thigh circumferences) and 

skinfold measures (i.e., triceps and subscapular) slightly improved the prediction model for men. For 

women, adding waist circumference in the model did not substantially change R2 and SEE, but there was 

a slight improvement of the model when additional other circumference and skinfold measures were 

included. Adding polynomial and/or interaction terms did not significantly improve the models (data not 

shown). 

 When equations were further evaluated in the validation group, there was no significant 

difference between DXA-measured and predicted lean body mass in both men and women (Table 1.3). 

Moreover, R2s and SEEs in the validation group were approximately the same to those in the prediction 

group. The Bland-Altman analyses showed significant positive relations between the difference in DXA-

measured and predicted lean body mass, and the mean of DXA-measured and predicted lean body mass. 

The positive slopes indicate that the equations will underestimate the true DXA value more in people with 

high lean body mass. However, the slopes of regression models were negligible, ranging from 0.04 to 

0.06 kg underestimation of predicted lean body mass by 1 kg increment of actual lean body mass. 

Moreover, the slopes of regression models and limit of agreements tended to decrease as we included 

additional anthropometric variables in the model. 
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Table 1.2. Anthropometric prediction equations for lean body mass, fat mass, and percent fat in the prediction group sampled from the NHANES (1999-2006)a 

  
Predictor variables in anthropometric prediction equations 

      

Dependent 

variableb 

Intercept Age Height Weight Waist Arm Calf Thigh Triceps Sub Racec  R2 SEE 
  (yr) (cm) (kg) (cm) (cm) (cm) (cm)  (mm) (mm) Mexican Hispanic Black Other  

Lean body mass                             
 

    

Men (N=5,239) 
                 

  Equation 1 -14.729 -0.071 0.210 0.468             -0.441 0.320 1.821 -0.784 
 

0.88 2.96 kg 

  Equation 2 19.363 0.001 0.064 0.756 -0.366 
     

-0.066 0.231 0.432 -1.007 
 

0.91 2.55 kg 

  Equation 3 4.423 0.002 0.113 0.656 -0.331 0.251 0.113 -0.031     0.074 0.243 0.512 -0.942 
 

0.92 2.51 kg 

  Equation 4 -1.401 -0.010 0.100 0.632 -0.225 0.315 0.091 0.040 -0.304 -0.021 0.120 0.097 0.463 -0.661 
 

0.94 2.11 kg 

Women (N=4,519) 
  Equation 1 -14.292 -0.046 0.201 0.347             -0.448 -0.047 1.128 -0.384 

 
0.85 2.39 kg 

  Equation 2 -10.683 -0.039 0.186 0.383 -0.043 
     

-0.359 -0.059 1.085 -0.34 
 

0.85 2.38 kg 

  Equation 3 -5.813 -0.045 0.159 0.418 -0.047 -0.069 0.194 -0.146     -0.362 0.076 1.399 -0.346 
 

0.86 2.34 kg 

  Equation 4 -9.193 -0.045 0.158 0.410 -0.040 0.095 0.193 -0.105 -0.152 -0.004 -0.306 0.082 1.235 -0.196 
 

0.87 2.22 kg 

Fat mass                             
 

    

Men (N=5,239) 
               

 

 

  Equation 1 17.391 0.068 -0.234 0.530             0.477 -0.282 -1.949 0.815 
 

0.86 3.05 kg 

  Equation 2 -18.592 -0.009 -0.080 0.226 0.387      0.080 -0.188 -0.483 1.050 
 

0.90 2.60 kg 

  Equation 3 -5.833 -0.009 -0.122 0.311 0.357 -0.238 -0.098 0.043     -0.033 -0.191 -0.563 0.992 
 

0.90 2.57 kg 

  Equation 4 -0.009 0.004 -0.108 0.334 0.247 -0.306 -0.075 -0.028 0.307 0.030 0.154 -0.050 -0.529 0.687 
 

0.93 2.16 kg 

Women (N=4,519)         

       

  Equation 1 15.513 0.048 -0.215 0.646             0.479 0.061 -1.230 0.370 
 

0.93 2.45 kg 

  Equation 2 11.817 0.041 -0.199 0.610 0.044      0.388 0.073 -1.187 0.325 
 

0.93 2.44 kg 

  Equation 3 5.363 0.047 -0.167 0.561 0.052 0.082 -0.184 0.156     0.414 -0.059 -1.500 0.333 
 

0.93 2.40 kg 

  Equation 4 8.633 0.048 -0.166 0.569 0.044 -0.082 -0.183 0.115 0.150 0.008 0.357 -0.071 -1.345 0.177 
 

0.94 2.28 kg 

Percent fat                             
 

    

Men (N=5,239) 
                 

  Equation 1 44.47 0.10 -0.26 0.29             0.81 -0.09 -2.46 0.82 
 

0.61 3.61% 

  Equation 2 0.02 0.00 -0.07 -0.08 0.48 
     

0.32 0.02 -0.65 1.12 
 

0.73 3.07% 

  Equation 3 -3.10 0.01 -0.06 -0.10 0.49 -0.09 -0.02 0.12     0.37 0.07 -0.75 1.12 
 

0.73 3.36% 

  Equation 4 2.80 0.03 -0.04 -0.08 0.35 -0.18 0.00 0.04 0.33 0.08 0.53 0.19 -0.79 0.70 
 

0.81 2.60% 

Women (N=4,519)  
              

  Equation 1 58.60 0.08 -0.30 0.35             1.09 0.46 -1.66 0.53 
 

0.64 3.87% 

  Equation 2 50.46 0.07 -0.26 0.27 0.10 
     

0.89 0.49 -1.57 0.43 
 

0.65 3.86% 

  Equation 3 27.57 0.08 -0.17 0.09 0.14 0.27 -0.18 0.29     1.11 0.31 -1.97 0.46 
 

0.67 3.71% 

  Equation 4 32.75 0.08 -0.16 0.10 0.12 -0.05 -0.17 0.22 0.27 0.05 0.98 0.23 -1.77 0.08   0.72 3.42% 

Abbreviation: NHANES, national health and nutrition examination survey; SEE, standard error of estimate; sub, subscapular; DXA, dual-energy X-ray absorptiometry 
a Analysis included all subjects who had DXA and anthropometric measurements 

b Unit for dependent variables: lean body mass (kg), fat mass (kg), percent fat (%) 
c For race variable, White is the reference group                 
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Table 1.3. Validation of anthropometric prediction equations for lean body mass, fat mass, and percent fat in the 

validation group sampled from the NHANES (1999-2006)a           

  
Difference  

(DXA-equation)a 
SDb 

Ppaired  

T-test 
R2 SEEb 

Bland-Altman 

analysisb,c 

PBland-

Altman
d 

Limit of 

agreemente 

Lean body mass                  

Men (N=2,292)         
  Equation 1 0.08 4.03 0.15 0.89 2.91 diff = -3.69 + 0.06*mean 0.00 -7.81 7.98 

  Equation 2 0.07 3.32 0.42 0.92 2.48 diff = -2.92 + 0.05*mean 0.00 -6.44 6.58 

  Equation 3 0.07 3.19 0.49 0.92 2.42 diff = -2.72 + 0.05*mean 0.00 -6.19 6.32 

  Equation 4 0.06 3.02 0.60 0.94 2.12 diff = -2.19 + 0.04*mean 0.00 -5.86 5.98 

Women (N=2,015)     
 

   
  Equation 1 0.08 3.38 0.38 0.84 2.38 diff = -2.57 + 0.06*mean 0.00 -6.55 6.70 

  Equation 2 0.08 3.37 0.21 0.84 2.37 diff = -2.55 + 0.06*mean 0.00 -6.53 6.68 

  Equation 3 0.08 3.51 0.12 0.85 2.33 diff = -2.44 + 0.06*mean 0.00 -6.80 6.96 

  Equation 4 0.07 3.27 0.18 0.86 2.22 diff = -1.90 + 0.05*mean 0.01 -6.34 6.49 

Fat mass                  

Men (N=2,292)     
 

   
  Equation 1 0.13 3.82 0.11 0.87 2.97 diff = -1.51 + 0.07*mean 0.00 -7.36 7.62 

  Equation 2 -0.001 3.12 0.98 0.91 2.51 diff = -0.96 + 0.04*mean 0.00 -6.12 6.12 

  Equation 3 0.001 3.07 0.99 0.91 2.46 diff = -1.03 + 0.04*mean 0.00 -6.01 6.01 

  Equation 4 -0.03 2.95 0.60 0.93 2.16 diff = -0.59 + 0.02*mean 0.02 -5.81 5.75 

Women (N=2,015)     
 

   
  Equation 1 0.02 3.51 0.76 0.93 2.44 diff = -1.36 + 0.05*mean 0.00 -6.86 6.90 

  Equation 2 0.02 3.47 0.78 0.93 2.43 diff = -1.36 + 0.05*mean 0.00 -6.79 6.83 

  Equation 3 0.04 3.59 0.61 0.94 2.40 diff = -1.30 + 0.05*mean 0.00 -6.99 7.07 

  Equation 4 0.08 3.34 0.31 0.94 2.28 diff = -1.22 + 0.05*mean 0.00 -6.46 6.62 

Percent fat                  

Men (N=2,292)     
 

   
  Equation 1 -0.14 4.79 0.16 0.62 3.57 diff = -7.23 + 0.26*mean 0.00 -9.52 9.24 

  Equation 2 -0.54 3.83 <0.01 0.74 3.01 diff = -4.37 + 0.14*mean 0.00 -8.05 6.97 

  Equation 3 -1.48 3.83 <0.01 0.74 3.31 diff = -5.08 + 0.13*mean 0.00 -8.99 6.03 

  Equation 4 0.45 3.35 <0.01 0.80 2.66 diff = -2.09 + 0.10*mean 0.00 -6.12 7.02 

Women (N=2,015)     
 

   
  Equation 1 0.54 5.39 <0.01 0.66 3.87 diff = -8.71 + 0.25*mean 0.00 -10.02 11.10 

  Equation 2 -0.71 5.39 <0.01 0.66 3.85 diff = -9.56 + 0.23*mean 0.00 -11.27 9.85 

  Equation 3 -0.38 5.39 <0.01 0.69 3.69 diff = -8.39 + 0.21*mean 0.00 -10.94 10.18 

  Equation 4 -0.35 4.49 <0.01 0.74 3.36 diff = -6.78 + 0.17*mean 0.00 -9.15 8.45 

Abbreviation: NHANES, national health and nutrition examination survey; SD, standard deviation; SEE, standard error of 

estimate; diff, DXA-measured value - equation-derived value; mean, (DXA-measured value + equation-derived value) / 2; 

DXA, dual-energy X-ray absorptiometry 
a Analysis included all subjects who had DXA and anthropometric measurements from the NHANES 1999-2006 
b Unit for difference (DXA-equation), SD, SEE, diff, and mean: lean body mass (kg), fat mass (kg), percent fat (%) 
c Bland-Altman analysis was conducted by regressing the difference between DXA-measured value and equation-derived value 

on the mean of DXA-measured value and equation-derived value 
d P for Bland-Altman indicates significance of the slope 
e Limit of agreement was conducted as mean difference±2SD 
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Prediction and validation of fat mass 

The simplest model including age and BMI explained 86% and 93% of the variation in fat mass 

for men and women, respectively (Table 1.2). For men, adding waist circumference in the model 

substantially increased the R2 and decreased SEE (R2=0.90, SEE=2.60 kg). The addition of other 

circumference measures was not helpful though addition of skinfold measure improved the model for men 

(R2=0.93, SEE=2.16 kg). For women, the simplest model had relatively high predictive ability (R2=0.93, 

SEE=2.45 kg), and addition of other anthropometric measures only slightly improved the model. Similar 

to lean body mass, no significant improvement was shown when polynomial and/or interaction terms 

were included in the models (data not shown). 

 When equations were cross-validated in the validation group, there was no significant difference 

between DXA-measured and predicted fat mass in both men and women (Table 1.3). Moreover, R2s and 

SEEs in the validation group were similar to those in the prediction group. Similar to the prediction of 

lean body mass, the Bland-Altman analyses showed significant positive relationship to the mean fat mass, 

indicating greater underestimation using the equation for people with high fat mass. However, the slopes 

of regression models were minimal, with 0.02 to 0.07 kg underestimation of predicted fat mass by 1 kg 

increment of actual fat mass. Similarly, the slopes and limit of agreements tended to decrease as we 

included additional circumference and skinfold measures in the model. 

 

Prediction and validation of percent fat 

Compared to the equations for lean body mass and fat mass, the proposed equations for percent 

fat showed relatively lower R2 for both men (ranging from 0.61 to 0.81) and women (ranging from 0.64 to 

0.72). However, the general trend in variation explained with additional waist and other circumferences 

was similar. But, addition of skinfold measures substantially improved the predictive power for percent 

fat for both sexes. Similarly, validation of the proposed equations for percent fat in the validation group 

showed consistent results as the equations for lean body mass and fat mass.   
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Validation using biomarkers 

The proposed equations were further validated using biomarkers with all participants in the 

NHANES 1999-2006 (Table 1.4). Predicted fat mass adjusted for height and percent fat scores were 

positively associated with TG, TC, LDL, glucose, insulin and CRP, and inversely associated with HDL. 

Moreover, correlation coefficients of predicted fat mass adjusted for height and percent fat with 

biomarkers were consistent across different equations. The equation 3 and 4 were not significantly better 

than the equation 2. Compared to BMI, the correlations with TG, TC, LDL, glucose, and CRP were 

significantly stronger for predicted fat mass adjusted for height and predicted percent fat. The magnitude 

of associations was significantly higher for percent fat in most obesity-related biomarkers. When the 

correlation coefficients between DXA-measured values and biomarkers, and the correlation coefficients 

between predicted values (derived from the equation 2) and biomarkers were compared in the validation 

group, there were no significant differences in predicting obesity-related biomarkers between DXA 

measurements and predicted scores, expect that predicted fat mass adjusted for height and percent fat 

predicted glucose better in men, and predicted percent fat predicted TC and glucose better in women 

(Figure 1.1). Moreover, DXA-measured lean body mass and predicted lean body mass score showed 

comparable correlations with serum creatinine, after adjusting for height (data not shown). 

 

Validation in subgroups 

For an additional validation in subgroups of the validation group, equation 2, which used age, 

race, height, weight, and waist circumference, was chosen a priori as the most practical equation, 

considering the availability of anthropometric measures in large epidemiological studies (Supplementary 

table 1.5).  Subgroup of participants with diseases or age over 65 tended to have slightly lower R2 and 

higher SEE, but in general R2s and SEEs were consistent across different subgroups (i.e., disease status, 

age, BMI, smoking status and race/ethnicity).  
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Table 1.4. Correlation coefficient of predicted fat massa and percent fat scores with obesity-related 

biomarkersb in the NHANES (1999-2006)c         

  
TG  

(mg/dL) 

TC  

(mg/dL) 

LDL 

(mg/dL) 

HDL 

(mg/dL) 

Glucose 

(mg/dL) 

Insulin 

(uU/mL) 

CRP 

(mg/dL) 

Men (N=3,291)               

Body mass index 0.28 0.15 0.16 -0.24 0.18 0.49 0.30 

Predicted fat mass 1 0.30 0.19 0.19 -0.23 0.22 0.48 0.32 

Predicted fat mass 2 0.32* 0.19* 0.19 -0.25 0.23* 0.50 0.35* 

Predicted fat mass 3 0.31 0.18‡ 0.18‡ -0.24 0.23 0.50 0.35 

Predicted fat mass 4 0.31 0.18 0.19 -0.25 0.23 0.51 0.35 

Predicted percent fat 1 0.33 0.23 0.21 -0.20 0.28 0.44 0.35 

Predicted percent fat 2 0.34* 0.22*† 0.21* -0.23† 0.28*† 0.48† 0.39*† 

Predicted percent fat 3 0.34‡ 0.21‡ 0.20‡ -0.22 0.28 0.48‡ 0.39 

Predicted percent fat 4 0.32 0.21 0.21 -0.22 0.28 0.48 0.37 

Women (N=3,205)               

Body mass index 0.27 0.14 0.18 -0.25 0.26 0.47 0.41 

Predicted fat mass 1 0.29 0.17 0.20 -0.23 0.29 0.45 0.42 

Predicted fat mass 2 0.30* 0.17* 0.20* -0.23* 0.29* 0.46 0.42* 

Predicted fat mass 3 0.30‡ 0.17 0.20 -0.23 0.28‡ 0.46 0.42 

Predicted fat mass 4 0.30 0.17 0.20 -0.23 0.28 0.46 0.43‡ 

Predicted percent fat 1 0.35 0.23 0.24 -0.20 0.35 0.43 0.43 

Predicted percent fat 2 0.38*† 0.24*† 0.24*† -0.21*† 0.36*† 0.45*† 0.44* 

Predicted percent fat 3 0.35‡ 0.23 0.24 -0.20 0.34‡ 0.44 0.44 

Predicted percent fat 4 0.36‡ 0.23 0.24 -0.20 0.33‡ 0.45 0.45 

Abbreviation: NHANES, national health and nutrition examination survey; TG, triglyceride; TC, total 

cholesterol; LDL, low density lipoprotein; HDL, high density lipoprotein; CRP, C-reactive protein 
a Height-adjusted predicted fat mass was used in the analyses 
b Biomarkers were log transformed 
c Analysis included all subjects who had anthropometric measurements and biomarkers from the NHANES 1999-

2006  

* Bonferroni-corrected P<5.0×10-4 (BMI vs. predicted fat mass 2/percent fat 2) 

† Bonferroni-corrected P<5.0×10-4 (predicted fat mass 2 vs. predicted percent fat 2) 

‡ Bonferroni-corrected P<5.0×10-4 (predicted fat mass/percent fat 2 vs. predicted fat mass/percent fat 3 and 4) 
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Figure 1.1. Correlation coefficient of DXA-measured, predicteda fat massb and percent fat with obesity-

related biomarkersc in the validation group sampled from the NHANES (1999-2006)d 

 

Abbreviation: NHANES, national health and nutrition examination survey; TG, triglyceride; TC, total cholesterol; 

LDL, low density lipoprotein; HDL, high density lipoprotein; CRP, C-reactive protein; DXA, dual-energy X-ray 

absorptiometry 
a Predicted fat mass and percent fat were calculated using anthropometric equation 2. 
b Height-adjusted DXA fat mass and predicted fat mass were used in the analyses 
c Biomarkers were log transformed 
d Analysis included all subjects who had DXA, anthropometric measurements and biomarkers from the NHANES 

1999-2006 

** Bonferroni-corrected P<7.1×10-4 (BMI vs. predicted scores) 

* P<0.01 (BMI vs. predicted scores) 

†† Bonferroni-corrected P<7.1×10-4 (DXA vs. predicted scores) 

† P<0.01 (DXA vs. predicted scores) 
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Discussion 

In this study, we developed and validated anthropometric prediction equations to estimate lean 

body mass, fat mass, and percent fat using the large representative sample of the U.S. population 

(NHANES data). Given the practicality of anthropometric measures in the clinical and epidemiological 

settings, we considered four equations using different combinations of weight, height, waist 

circumference, other circumference, and skinfold measures. Overall, the proposed equations had good 

predictive ability to assess lean body mass, fat mass and percent fat. Furthermore, the anthropometric 

equation with weight, height and waist circumference, which was selected a priori as the most practical 

equation, showed valid results with high predictive ability that has the potential to be widely used in 

epidemiological settings. 

A number of studies have previously developed anthropometric prediction equations for body 

composition, but only a few of them were validated and/or aimed to directly estimate lean body mass or 

skeletal muscle mass.21-24 One study used a large sample of Indian subjects to develop anthropometric 

prediction equations for lean body mass using DXA as a reference method.23 These equations showed 

high R2 ranging from 0.90 to 0.94 and low SEE ranging from 1.5 to 1.9 kg. However, the study sample 

being restricted to the Indian population limited the generalizability of the proposed equations to other 

racial/ethnic populations. Moreover, two studies developed and validated anthropometric equations for 

skeletal muscle mass using MRI as a reference method. Lee et al. proposed two equations (i.e., body 

weight and height model, and skinfold-circumference model) using 244 multi-ethnic subjects.24 The 

skinfold-circumference model had a high predictive ability (R2=0.91 and SEE=2.2 kg) whereas the simple 

body weight and height model had a relatively lower R2 of 0.86 and a SEE of 2.8 kg. However, the 

skinfold measures are less practically applicable and the predictive ability for skeletal muscle mass could 

have been overestimated by failing to distinguish between men and women in the prediction models. 

More recently, one study proposed more practical anthropometric prediction equations for men and 

women, separately.21 For men, the equation including age, weight, waist and hip circumferences had a R2 

of 0.76 and a SEE of 2.7 kg. For women, the equation including age, weight, height, and hip 
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circumference had a R2 of 0.58 and a SEE of 2.2 kg. Despite the high practicality of the models, low 

predictive power for skeletal muscle mass limited the applicability of these equations. Moreover, study 

subjects were restricted to those who participated in studies that used whole-body MRI.  

In contrast to these previous studies, our study included the largest nation-wide representative 

samples from the NHANES. Compared to the previously developed equations, our equation including 

age, race, weight, height, and waist circumference showed substantially higher predictive ability for both 

men (R2=0.91) and women (R2=0.85). The SEEs of the equations were comparable to the previously 

proposed equations. Interestingly, the contribution of waist circumference to the explained variation in the 

lean body mass was large only in men, for whom lean body mass was highly inversely associated with 

waist circumference while positively associated with weight and height. Given the same age, race, weight, 

and height, lower waist circumference was associated with higher lean body mass. This difference by sex 

could be because men tend to accumulate fats in abdominal area while women are more likely to 

accumulate fat in other areas.  

The effort to estimate body fat using anthropometric measures has been made with diverse 

populations using different reference methods. In 2014, Cui et al. evaluated the validity of previously 

published anthropometric equations for percent fat using the NHANES data.25 Most of the equations had 

moderate R2 between 0.5 and 0.7. Moreover, the equations with waist circumference performed well in 

men, while the equation with BMI performed adequately in women. However, most equations had 

substantial non-systematic and systematic biases when evaluated in a representative sample. Our 

equations for percent fat showed similar results but no substantial bias was found when cross-validated in 

the overall, and subgroups of, validation group, although R2s were generally lower among older 

individuals. Recently, one study proposed an equation for total adipose tissue fat mass using MRI as a 

reference method. The equations including hip and/or waist circumference showed slightly higher 

accuracy (men: R2=0.82, SEE=2.8 kg; women: R2=0.89, SEE=3.4 kg), compared to the simpler equations 

including weight and/or waist circumference (men: R2=0.79, SEE=3.0 kg; women: R2=0.88, SEE=3.4 

kg). Our comparable equations for fat mass including BMI and waist circumference showed higher R2, 
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particularly in men, and lower SEE in general. Consistent with previous studies, waist circumference was 

a strong predictor in men, while BMI was strongly associated with fat mass in women.  

We further validated our anthropometric prediction equations in subgroups of the validation 

group. Although several equations developed previously have showed a moderate predictive ability, most 

of them were not validated in subgroups of population with restricted characteristics. Therefore, there 

could be systematic errors when those equations are applied to other populations with different 

characteristics. On the other hand, our equations were further validated in different subgroups of the 

validation group. The predictive ability was slightly lower among those with older age or diseases that 

could affect body composition (e.g., cancer, thyroid or liver diseases), but R2s and SEEs were generally 

consistent across subgroups. There were no significant differences between DXA-measured and predicted 

values, indicating robustness of our equations in populations with diverse characteristics. 

We additionally evaluated the validity of predicted fat mass and percent fat derived from the 

proposed equations using biomarkers as objective measure of obesity. To account for variation in body 

size, fat mass adjusted for height was used instead of absolute fat mass. Although predicted fat mass is 

intuitive to use as it is, we suggest further adjusting for height when predicted fat mass is used as a 

measure of obesity to examine the relationship with health outcomes. Interestingly, we found strong 

correlations of predicted fat mass adjusted for height and percent fat with obesity-related biomarkers. The 

more complex equations were not superior than the simpler equation including age, race, height, weight, 

and waist circumference. The correlations were significantly stronger than those for BMI. Moreover, 

correlation coefficients for predicted and direct DXA measurements were similar or even better in some 

biomarkers for predicted scores. These results showed that we do not lose much in large epidemiological 

studies by not having direct measurements, but equation-derived fat mass adjusted for height and percent 

fat were more useful than BMI in predicting obesity-related biomarkers, which are associated with 

chronic diseases.26-29 Although lean body mass could not be thoroughly validated using biomarkers, we 

found a consistent and significant correlation of height-adjusted DXA-measured and predicted lean body 

mass with serum creatinine, which is a byproduct of muscle metabolism. This result suggested that, on 
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relative scale, predicted lean body mass could be as good as DXA-measured lean body mass. Overall, the 

validation tests showed promising results that our anthropometric prediction equations could be a 

valuable tool in estimating body composition in wide epidemiological settings. With these equations, 

future studies could be done efficiently to better understand the critical role of body composition (e.g., 

body fat, sarcopenia, sarcopenic obese, etc.) on various health outcomes, including chronic diseases and 

mortality.  

To our knowledge, this is the largest study using a nationally (U.S.) representative sample to 

develop and validate anthropometric equations for lean body mass, fat mass, and percent fat. A large 

number of subjects with wide range of diverse characteristics, including those who were severely obese or 

sarcopenic obese, allowed us to develop equations with high precision. Moreover, validations of the 

proposed equations in different subgroups and using biomarkers further confirmed the generalizability of 

our equations and the usefulness of predicted body composition scores to predict health outcomes in 

epidemiological settings.  

There are several limitations in this study. First, anthropometric measures that were not assessed 

in the NHANES (e.g. hip circumference) could not be considered in the development of equations. 

However, previously published equations including hip circumference were not superior to our equations 

with waist circumference. Moreover, simpler equations are preferable since hip circumference is less 

frequently measured in large health surveys or cohort studies. Second, a significant positive relation was 

found from Bland Atman analyses. However, the magnitude of the bias was minimal and it would not 

affect the ranking of subjects in terms of body composition which is important in epidemiological studies. 

Lastly, although our equations were developed from the large samples including multi-ethnic groups, the 

proposed equations may not be generalizable to other race/ethnic groups or those with different 

characteristics. 

In conclusion, we developed and validated anthropometric equations with a large representative 

sample of the NHANES 1999-2006. The simple anthropometric prediction equation derived using weight, 

height, and waist circumference was useful to predict the actual lean body mass, fat mass, and percent fat, 
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especially for men. Our validation results showed robust evidence that the proposed equations could be 

validly used in wide epidemiological settings to assess body composition.  
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Chapter 1 Appendix 

 

Supplementary table 1.5. Validation of anthropometric equation 2 for lean body mass, fat mass and 

percent fat in subgroups of the validation group sampled from the NHANES (1999-2006)a        

  N 
Difference  

(DEXA - equation)b 
SDb Ppaired T-test R2 SEEb 

Lean body mass       
Men       
Disease 51 0.22 3.20 0.28 0.90 2.79 

no-disease 2241 -0.02 3.12 0.72 0.92 2.44 

age≥65 475 -0.31 2.56 0.01 0.91 2.57 

age<65 1817 0.05 3.15 0.52 0.92 2.47 

BMI≥25 1398 0.14 3.45 0.14 0.88 2.61 

BMI<25 894 -0.23 2.94 0.02 0.89 2.25 

Smoker 1187 0.13 3.17 0.16 0.91 2.47 

Never smoker 795 -0.10 3.27 0.41 0.92 2.45 

White 1095 0.04 2.69 0.60 0.91 2.50 

Black 463 -0.10 3.44 0.52 0.93 2.50 

Mexican American 566 -0.08 3.02 0.51 0.90 2.33 

Hispanic 93 0.17 2.98 0.59 0.88 2.42 

Other 75 -0.47 2.64 0.13 0.95 2.55 

Women       
Disease 45 0.03 2.89 0.82 0.83 2.40 

no-disease 1970 -0.02 3.50 0.85 0.86 2.36 

age≥65 439 0.21 3.50 0.21 0.85 2.41 

age<65 1576 -0.04 3.34 0.60 0.84 2.36 

BMI≥25 1073 -0.11 3.24 0.28 0.81 2.53 

BMI<25 942 0.09 2.99 0.34 0.76 2.20 

Smoker 684 0.13 2.60 0.18 0.84 2.31 

Never smoker 1094 -0.09 3.48 0.42 0.84 2.42 

White 990 -0.02 2.84 0.86 0.83 2.38 

Black 353 -0.08 3.49 0.65 0.84 2.49 

Mexican American 493 0.16 3.18 0.27 0.83 2.39 

Hispanic 96 -0.03 3.51 0.94 0.86 2.32 

Other 83 0.07 2.21 0.77 0.85 2.05 

Fat mass       
Men       
Disease 51 0.07 3.82 0.90 0.90 3.02 

no-disease 2241 0.00 3.15 0.97 0.91 2.50 

age≥65 475 0.24 2.60 0.04 0.89 2.62 

age<65 1817 -0.04 2.95 0.59 0.91 2.49 

BMI≥25 1398 -0.13 3.22 0.13 0.86 2.62 

BMI<25 894 0.22 2.96 0.03 0.74 2.32 

Smoker 1187 -0.14 3.08 0.13 0.90 2.49 

Never smoker 795 0.11 3.11 0.30 0.91 2.51 

White 1095 -0.04 2.58 0.58 0.90 2.53 

Black 463 0.09 3.37 0.55 0.92 2.49 

Mexican American 566 0.06 2.82 0.60 0.89 2.34 

Hispanic 93 -0.14 3.00 0.65 0.88 2.41 

Other 75 0.51 2.79 0.12 0.91 2.64 

Women       
Disease 45 -0.19 2.35 0.59 0.97 2.29 

no-disease 1970 0.03 3.51 0.75 0.93 2.44 

age≥65 439 -0.19 3.55 0.26 0.94 2.46 

age<65 1576 0.06 3.52 0.50 0.93 2.43 
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Supplementary table 1.5. (Continued). 

BMI≥25 1073 0.16 3.29 0.11 0.90 2.59 

BMI<25 942 -0.11 3.11 0.28 0.76 2.27 

Smoker 684 -0.11 2.75 0.30 0.93 2.37 

Never smoker 1094 0.09 3.46 0.37 0.93 2.49 

White 990 0.03 3.00 0.77 0.94 2.45 

Black 353 0.07 3.34 0.67 0.93 2.51 

Mexican American 493 -0.16 3.07 0.23 0.92 2.42 

Hispanic 96 0.09 3.55 0.80 0.92 2.32 

Other 83 0.02 2.26 0.94 0.92 2.12 

Percent fat       
Men       
Disease 51 -0.65 4.71 0.33 0.69 3.78 

no-disease 2241 -0.54 3.79 <0.01 0.74 2.99 

age≥65 475 -0.31 3.05 0.03 0.61 3.24 

age<65 1817 -0.58 3.41 <0.01 0.74 2.97 

BMI≥25 1398 -0.49 3.37 <0.01 0.60 2.92 

BMI<25 894 -0.62 4.19 <0.01 0.60 3.16 

Smoker 1187 -0.72 3.79 <0.01 0.73 3.06 

Never smoker 795 -0.32 3.67 0.01 0.73 2.90 

White 1095 -0.58 2.98 <0.01 0.73 2.99 

Black 463 -0.54 3.66 <0.01 0.77 3.01 

Mexican American 566 -0.46 3.81 <0.01 0.70 2.88 

Hispanic 93 -0.83 3.86 0.04 0.74 3.14 

Other 75 0.34 3.72 0.43 0.70 3.40 

Women       
Disease 45 -1.67 3.15 <0.01 0.73 3.42 

no-disease 1970 -0.69 5.33 <0.01 0.66 3.86 

age≥65 439 -1.14 5.45 <0.01 0.56 4.12 

age<65 1576 -0.63 5.16 <0.01 0.67 3.80 

BMI≥25 1073 -0.3 4.59 0.03 0.44 3.56 

BMI<25 942 -1.11 5.22 <0.01 0.47 4.11 

Smoker 684 -0.88 4.45 <0.01 0.68 3.81 

Never smoker 1094  -0.60 4.63 <0.01 0.65 3.89 

White 990 -0.73 4.72 <0.01 0.67 3.93 

Black 353 -0.48 4.51 0.05 0.68 3.56 

Mexican American 493 -0.95 4.44 <0.01 0.60 3.76 

Hispanic 96 -0.57 4.70 0.24 0.62 3.46 

Other 83 -0.62 3.92 0.15 0.63 3.64 

Abbreviation: NHANES, national health and nutrition examination survey; SD, standard deviation; SEE, 

standard error of estimate; BMI, body mass index; DXA, dual-energy X-ray absorptiometry 
a Analysis included all subjects who had DXA and anthropometric measurements from the NHANES 1999-

2006 
b Unit for difference (DXA-equation), SD, and SEE: lean body mass (kg), fat mass (kg), percent fat (%) 
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Chapter 2: Predicted lean body mass, fat mass, and all-cause and cause-specific mortality in US 

men 

 

Abstract 

Background: The controversy around the optimal weight in relation to mortality, also known as the 

‘obesity paradox’, may have arisen due to underappreciation of lean body mass and fat mass. However, 

direct measure of body composition is difficult in large epidemiological settings. 

Objective: To investigate the association of predicted lean body mass and fat mass with all-cause and 

cause-specific mortality in men. 

Methods: Validated anthropometric prediction equations developed from a large US representative 

sample from the National Health and Nutrition Examination Survey were used to estimate lean body mass 

and fat mass. 38,021 men from the Health Professional Follow-up Study (1986-2012) were followed-up 

for all-cause and cause-specific mortality. 

Results: In multivariable adjusted models including both predicted fat mass and lean body mass, a strong 

positive association was shown between predicted fat mass and all-cause and cause-specific mortality. 

Compared to those in the lowest quintile of predicted fat mass, men in the highest quintile had 35%, 66%, 

and 24% increased risk of mortality due to all causes, cardiovascular disease, and cancer. On the other 

hand, a U-shaped association was found between predicted lean body mass and mortality due to all 

causes, cardiovascular disease, and cancer (P for non-linearity<0.001). However, there was a strong 

inverse association between predicted lean body mass and mortality due to respiratory disease (P for 

trend<0.001). Predicted lean body mass showed a stronger U-shaped association among current smokers 

and with shorter lag times. Overall, we consistently found that the shape of the relationship between BMI 

and mortality was determined by the relationship between two body compartments and mortality. In 

particular, we found evidence that low lean body mass may account for the increased risk of mortality in 

the lower BMI range.  
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Conclusion: Our finding suggests that the ‘obesity paradox’ controversy may be explained by 

understanding the independent role of lean body mass and fat mass in relation to mortality. 
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Introduction 

Obesity is a major public health challenge in the United States and around the globe.1 In 2010, 

approximately two thirds of Americans were classified as overweight (defined as body mass index (BMI) 

of over 25 kg/m2) or obese (defined as BMI of over 30 kg/m2).2 BMI is known as a reasonably good 

measure of general adiposity,3 and many epidemiologic studies have provided evidence supporting that 

obesity, defined by BMI, is a significant risk factor for increased risk of death.4-6 However, the shape of 

the association between BMI and mortality is yet to be determined. There is a substantial controversy 

around this issue as epidemiologic studies have found various types of J-shaped, U-shaped, and linear 

relationships between BMI and mortality.7 For instance, in some studies, overweight was associated with 

increased mortality,8 but in others, overweight individuals had no excess mortality, or even decreased 

mortality, as compared with those who were normal weight, even after accounting for smoking (residual 

confounding) and preexisting disease (reverse causation).9,10 This pattern has come to be known as the 

“obesity paradox”.11 Given that a substantial proportion (approximately 35%)2 of the U.S. adult 

population is overweight but not obese, these divergent findings could cause a great deal of confusion 

among researchers, policy makers, and the general population.  

One important but underexplored methodological limitation in the current obesity research is that 

BMI may in fact not always be an accurate measure of obesity.12-15 While BMI mainly indicates 

overweight relative to height, it does not discriminate between fat mass and lean body mass.16 This 

limitation of BMI could be even more important for elderly populations because aging is associated with 

significant changes in body composition, with a substantial reduction in lean body mass and an increase 

in fat mass, even if body weight remains unchanged.17,18 Although reduction in lean body mass may have 

negative effects on many health outcomes,19-21 including increased risk for mortality, assessing lean body 

mass is particularly difficult in large epidemiological studies because it requires expensive and 

sophisticated technologies like dual-energy X-ray absorptiometry (DXA) or imaging technologies. 

Therefore, little is known about the impact of body composition, particularly lean body mass, on 

mortality. A limited number of studies have used less accurate surrogate measures, such as mid or upper 
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arm circumference,19,22 total body potassium,23 skinfold,24 and bioelectrical impedance,20 to estimate lean 

body mass, but these studies had relatively small sample size and short period of follow-up time. 

Recently, one study had used DXA-measured percent fat to examine the relationship with all-cause 

mortality, but this study was restricted to participants undergoing bone mineral density testing and did not 

account for potential confounding by smoking and physical activity.25  

Therefore, we used validated anthropometric prediction equations to examine the association of 

lean body mass and fat mass with all-cause and cause-specific mortality in a large prospective US cohort 

study of men. Application of validated equations in a large cohort allowed us to directly estimate lean 

body mass and fat mass, and examine the independent role of two different body compartments in relation 

to mortality, accounting for potential biases. In addition, repeated measures of predicted lean body mass 

and fat mass were available to explore varying lag time periods. 
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Methods 

Study population 

The Health Professional Follow-up Study (HPFS) was initiated in 1986 when 51,529 male health 

professionals aged 40–75 were enrolled. Participants were mailed questionnaires at baseline and every 

two years thereafter to collect updated demographics, lifestyle, and medical information. The follow-up 

rates were greater than 90% for each questionnaire.  

 

Exposure measurements 

Derivation of the predicted lean body mass and fat mass has been described in detail previously 

(Dissertation paper 1). Briefly, we used a large US representative sample of 7,531 men who had measured 

DXA from the National Health and Nutrition Examination Survey (NHANES). Body composition (e.g. 

lean body mass, fat mass, and bone mineral content) can be accurately measured using the total body 

DXA scanner.26,27 With DXA-measured lean body mass and fat mass each as a dependent variable, a 

linear regression was performed using age, race, height, weight, and waist circumference as independent 

predictors. Then, we validated the developed equations in an independent validation group of 2,292 men 

and using obesity-related biomarkers (all available samples: 3,291, validation samples: 963). The 

anthropometric prediction equations had high predictive ability for lean body mass (R2=0.91, standard 

error of estimate (SEE)=2.6 kg) and fat mass (R2=0.90, SEE=2.6 kg). Cross-validation in the validation 

group and Bland-Altman analyses showed robustly high agreement between the actual and predicted lean 

body mass and fat mass with no evidence of substantial bias. Moreover, the developed equations 

performed well across different subgroups of the validation group (i.e., age, race, smoking status, and 

disease status). When these equations were further validated using obesity-related biomarkers, predicted 

fat mass (adjusted for height) predicted obesity-related biomarkers (i.e., triglycerides, total and LDL 

cholesterol, glucose, and C-reactive protein) statistically significantly better than BMI did. The 

anthropometric prediction equations for men are shown below: 
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Equations for predicted lean body mass 

• Lean body mass (kg) = 19.363 + 0.001*age (yr) + 0.064*height (cm) + 0.756*weight (kg) - 

0.366*waist (cm) - 0.066*Mexican + 0.231*Hispanic + 0.432*Black - 1.007*Other ethnicity 

 

Equations for predicted fat mass 

• Fat mass (kg) = -18.592 - 0.009*age (yr) - 0.080*height (cm) + 0.226*weight (kg) + 0.387*waist 

(cm) + 0.080*Mexican - 0.188*Hispanic - 0.483*Black + 1.050*Other ethnicity 

* Note: race variables are binary variables (1 if yes, 0 if no), and White is the reference group. 

 

Using the predictors’ regression coefficients created from the above equations, predicted lean 

body mass and fat mass were calculated for each cohort member based on their age, height, weight, waist 

circumference and race. Predicted lean body mass and fat mass were available in 1987, 1996, 2008. 

We collected information on height at the enrollment in 1986, and weight from the following 

biennial questionnaires. In our validation study, the correlation between self-reported and technician-

measured weight was 0.97, and 0.94 for height.28,29 Distinct from the biennial questionnaire, participants 

were asked to measure and report their waist circumferences to the nearest 1/4 inch using provided tape 

measure and following the same instruction in 1987, 1996, and 2008. Non-responders received follow-up 

mails to increase response rate. In our validation study, the correlation between self-reported and 

technician-measured waist circumference was 0.95.28 

 

Ascertainment of outcomes 

The primary end point was death from any cause. Deaths were identified by reports from the next 

of kin, postal authorities, or by searching the National Death Index. More than 98% of deaths were 

ascertained from the follow up. The secondary end point was cause-specific death. The cause of death 

was determined by physician review of medical records and death certificates. Causes of death were 

identified using the ICD-8 codes (International Classification of Diseases, 8th revision): cardiovascular 
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disease (codes 390-459, 795), cancer (codes 140 to 239), respiratory disease (codes 460-519), and all 

other causes.  

 

Ascertainment of covariates 

Detailed information on age, race/ethnicity, medication use, smoking status, physical activity, and 

other lifestyle factors were updated every two years in the cohort. Family history of cardiovascular 

disease and cancer were assessed periodically. Dietary information was collected via validated food 

frequency questionnaires every four years. The Alternate Healthy Eating Index (AHEI) was calculated as 

an overall measure of diet quality using food frequency questionnaire.30 

 

Statistical analyses 

Among participants who had information on predicted lean body and fat mass (i.e., age, weight, 

height, and waist circumference), we excluded participants previously diagnosed with cancer or 

cardiovascular diseases and those with BMI <12.5 or >60 kg/m2 at baseline. Person-time of follow-up was 

calculated from the age when the baseline predicted scores were available until the age at death or the end 

of study (January 2012), whichever came first. Cox proportional hazards models were used to estimate 

hazard ratios and 95% confidence intervals for the association of predicted lean body mass and fat mass 

with all-cause and cause-specific mortality. We stratified the analysis by age in months at the start of the 

follow-up and calendar year of the current questionnaire cycle.  

Predicted fat mass and lean body mass were categorized into quintiles on the basis of the 

distribution of exposures. We used predefined cut points for BMI (<18.5, 18.5-22.4, 22.5-24.9, 25-27.4, 

27.5-29.9, 30-34.9, and ≥35 kg/m2). To account for variation in body size, which is particularly important 

for lean body mass, we adjusted for height by regressing out variation due to height for lean body mass, 

and by including height as a continuous variable for fat mass in the models. In multivariable models, we 

adjusted for potential confounders including race, family history of cardiovascular disease, family history 

of cancer, smoking status, physical activity, total energy intake, alcohol consumption, and overall diet 
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quality as indicated by Alternate Healthy Eating Index. Confounding variables were updated when new 

information became available during the follow-up questionnaires. To examine the independent 

association of predicted lean body mass and fat mass in relation to mortality, we further ran a 

multivariable model including both predicted lean body mass and fat mass. Test for linearity was 

conducted by treating predicted scores and BMI as a continuous variable in the model after assigning a 

median value for each category.  

We also used restricted cubic splines with 3 knots at 5th, 50th, and 95th percentiles to flexibly 

model the association between lean body mass and fat mass and mortality. We tested for potential non-

linearity using a likelihood ratio test comparing the model with only a linear term to the model with linear 

and cubic spline terms.31-33 Given our a priori hypothesis that people with low lean body mass in the 

lower BMI range cause the J-or U-shaped relationship between BMI and mortality, we examined how the 

shape of BMI-mortality relationship changes after excluding those with low lean body mass in the range 

of lowest 2.5th to 10th percentiles. 

For the baseline analysis, we used the predicted lean body mass and fat mass that were first 

available at baseline for all participants. To evaluate the latency between predicted lean body mass and fat 

mass and mortality, we conducted analyses using different lag times (approximately 0, 4, 8, and 12 years). 

For each lagged analysis, the baseline was shifted to 1987, 1990, 1994, and 1998, respectively, and 

predicted lean body mass and fat mass were updated using three repeated measures accordingly.  

Aging is associated with significant changes in body composition. Moreover, smoking is a 

stronger risk factor for mortality and it also affects body composition. Thus, we conducted stratified 

analyses to explore whether the association of predicted lean body mass and fat mass with mortality 

varied across age group (<70, 70-84 and ≥85 years) and smoking status (never, past, and current 

smokers). We also assessed the association of predicted lean body mass, fat mass, and BMI with death 

from cardiovascular disease, cancer, respiratory disease, and other causes.  

Several sensitivity analyses were conducted with no adjustment for physical activity, exclusion of 

deaths that have occurred in the early follow-up period (2 years) and right-censoring criteria for age (>85 



 

35 

 

years), and inclusion of baseline illness. The proportional hazard assumption was tested using a 

likelihood-ratio test comparing the model with and without an interaction term between time period and 

exposure variables. All statistical tests were two-sided and P<0.05 was considered to determine statistical 

significance. We used SAS 9.4 for all analyses (SAS institute Inc., Cary, NC, USA). 
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Results 

Study participants 

A total of 38,021 men were included in the analyses. Baseline characteristics of participants 

according to BMI categories are presented in Table 2.1 The mean age was 54.4 years and the mean BMI 

was 25.4 kg/m2. Predicted lean body mass and fat mass increased with higher BMI, and men with lower 

BMI tended to have higher physical activity and diet quality scores.  

 

All-cause mortality 

During up to 25 years of follow-up (mean, 20.4 years; 14.2 deaths per 1000 person-years), we 

identified 12,356 deaths in men. The association of predicted fat mass and lean body mass with all-cause 

mortality in men is presented in Table 2.2 A multivariable adjusted model showed a positive association 

between predicted fat mass and all-cause mortality, while predicted lean body mass showed a U-shaped 

association with all-cause mortality. In a mutually adjusted model including both predicted fat mass and 

lean body mass, the association between predicted fat mass and all-cause mortality became slightly 

stronger. Compared to those in the lowest quintile of predicted fat mass, men in the highest quintiles had 

35% increased hazard of all-cause mortality. Moreover, predicted lean body mass showed a stronger U-

shaped association with all-cause mortality in the mutually adjusted model. Compared to those in the 

lowest quintile of predicted lean body mass, men in the second to fourth quintiles had 8 to 10% decreased 

hazard of all-cause mortality. 
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Table 2.1. Age-standardized baseline characteristics according to body mass index in men (Health Professional Follow-

up Study, 1987-2012) 

 Body mass index (kg/m2)   

 <18.5 18.5-22.4 22.5-24.9 25.0-27.4 27.5-29.9 30.0-34.9 ≥35.0 

  Person-years 1839 108128 254122 243329 95023 52320 8275 

  Age (year)a 55.5(10.4) 53.9(10.3) 54.0(9.9) 54.5(9.7) 54.9(9.6) 55.1(9.4) 55.5(10.1) 

  Height (cm) 185.4(12.7) 178.8(6.5) 178.5(6.4) 178.2(6.5) 178.7(6.8) 178.5(7.1) 176.4(10.0) 

  Weight (kg) 60.8(8.2) 68.8(5.5) 75.9(5.8) 82.9(6.4) 91.4(7.3) 101.2(9.0) 118.2(13.9) 

  Waist circumference (cm) 86.6(12.4) 86.2(5.3) 91.2(5.6) 96.7(6.1) 102.9(6.8) 110.6(7.9) 123.4(11.4) 

  BMI (kg/m2) 17.6(0.8) 21.4(0.8) 23.7(0.7) 26.0(0.7) 28.5(0.7) 31.7(1.3) 37.9(3.6) 

  Predicted fat mass (kg) 13.3(5.0) 15.5(2.6) 19.1(2.6) 22.8(2.9) 27.1(3.3) 32.3(4.1) 41.2(6.5) 

  Predicted Lean body mass (kg) 40.4(5.8) 50.1(2.3) 53.9(2.1) 57.4(2.3) 61.2(2.6) 65.9(3.4) 75.2(6.0) 

  Total energy intake (kcal/day) 2132(610) 2042(595) 2002(595) 1992(609) 2002(625) 2036(639) 2089(657) 

  Alcohol consumption (g/day) 14.2(18.7) 10.8(14.3) 11.5(14.7) 11.8(15.4) 11.7(15.5) 10.9(16.1) 8.9(15.1) 

  AHEI (score) 51.4(13.5) 54.2(12.1) 53.8(11.6) 52.4(11.1) 51.5(10.9) 50.7(11.0) 49.3(10.8) 

  Physical activity (MET-h/wk) 21.4(35.8) 24.0(28.4) 22.3(27.4) 19.4(23.9) 16.8(22.0) 14.4(20.9) 11.7(14.9) 

  White (%) 98.4 99.4 99.3 99.2 98.8 98.7 99.4 

  Family history of CVD (%) 35.3 32.9 33.4 33.7 33.8 35.2 35.5 

  Family history of cancer (%) 17.6 17.1 16.8 17.5 16.9 16.8 15.4 

  Smoking status (%)        

    Never 47.4 59.1 50.5 45.8 44.1 42.3 41.1 

    Past 34.0 34.8 42.2 46.0 47.5 50.0 50.6 

    Current 18.6 9.2 7.3 8.2 8.4 7.8 8.3 

Abbreviation: BMI, body mass index; AHEI, alternate healthy eating index; CVD, cardiovascular disease 

Data are presented as means (SD) for continuous variables and percentages for categorical variables, unless otherwise 

indicated. 
a Value is not age adjusted 
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Table 2.2. Hazard ratio (95% CI) of all-cause mortality according to predicted fat mass and lean body 

mass in men (Health Professional Follow-up Study).  

Analysis    Hazard Ratio (95% CI) 

  
No of 

deaths 

IR 

/100,000py 
Model 1 Model 2 Model 3 

Fat massa,b         

  Quintile 1 1936 1264 1.00 (reference) 1.00 (reference) 1.00 (reference) 

  Quintile 2 2298 1504 1.10 (1.04-1.17) 1.06 (1.00-1.13) 1.08 (1.02-1.15) 

  Quintile 3 2298 1504 1.04 (0.98-1.11) 0.98 (0.92-1.04) 1.01 (0.95-1.08) 

  Quintile 4 2726 1789 1.26 (1.19-1.34) 1.13 (1.06-1.20) 1.17 (1.09-1.24) 

  Quintile 5 3098 2038 1.56 (1.47-1.65) 1.33 (1.25-1.41) 1.35 (1.26-1.46) 

  P-trend   <.001 <.001 <.001 

Lean body massa,b         

  Quintile 1 2995 2405 1.00 (reference) 1.00 (reference) 1.00 (reference) 

  Quintile 2 2419 1902 0.93 (0.88-0.98) 0.93 (0.88-0.98) 0.92 (0.87-0.97) 

  Quintile 3 2324 1728 0.95 (0.90-1.01) 0.93 (0.88-0.99) 0.90 (0.85-0.96) 

  Quintile 4 2282 1606 1.03 (0.98-1.09) 1.00 (0.95-1.06) 0.92 (0.87-0.98) 

  Quintile 5 2336 1528 1.26 (1.20-1.34) 1.16 (1.10-1.23) 0.97 (0.91-1.04) 

  P-trend     <.001 <.001 0.56 

Abbreviation: BMI, body mass index. 

Model 1: adjusted for age (continuous). 

Model 2: adjusted for age, race (white or non-white), family history of cardiovascular disease (yes or no), family 

history of cancer (yes or no), physical activity (<3, 3-8.9, 9-17.9, 18-26.9, or >27 MET-hour/week), alcohol 

consumption (0, 0.1-4.9, 5-9.9, 10-14.9, or 15.0+ g/day), total energy intake (quintiles), and smoking status 

(never, ever, 1-14, 15-24, ≥25 cigs/day), Alternate Healthy Eating Index (quintiles). 

Model 3: additionally, mutually adjusted for predicted fat mass and predicted lean body mass.  
a Derived from validated anthropometric prediction equations.  

b Height was adjusted by including height as a continuous variable for fat mass and by regressing out variation 

due to height for lean body mass. 
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In Figure 2.1, we used restricted cubic splines to flexibly model and visualize the relationship between 

predicted fat mass and lean body mass with all-cause mortality in men. The risk of all-cause mortality was 

relatively flat and increased slightly until around 21 kg of predicted fat mass, and then started to increase 

rapidly afterwards (P for non-linearity<0.001). The average BMI for men with 21 kg of fat mass is 25 

kg/m2. In respect to the strong U-shaped relationship between predicted lean body mass and all-cause 

mortality, the plot showed a substantial reduction of the risk within the lower range of predicted lean body 

mass, which reached the lowest risk around 55 kg and then increased thereafter (P for non-

linearity<0.001). 

When we used BMI alone, which does not distinguish fat mass and lean body mass, we observed 

a J-shaped relationship between BMI and all-cause mortality in men (Table 2.3). From figure 1.1, a higher 

risk was associated with predicted lean body mass below 50 kg, around the 10th percentiles, but low 

predicted fat mass did not increase risk. Thus, we examined the influence on BMI when we excluded men 

with predicted lean body mass below the 10th percentiles. When we excluded those in the lowest 2.5th 

percentiles of predicted lean body mass, the J-shaped relationship between BMI and mortality 

disappeared. Upon excluding more participants with low predicted lean body mass (5th and 10th 

percentiles), the BMI-mortality relationship became more linear and slightly stronger. 

 We further examined how the association of predicted fat mass and lean body mass with all-cause 

mortality changes by different lag times (Table 2.4). With shorter lag times, predicted fat mass showed a 

less linear positive association with all-cause mortality, while predicted lean body mass showed a stronger 

U-shaped association with all-cause mortality. However, with longer lag times, predicted fat mass showed 

a stronger and more linear positive association with all-cause mortality, while predicted lean body mass 

showed a weaker U-shaped association with all-cause mortality. We also examined the association 

between BMI and all-cause mortality to see how the relationship changes by different lag times. We 

observed a stronger U-shaped association between BMI and all-cause mortality with shorter lag times. 

However, the BMI-mortality relationship became more J-shaped and stronger with longer lag times.  
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Figure 2.1. The association between predicted body composition and all-cause mortality in men. 1a. Fat mass 

and all-cause mortality. 2b. Lean body mass and all-cause mortality.  

1a. Fat mass* and all-cause mortality. 

 

1b. Lean body mass* and all-cause mortality 
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Hazard ratios are indicated by solid lines and 95 % CIs by dashed lines. The reference point is the lowest value for 

each fat mass and lean body mass, with knots placed at the 5th, 50th, and 95th percentiles of each fat mass and lean 

body mass distribution. The models adjusted for age, height, race (white or non-white), family history of 

cardiovascular disease (yes or no), family history of cancer (yes or no), alcohol (0, 0.1-4.9, 5-9.9, 10-14.9, or 15.0+ 

g/day), total daily energy intake (quintiles), and smoking (never, ever, 1-14, 15-24, ≥25 cigs/day), physical activity 

(<3, 3-8.9, 9-17.9, 18-26.9, or >27 MET-hour/week), Alternate Healthy Eating Index (quintiles) and mutually 

adjusted for predicted fat mass and predicted lean body mass (quintiles).  

* Percentiles (0, 2.5, 5, 10, 25, 50, 75, 90, and 100%ile): 7, 13, 14, 15, 18, 21, 25, 29, and 66 kg for fat mass and 24, 

48, 49, 51, 53, 56, 59, 63, and 103 kg for lean body mass.  
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Table 2.3. Hazard ratio (95% CI) of all-cause mortality according to body mass index in men (Health Professional Follow-up Study).  

Analysis    Hazard Ratio (95% CI) 

  
No of 

deaths 

IR 

/100,000py 
Model 1a Model 2a Model 3b Model 4c Model 5d 

BMI          

  <18.5  53 2883 1.74 (1.33-2.28) 1.64 (1.25-2.15) NA NA NA 

  18.5-22.4  1626 1504 1.04 (0.98-1.10) 1.03 (0.98-1.10) 1.00 (0.93-1.06) 0.98 (0.91-1.06) 0.93 (0.85-1.02) 

  22.5-24.9  3740 1472 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 

  25.0-27.4  3987 1639 1.09 (1.04-1.14) 1.04 (0.99-1.09) 1.04 (1.00-1.09) 1.05 (1.00-1.10) 1.06 (1.01-1.11) 

  27.5-29.9  1753 1845 1.31 (1.24-1.39) 1.21 (1.14-1.28) 1.22 (1.15-1.29) 1.23 (1.16-1.30) 1.24 (1.17-1.31) 

  30.0-34.9  1001 1913 1.48 (1.38-1.59) 1.31 (1.22-1.40) 1.31 (1.22-1.41) 1.32 (1.23-1.42) 1.34 (1.24-1.44) 

  ≥35.0  196 2368 2.28 (1.98-2.64) 1.99 (1.72-2.30) 2.00 (1.73-2.31) 2.02 (1.75-2.33) 2.04 (1.76-2.35) 

  P-trend    <.001   <.001   <.001  <.001  <.001 

Abbreviation: BMI, body mass index; FM, fat mass; LBM, lean body mass; NA, not available (no cases available after exclusion). 

Model 1: adjusted for age (continuous). 

Model 2: adjusted for age, race (white or non-white), family history of cardiovascular disease (yes or no), family history of cancer (yes or no), physical activity 

(<3, 3-8.9, 9-17.9, 18-26.9, or >27 MET-hour/week), alcohol consumption (0, 0.1-4.9, 5-9.9, 10-14.9, or 15.0+ g/day), total energy intake (quintiles), smoking 

status (never, ever, 1-14, 15-24, ≥25 cigs/day), and Alternate Healthy Eating Index (quintiles). 

Model 3: additionally, excluded 2.5%ile of total participants with low lean body mass.e 

Model 4: additionally, excluded 5%ile of total participants with low lean body mass.e 

Model 5: additionally, excluded 10%ile of total participants with low lean body mass.e 
a Number of deaths/person-years for each category of BMI: 53/1839, 1626/108128, 3740/254122, 3987/243329, 1753/95023, 1001/52320, and 196/8275. 
b Number of deaths/person-years for each category of BMI: 0/26, 1226/92416, 3695/252987, 3981/243206, 1751/94960, 1000/52311, and 196/8275. 
c Number of deaths/person-years for each category of BMI: 0/0, 919/76089, 3603/250484, 3977/243074, 1751/94960, 1000/52311, and 196/8275. 
d Number of deaths/person-years for each category of BMI: 0/0, 515/49770, 3295/239196, 3964/242600, 1751/94928, 1000/52311, and 196/8275. 
e For exclusion analyses, height-adjusted lean body mass was used after regressing out variation due to height. 
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Table 2.4. Hazard ratio (95% CI) of all-cause mortality according to body mass index, predicted fat mass, 

and lean body mass by different lag-time periods 

Analysis  Hazard Ratio (95% CI) 

 0-12y 4-16y 8-18y 12-22y 

    No. of deaths  12356  11160  8914  6871 

    IR/100,000py  1419  1580  1694  1856 

  Fat massa,b 
 

      

    Quintile 1 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 

    Quintile 2 0.98 (0.93-1.04) 1.03 (0.97-1.10) 1.04 (0.96-1.12) 1.02 (0.93-1.11) 

    Quintile 3 0.95 (0.89-1.01) 0.99 (0.93-1.06) 1.02 (0.94-1.10) 1.02 (0.93-1.12) 

    Quintile 4 1.04 (0.98-1.11) 1.11 (1.04-1.19) 1.12 (1.04-1.22) 1.14 (1.03-1.25) 

    Quintile 5 1.22 (1.13-1.31) 1.29 (1.19-1.40) 1.38 (1.26-1.51) 1.36 (1.22-1.51) 

    P-trend <.001  <.001  <.001  <.001 

  Lean body massa,b     

    Quintile 1 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 

    Quintile 2 0.87 (0.83-0.92) 0.88 (0.83-0.93) 0.90 (0.84-0.96) 0.93 (0.86-1.01) 

    Quintile 3 0.84 (0.80-0.89) 0.88 (0.83-0.94) 0.88 (0.82-0.94) 0.93 (0.85-1.01) 

    Quintile 4 0.85 (0.80-0.91) 0.89 (0.83-0.95) 0.90 (0.84-0.98) 0.93 (0.85-1.02) 

    Quintile 5 0.90 (0.84-0.97) 0.95 (0.88-1.03) 0.95 (0.87-1.03) 1.01 (0.91-1.11) 

    P-trend 0.001 0.22 0.23 0.89 

  BMI         

    <18.5  2.29 (1.97-2.66) 1.38 (1.05-1.81) 1.33 (0.97-1.84) 1.32 (0.92-1.91) 

    18.5-22.4  1.20 (1.14-1.27) 1.06 (1.00-1.13) 1.02 (0.95-1.09) 1.01 (0.94-1.10) 

    22.5-24.9  1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 

    25.0-27.4  0.94 (0.89-0.98) 0.98 (0.93-1.02) 1.01 (0.95-1.06) 1.04 (0.98-1.10) 

    27.5-29.9  1.06 (1.00-1.13) 1.13 (1.07-1.20) 1.15 (1.08-1.23) 1.22 (1.13-1.32) 

    30.0-34.9  1.19 (1.11-1.28) 1.29 (1.20-1.38) 1.37 (1.26-1.48) 1.39 (1.27-1.53) 

    ≥35.0  1.58 (1.39-1.80) 1.57 (1.36-1.81) 1.67 (1.43-1.95) 1.98 (1.66-2.37) 

    P-trend 0.73 <.001 <.001 <.001 

  BMI*     

    <18.5  3.30 (2.31-4.70) NA 3.9 (0.54-28.14) NA 

    18.5-22.4  1.18 (1.09-1.28) 0.98 (0.89-1.09) 0.96 (0.85-1.07) 0.95 (0.83-1.09) 

    22.5-24.9  1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 

    25.0-27.4  0.96 (0.91-1.01) 1.00 (0.95-1.06) 1.03 (0.97-1.09) 1.05 (0.98-1.12) 

    27.5-29.9  1.11 (1.05-1.18) 1.19 (1.12-1.27) 1.20 (1.11-1.29) 1.26 (1.16-1.38) 

    30.0-34.9  1.23 (1.14-1.32) 1.32 (1.23-1.42) 1.38 (1.27-1.51) 1.39 (1.25-1.54) 

    ≥35.0  1.68 (1.48-1.92) 1.65 (1.43-1.91) 1.69 (1.43-2.00) 1.96 (1.61-2.39) 

    P-trend <.001 <.001 <.001 <.001 

Abbreviation: BMI, body mass index; NA, not available (no cases available after exclusion). 

All models were adjusted for age, race (white or non-white), family history of cardiovascular disease (yes or no), 

family history of cancer (yes or no), physical activity (<3, 3-8.9, 9-17.9, 18-26.9, or >27 MET-hour/week), 

alcohol (0, 0.1-4.9, 5-9.9, 10-14.9, or 15.0+ g/day), total energy intake (quintiles), smoking status (never, ever, 1-

14, 15-24, ≥25 cigs/day), and Alternate Healthy Eating Index (quintiles). Fat mass and lean body mass were 

mutually adjusted in the model.  

* Excluded 10%ile of total participants with low lean body mass.b 
a Derived from validated anthropometric prediction equations. 

b Height was adjusted by including height as a continuous variable for fat mass and by regressing out variation 

due to height for lean body mass 
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When we excluded those with low predicted lean body mass, the BMI-mortality relationship became 

more linear and stronger.  

We also examined the associations stratified by smoking status and age (Table 2.5). The 

relationship between predicted fat mass and all-cause mortality was stronger and more linear among 

never-smokers compared to current-smokers and among younger adults compared to older adults. On the 

other hand, we observed a stronger U-shaped association between predicted lean body mass and all-cause 

mortality among current-smokers compared to never-or past-smokers. Among current-smokers, compared 

to those in the lowest quintile of predicted lean body mass, men in the second and third quintiles had 28 to 

34% decreased hazard of all-cause mortality. We observed a similar U-shaped relationship for predicted 

lean body mass across all age groups, although it tended to be less influential for men over 85 years old.  

When we examined the relationship between BMI and all-cause mortality stratified by smoking 

status, we observed a stronger U-shaped relationship among current-smokers compared to never- or past-

smokers. When we stratified by age, we found weaker positive relationship between BMI and all-cause 

mortality among older adults compared to younger adults. Overall, we observed a slightly stronger and 

more linear positive association between BMI and mortality after excluding those with low predicted lean 

body mass. 

Our findings remained robust in several sensitivity analyses (Supplementary table 2.7). The 

results did not change with no adjustment for physical activity, exclusion of deaths in the early follow-up 

period and right-censoring criteria for age, and inclusion of baseline illness. Albeit not substantial, we 

observed a slightly stronger U-shaped relationship between predicted lean body mass and all-cause 

mortality after exclusion of right-censoring criteria for age and inclusion of baseline illness. 
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Table 2.5. Hazard ratio (95% CI) of all-cause mortality according to predicted fat mass and lean body mass 

stratified by smoking status and age. 

Analysis  Hazard Ratio (95% CI) 

  

Never-

smokers 

Past- 

smoker 

Current-

smoker 
Age <70yrs Age 70-84yrs Age ≥85yrs 

    No. of deaths  6790 4948 618  2406  6846  3104 

    IR/100,000py  1457 1377 1366  402  2789  11983 

  Fat massa,b       

    Quintile 1 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 

    Quintile 2 1.06 (0.98-1.15) 1.14 (1.03-1.26) 0.96 (0.73-1.27) 1.14 (0.99-1.31) 1.08 (1.01-1.15) 1.02 (0.91-1.15) 

    Quintile 3 1.02 (0.93-1.11) 1.02 (0.92-1.13) 0.93 (0.69-1.26) 0.95 (0.81-1.11) 1.01 (0.94-1.07) 1.03 (0.91-1.16) 

    Quintile 4 1.18 (1.08-1.28) 1.16 (1.04-1.29) 1.23 (0.91-1.66) 1.22 (1.04-1.42) 1.16 (1.09-1.24) 1.10 (0.97-1.25) 

    Quintile 5 1.40 (1.27-1.55) 1.34 (1.19-1.5) 1.18 (0.84-1.66) 1.52 (1.28-1.8) 1.36 (1.26-1.46) 1.15 (0.99-1.33) 

    P-trend  <.001 <.001 0.18 <.001 <.001 0.04 

  Lean body massa,b      

    Quintile 1 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 

    Quintile 2 0.95 (0.88-1.02) 0.91 (0.83-0.99) 0.66 (0.51-0.86) 0.85 (0.73-0.97) 0.92 (0.87-0.97) 0.97 (0.88-1.08) 

    Quintile 3 0.90 (0.84-0.98) 0.94 (0.86-1.03) 0.72 (0.54-0.94) 0.87 (0.76-1.01) 0.90 (0.85-0.96) 0.94 (0.84-1.05) 

    Quintile 4 0.92 (0.85-1.01) 0.94 (0.85-1.03) 0.81 (0.61-1.08) 0.94 (0.81-1.09) 0.92 (0.87-0.98) 1.03 (0.91-1.17) 

    Quintile 5 0.97 (0.88-1.07) 0.99 (0.88-1.10) 0.85 (0.62-1.17) 0.98 (0.84-1.15) 0.97 (0.91-1.04) 1.05 (0.90-1.22) 

    P-trend 0.28 0.99 0.56 0.55 0.50 0.59 

  BMI            

    <18.5  1.58 (1.08-2.30) 1.65 (1.06-2.57) 1.90 (0.75-4.79) 1.80 (0.96-3.37) 1.65 (1.25-2.16) 1.45 (0.80-2.63) 

    18.5-22.4  1.01 (0.93-1.09) 1.04 (0.95-1.15) 1.31 (1.02-1.68) 1.05 (0.91-1.21) 1.04 (0.98-1.10) 1.02 (0.92-1.14) 

    22.5-24.9  1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 

    25.0-27.4  1.05 (0.99-1.11) 1.02 (0.95-1.10) 1.14 (0.92-1.41) 1.12 (1.00-1.24) 1.04 (0.99-1.09) 1.03 (0.94-1.12) 

    27.5-29.9  1.23 (1.14-1.33) 1.20 (1.10-1.31) 1.24 (0.94-1.62) 1.37 (1.21-1.56) 1.21 (1.14-1.28) 1.18 (1.04-1.33) 

    30.0-34.9  1.31 (1.19-1.45) 1.27 (1.14-1.42) 1.53 (1.09-2.12) 1.59 (1.38-1.84) 1.31 (1.22-1.41) 1.12 (0.94-1.34) 

    ≥35.0  2.02 (1.65-2.47) 2.01 (1.61-2.50) 1.85 (0.84-4.04) 2.33 (1.80-3.03) 2.01 (1.74-2.33) 1.30 (0.79-2.13) 

    P-trend  <.001 <.001 0.19 <.001 <.001 0.04 

  BMI*       

    <18.5  NA NA NA NA NA NA 

    18.5-22.4  0.95 (0.85-1.07) 0.87 (0.74-1.02) 1.02 (0.67-1.55) 0.89 (0.73-1.09) 0.93 (0.85-1.02) 1.08 (0.90-1.29) 

    22.5-24.9  1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 

    25.0-27.4  1.07 (1.00-1.14) 1.05 (0.97-1.13) 1.15 (0.92-1.43) 1.13 (1.02-1.26) 1.06 (1.01-1.11) 1.04 (0.95-1.14) 

    27.5-29.9  1.26 (1.16-1.36) 1.23 (1.12-1.34) 1.24 (0.94-1.64) 1.40 (1.23-1.59) 1.24 (1.17-1.31) 1.18 (1.05-1.34) 

    30.0-34.9  1.34 (1.21-1.48) 1.30 (1.16-1.45) 1.48 (1.05-2.07) 1.62 (1.39-1.87) 1.34 (1.25-1.44) 1.13 (0.94-1.35) 

    ≥35.0  2.07 (1.69-2.53) 2.05 (1.65-2.55) 1.78 (0.81-3.92) 2.37 (1.83-3.08) 2.06 (1.78-2.38) 1.31 (0.80-2.16) 

    P-trend <.001 <.001 0.01 <.001 <.001 0.02 

Abbreviation: BMI, body mass index; NA, not available (no cases available after exclusion). 

All models were adjusted for age, race (white or non-white), family history of cardiovascular disease (yes or no), family 

history of cancer (yes or no), physical activity (<3, 3-8.9, 9-17.9, 18-26.9, or >27 MET-hour/week), alcohol (0, 0.1-4.9, 

5-9.9, 10-14.9, or 15.0+ g/day), total energy intake (quintiles), smoking status (never, ever, 1-14, 15-24, ≥25 cigs/day), 

and Alternate Healthy Eating Index (quintiles). Fat mass and lean body mass were mutually adjusted in the model.  

* Excluded 10%ile of total participants with low lean body mass.b 
a Derived from validated anthropometric prediction equations.  

b Height was adjusted by including height as a continuous variable for fat mass and by regressing out variation due to 

height for lean body mass. 



 

46 

 

Cause-specific mortality 

We further examined the association of predicted fat mass and lean body mass with cause-

specific mortality (Table 2.6). Mutually adjusted models showed a linear positive association between 

predicted fat mass and mortality due to cardiovascular disease and cancer. Compared to those in the 

lowest quintile of predicted fat mass, men in the highest quintile had 66% and 24% increased hazard of 

death due to cardiovascular disease and cancer, respectively. In contrast, predicted lean body mass 

showed a U-shaped association with mortality due to cardiovascular disease and cancer in the mutually 

adjusted models. However, predicted lean body mass showed a strong inverse association with mortality 

due to respiratory disease (P for trend<.001). Compared to those in the lowest quintile of predicted lean 

body mass, men in the highest quintile had 50% decreased hazard of death due to respiratory disease. 

When we examined the association between BMI and cause-specific mortality, we observed various 

shapes of the relationship. After excluding those with low lean body mass, a linear positive association 

was shown between BMI and mortality due to cardiovascular disease and other causes, and the inverse 

association between BMI and mortality due to respiratory disease was no longer significant (P for 

trend=0.63). 
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Table 2.6. Hazard ratio (95% CI) of cause-specific mortality according to predicted fat mass and lean 

body mass in men (Health Professional Follow-up Study).  

Analysis  Hazard Ratio (95% CI) 

  CVD death Cancer death Respiratory death Other death 

  No. of deaths  4292  3707  960  3397 

  IR/100,000py  489  422  109  387 

  Fat massa,b         

    Quintile 1 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 

    Quintile 2 1.11 (0.99-1.24) 1.15 (1.03-1.29) 0.93 (0.75-1.15) 1.02 (0.91-1.14) 

    Quintile 3 1.10 (0.98-1.23) 1.06 (0.94-1.20) 1.07 (0.86-1.32) 0.84 (0.75-0.95) 

    Quintile 4 1.29 (1.15-1.45) 1.16 (1.02-1.30) 1.11 (0.89-1.39) 1.02 (0.90-1.16) 

    Quintile 5 1.66 (1.47-1.88) 1.24 (1.08-1.42) 1.27 (0.98-1.65) 1.14 (0.99-1.31) 

    P-trend  <.001  0.02  0.21  0.07 

  Lean body massa,b     
    Quintile 1 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 

    Quintile 2 0.96 (0.88-1.06) 0.97 (0.88-1.08) 0.61 (0.51-0.74) 0.95 (0.85-1.05) 

    Quintile 3 0.95 (0.86-1.05) 0.94 (0.84-1.04) 0.58 (0.47-0.70) 0.96 (0.86-1.07) 

    Quintile 4 0.97 (0.87-1.07) 0.94 (0.84-1.06) 0.57 (0.46-0.71) 1.01 (0.90-1.13) 

    Quintile 5 1.11 (0.99-1.25) 1.03 (0.90-1.17) 0.50 (0.39-0.65) 0.97 (0.85-1.11) 

    P-trend 0.10 0.34 <.001 0.66 

  BMI         

    <18.5  1.45 (0.87-2.41) 0.67 (0.32-1.41) 5.34 (3.11-9.17) 1.84 (1.14-2.98) 

    18.5-22.4  0.98 (0.88-1.08) 0.98 (0.88-1.09) 1.40 (1.15-1.69) 1.05 (0.94-1.17) 

    22.5-24.9  1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 

    25.0-27.4  1.16 (1.08-1.25) 1.00 (0.92-1.09) 0.92 (0.78-1.08) 0.96 (0.88-1.05) 

    27.5-29.9  1.40 (1.27-1.54) 1.13 (1.02-1.25) 1.10 (0.89-1.35) 1.10 (0.98-1.23) 

    30.0-34.9  1.75 (1.56-1.96) 1.13 (0.99-1.29) 0.81 (0.60-1.09) 1.16 (1.01-1.33) 

    ≥35.0  2.64 (2.09-3.33) 1.55 (1.17-2.04) 0.90 (0.42-1.91) 2.08 (1.59-2.71) 

    P-trend  <.001  <.001 <.001  0.002 

  BMI*     

    <18.5  NA NA NA NA 

    18.5-22.4  0.87 (0.73-1.03) 0.95 (0.81-1.12) 0.95 (0.67-1.34) 0.94 (0.79-1.11) 

    22.5-24.9  1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 

    25.0-27.4  1.19 (1.09-1.29) 1.00 (0.92-1.09) 1.00 (0.84-1.19) 0.99 (0.90-1.08) 

    27.5-29.9  1.42 (1.29-1.57) 1.13 (1.02-1.26) 1.21 (0.98-1.50) 1.13 (1.01-1.26) 

    30.0-34.9  1.79 (1.59-2.01) 1.13 (0.99-1.29) 0.90 (0.66-1.22) 1.18 (1.03-1.36) 

    ≥35.0  2.68 (2.12-3.39) 1.55 (1.17-2.05) 0.99 (0.46-2.10) 2.12 (1.63-2.77) 

    P-trend <.001  <.001 0.63 <.0001 

Abbreviation: BMI, body mass index; CVD, cardiovascular disease; NA, not available (no cases available after 

exclusion). 

All models were adjusted for age, race (white or non-white), family history of cardiovascular disease (yes or no), 

family history of cancer (yes or no), physical activity (<3, 3-8.9, 9-17.9, 18-26.9, or >27 MET-hour/week), 

alcohol (0, 0.1-4.9, 5-9.9, 10-14.9, or 15.0+ g/day), total energy intake (quintiles), smoking status (never, ever, 

1-14, 15-24, ≥25 cigs/day), and Alternate Healthy Eating Index (quintiles). Fat mass and lean body mass were 

mutually adjusted in the model.  

* Excluded 10%ile of total participants with low lean body mass.b 
a Derived from validated anthropometric prediction equations.  

b Height was adjusted by including height as a continuous variable for fat mass and by regressing out variation 

due to height for lean body mass. 
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Discussion 

In a large prospective cohort study of men, we used validated anthropometric prediction 

equations to examine the association of lean body mass and fat mass with all-cause and cause-specific 

mortality. We found a strong positive association between predicted fat mass and mortality due to all 

causes, cardiovascular disease, and cancer. On the contrary, predicted lean body mass showed a U-shaped 

association with mortality due to all causes, cardiovascular disease, and cancer, and an inverse association 

with mortality due to respiratory disease.  

Numerous epidemiological studies have examined the relationship between BMI and mortality, 

but the controversy and confusion exist around the unexpected J- or U-shaped association between BMI 

and mortality. A meta-analysis of 141 studies showed a lower risk of mortality for overweight (BMI of 

25-29.9 kg/m2) and grade 1 obesity (BMI of 30-34.9 kg/m2), compared to normal weight (BMI of 18.5-

24.9 kg/m2).9 This so-called ‘obesity paradox’ was more prominent in studies with elderly population.9,34 

Our findings on BMI were in line with the previous findings, whereby we consistently observed a J-

shaped relationship with mortality even after accounting for age, smoking, and baseline diseases. 

 However, when we assessed lean body mass and fat mass separately using the validated 

anthropometric prediction equations in relation to mortality, we found a strong positive association 

between predicted fat mass and mortality. Increased predicted fat mass was never protective for mortality, 

but we found a slow increase of the risk for those within 0 to 50th percentiles (7 to 21 kg) and a rapid 

increase in the risk afterwards. In terms of BMI, the rapid increase at around 21 kg corresponds to an 

average BMI of approximately 25 kg/m2. On the other hand, predicted lean body mass showed a U-

shaped association with mortality: in between 0 to 10th percentiles of predicted lean body mass (24 to 51 

kg) we observed a substantially reduced risk of mortality, but the risk began to increase slowly above the 

50th percentiles (56 kg) and rapidly above 90th percentiles (63 kg).  

These two different shapes in mortality risk for fat mass and lean body mass taken together can 

explain the observed J-shaped relationship between BMI and mortality in our study. For instance, the 

increased risk of mortality in the lower BMI range (<25 kg/m2) could be attributed to a combination of the 
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high risk among men with low predicted lean body mass, which over-rides the minimal risk among those 

with low predicted fat mass. The increase of mortality risk at the BMI range of 25-30 kg/m2 is likely due 

to the high risk associated with predicted fat mass in combination with only a moderate risk associated 

with predicted lean body mass. Lastly, the rapid increase of mortality risk in the higher BMI range 

(>30kg/m2) could be due to a very high risk associated with both predicted fat mass and lean body mass. 

Of note, the observed positive association between predicted lean body mass and mortality, especially at 

the high end, is almost entirely due to high fat mass and high lean body mass. We found high predicted 

fat mass for those with high predicted lean body mass. The average predicted fat mass for those in the 

highest decile of predicted lean body mass was 31 kg (Supplementary table 2.8). 

These observed patterns for fat mass and lean body mass were further supported from our 

additional analyses of BMI and mortality after excluding those in the lower end of predicted lean body 

mass. Such exclusion mostly removed men who are lean but unhealthy in the lower BMI group and 

resulted in a strong linear positive relationship between BMI and mortality. This shows that separating 

lean and healthy (low BMI and high lean body mass) vs. lean and unhealthy (low BMI and low lean body 

mass) individuals could be a key to explain the ‘obesity paradox’ phenomenon. 

To date, only a limited number of studies have examined mortality in relation to directly 

measured body composition using DXA or other instruments. The findings showed inconsistent and 

various shapes of the relationship, and these studies had major limitations (e.g., small sample size, short 

follow-up period, restricted to elderly population, exposure measured at one time point, lack of 

information on important confounders (especially smoking) and/or no examination on cause-specific 

mortality). However, our finding was consistent with a recent large-scale Canadian study that measured 

DXA of 49,476 participants referred for bone mineral density testing.25 That study found that high percent 

fat and low BMI were independently associated with increased risk of all-cause mortality when percent 

fat and BMI were simultaneously adjusted in the models. However, the observed associations might have 

been confounded by smoking or physical activity due to lack of information on those variables. 

Moreover, this study did not use direct measure of lean body mass. In a Danish study conducted among 
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adults using a bioelectrical impedance analysis, a J-shaped relationship was found for fat mass index 

while a reversed J-shaped relationship was found for fat-free mass index in relation to all-cause mortality 

when mutually adjusted for fat mass index and fat-free mass index.20 The difference in the shape of 

associations may be due to difference in participants’ characteristics or measure of body composition. 

However, we need to note that this study had relatively short follow-up period (median 5.8 years) and 

potential confounders such as diet and physical activity were not adjusted. 

Distinctive from the previous studies, we further conducted lagged analysis using repeated 

measures of predicted fat mass and lean body mass over the long-term follow-up period. The BMI-

mortality relationship is prone to reverse causation by preexisting diseases that can cause weight loss and 

also increase risk of mortality, and this is more likely to be a concern with shorter lag times. We found 

that, with shorter lag time periods, the positive association between predicted fat mass and mortality 

attenuated, while the U-shaped association between predicted lean body mass and mortality tended to be 

strengthened. Therefore, the stronger U-shaped relationship between BMI and mortality with shorter lag 

time periods can be mostly attributed to the pronounced U-shaped association for predicted lean body 

mass, which may be an indicator of health status capturing any preexisting undiagnosed medical 

condition. Yet, we also observed U-shaped association between predicted lean body and mortality with 

longer lag time periods even after excluding baseline illness, which indicates that lean body mass is not 

merely an indicator of health status but may also have a protective role on mortality.  

The influence of smoking is particularly important in investigating the obesity-mortality 

relationship. Not only is smoking a strong risk factor for death, but it also affects body weight and body 

composition.35 Smokers tend to have lower body weight than non-smokers,36 and smoking is also 

associated with lower lean body mass and greater accumulation of visceral adiposity.37,38 In this study, we 

were able to examine the independent role of fat mass and lean body mass on mortality by smoking 

status. Similar to the BMI-mortality association, predicted fat mass showed weaker and less linear 

association with mortality among current-smokers than past-or never-smokers. Interestingly, we found a 

stronger U-shaped relationship between predicted lean body mass and mortality among current-smokers 
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than past-or never-smokers. Although we cannot completely rule out the residual confounding by 

smoking, our findings showed some evidence that the frequently observed U-shaped relationship between 

BMI and mortality among smokers may be affected by the strong U-shaped association between lean 

body mass and mortality. Moreover, this suggests that the critical issue of smoking in the obesity-

mortality relationship can be better understood by examining fat mass and lean body, instead of BMI 

alone.  

With aging, there is a substantial reduction in lean body mass and an increase in fat mass. That is, 

even if body weight remains unchanged, body composition changes unfavorably with aging.17,18 Thus, 

BMI, which cannot discriminate lean body mass from fat mass, is a particularly poor indicator of 

adiposity for the elderly. We also found that BMI is weakly associated with mortality in older adults than 

in younger adults. Similarly, we found a weaker positive association between predicted fat mass and 

mortality in older adults. However, the relationship between predicted lean body mass and mortality was 

not very different across age. It is possible that low lean body mass in older adults are more likely to be 

associated with aging-related physical function decline and disability, but low lean body mass in younger 

adults may be an indicator of serious health status as well. However, given the emerging literature 

emphasizing the importance of understanding sarcopenia and sarcopenic obese in elderly population,39-41 

more studies are needed to explore the role of lean body mass on mortality in the elderly population.  

Our study has several strengths. First, the innovative approach of validated anthropometric 

prediction equations allowed us to practically assess lean body mass and fat mass in large epidemiological 

settings. This is one of the largest studies to date that examined the association between body composition 

and mortality using a method to directly measure fat mass and lean body mass. Second, the HPFS is a 

well-established prospective cohort study that has a large number of cases over long-term follow-up 

period. Third, detailed and updated information on lifestyle and health-related factors allowed to 

adequately control for confounding. Fourth, repeated measures on exposures (i.e., predicted scores) 

allowed prospective analyses of various lag time periods.  
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There are several limitations as well. First, the predicted lean body mass and fat mass may not be 

perfect measures of actual lean body mass and fat mass. Nonetheless, the validation results from the 

NHANES showed high predictive ability of the anthropometric equations with no substantial systematic 

bias. Moreover, given the prospective study design, any mismeasurement in the exposures would likely 

be random with respect to endpoints, resulting in conservative associations. Second, we cannot entirely 

rule out the possibility of unmeasured or unknown confounding factors that may account for the 

associations observed in this study. However, the homogeneity of the study population and 

comprehensive data on the risk factors minimized potential confounding. Third, the generalizability of the 

findings may be limited given that the study participants were restricted to health professionals and 

predominantly White men. However, we believe that our main findings will be broadly applicable.  

In summary, we found a strong positive association between predicted fat mass and mortality, and 

a U-shaped association between predicted lean body mass and mortality in men. Comparing the shape of 

the BMI-obesity relationship with those observed for predicted fat mass and lean body mass indicate that 

BMI is an inadequate measure in predicting all-cause and cause-specific mortality especially for those in 

the lower BMI range where low lean body mass may be driving the increased risk of mortality. Therefore, 

understanding the independent role of lean body mass and fat mass has important implications for 

clarifying the ‘obesity paradox’ phenomenon in the relationship between BMI and mortality. 
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Chapter 2 Appendix 

 

 

 

  

Supplementary table 2.7. Sensitivity analysis of body mass index, predicted lean body mass, and fat mass in 

relation to all-cause mortality in men (Health Professional Follow-up Study). 

Analysis  Hazard Ratio (95% CI)  

  Model 1 Model 2 Model 3 Model 4 

  Fat massa,b     

    Quintile 1 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 

    Quintile 2 1.09 (1.02-1.16) 1.09 (1.02-1.16) 1.09 (1.02-1.17) 1.09 (1.01-1.16) 

    Quintile 3 1.02 (0.96-1.09) 1.03 (0.96-1.10) 0.99 (0.92-1.07) 1.01 (0.94-1.08) 

    Quintile 4 1.19 (1.12-1.27) 1.18 (1.11-1.27) 1.18 (1.09-1.27) 1.17 (1.09-1.26) 

    Quintile 5 1.41 (1.31-1.51) 1.37 (1.27-1.47) 1.41 (1.30-1.53) 1.40 (1.29-1.52) 

    P-trend <.001 <.001 <.001 <.001 

  Lean body massa,b     

    Quintile 1 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 

    Quintile 2 0.91 (0.86-0.96) 0.92 (0.87-0.97) 0.90 (0.84-0.96) 0.88 (0.83-0.94) 

    Quintile 3 0.90 (0.85-0.95) 0.90 (0.85-0.96) 0.89 (0.83-0.95) 0.87 (0.81-0.93) 

    Quintile 4 0.91 (0.86-0.97) 0.92 (0.86-0.98) 0.90 (0.84-0.96) 0.89 (0.83-0.95) 

    Quintile 5 0.96 (0.90-1.03) 0.98 (0.91-1.05) 0.95 (0.87-1.02) 0.94 (0.87-1.01) 

    P-trend 0.33 0.61 0.26 0.17 

  BMI        

    <18.5  1.67 (1.27-2.20) 1.00 (reference) 1.84 (1.38-2.44) 1.66 (1.25-2.18) 

    18.5-22.4  1.03 (0.97-1.10) 1.35 (1.00-1.84) 1.05 (0.98-1.12) 1.05 (0.99-1.12) 

    22.5-24.9  1.00 (reference) 1.02 (0.96-1.09) 1.00 (reference) 1.00 (reference) 

    25.0-27.4  1.05 (1.00-1.10) 1.03 (0.99-1.08) 1.05 (0.99-1.10) 1.04 (0.99-1.09) 

    27.5-29.9  1.23 (1.16-1.30) 1.21 (1.14-1.28) 1.23 (1.15-1.31) 1.22 (1.15-1.30) 

    30.0-34.9  1.35 (1.26-1.45) 1.31 (1.22-1.41) 1.35 (1.25-1.46) 1.35 (1.25-1.45) 

    ≥35.0  2.07 (1.79-2.39) 2.02 (1.74-2.34) 2.06 (1.77-2.40) 1.94 (1.67-2.25) 

    P-trend <.001 <.001 <.001 <.001 

Abbreviation: BMI, body mass index. 

All models were adjusted for age, race (white or non-white), family history of cardiovascular disease (yes or no), 

family history of cancer (yes or no), physical activity (<3, 3-8.9, 9-17.9, 18-26.9, or >27 MET-hour/week), 

alcohol (0, 0.1-4.9, 5-9.9, 10-14.9, or 15.0+ g/day), total energy intake (quintiles), smoking status (never, ever, 1-

14, 15-24, ≥25 cigs/day), and Alternate Healthy Eating Index (quintiles). Fat mass and lean body mass were 

mutually adjusted in the model.  

Model 1: no adjustment for physical activity. 

Model 2: exclusion of deaths occurred in the early follow-up period (2 years). 

Model 3: exclusion of right censoring criteria for age (>85 years). 

Model 4: inclusion of baseline illness.  

a Derived from validated anthropometric prediction equations.  

b Height was adjusted by including height as a continuous variable for fat mass and by regressing out variation 

due to height for lean body mass. 
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Supplementary table 2.8. Hazard ratio (95% CI) of all-cause mortality according to predicted fat mass and 

lean body mass in men (Health Professional Follow-up Study).  

Analysis     Hazard Ratio (95% CI)  

  
FM (kg) 

Mean(SD) 

LBM (kg) 

Mean(SD) 

No of 

deaths 
Model 1 Model 2 Model 3 

  Fat massa,b          

    Decile 1 13.7(1.5) 51.9(3.3) 1009 1.00 (reference) 1.00 (reference) 1.00 (reference) 

    Decile 2 16.5(0.5) 53.3(3.2) 928 0.86 (0.78-0.94) 0.87 (0.79-0.95) 0.89 (0.81-0.98) 

    Decile 3 18.0(0.4) 54.1(3.3) 1094 0.98 (0.90-1.07) 0.95 (0.87-1.04) 0.99 (0.90-1.08) 

    Decile 4 19.3(0.4) 54.6(3.3) 1204 1.06 (0.98-1.15) 1.02 (0.94-1.11) 1.07 (0.98-1.17) 

    Decile 5 20.5(0.4) 55.5(3.5) 1147 0.95 (0.88-1.04) 0.89 (0.82-0.97) 0.94 (0.86-1.03) 

    Decile 6 21.8(0.4) 56.0(3.6) 1150 0.98 (0.90-1.07) 0.93 (0.85-1.01) 0.98 (0.90-1.08) 

    Decile 7 23.2(0.5) 56.9(3.7) 1303 1.11 (1.02-1.20) 1.00 (0.92-1.08) 1.06 (0.97-1.16) 

    Decile 8 25.0(0.6) 57.8(4.1) 1423 1.23 (1.14-1.34) 1.11 (1.02-1.20) 1.18 (1.07-1.29) 

    Decile 9 27.5(1.0) 59.4(4.3) 1515 1.32 (1.22-1.43) 1.17 (1.08-1.27) 1.24 (1.13-1.37) 

    Decile 10 33.8(4.5) 64.6(6.3) 1583 1.58 (1.46-1.71) 1.32 (1.21-1.43) 1.36 (1.23-1.51) 

    P-trend    <.001 <.001 <.001 

Lean body massa,b         

    Decile 1 17.4(4.3) 48.5(2.4) 1656 1.00 (reference) 1.00 (reference) 1.00 (reference) 

    Decile 2 18.3(3.7) 51.6(0.5) 1340 0.89 (0.83-0.96) 0.90 (0.84-0.97) 0.91 (0.84-0.97) 

    Decile 3 19.2(3.7) 53.0(0.4) 1242 0.88 (0.82-0.95) 0.89 (0.82-0.95) 0.88 (0.82-0.95) 

    Decile 4 20.0(3.7) 54.2(0.3) 1177 0.88 (0.82-0.95) 0.88 (0.82-0.95) 0.87 (0.81-0.94) 

    Decile 5 20.5(3.7) 55.3(0.3) 1163 0.87 (0.81-0.94) 0.87 (0.80-0.93) 0.85 (0.78-0.92) 

    Decile 6 21.3(3.9) 56.4(0.4) 1161 0.94 (0.87-1.01) 0.92 (0.85-0.99) 0.88 (0.81-0.95) 

    Decile 7 22.2(3.8) 57.6(0.4) 1099 0.92 (0.86-1.00) 0.91 (0.84-0.99) 0.85 (0.79-0.93) 

    Decile 8 23.5(4.1) 59.1(0.5) 1183 1.04 (0.96-1.12) 1.00 (0.93-1.08) 0.90 (0.83-0.98) 

    Decile 9 25.6(4.5) 61.3(0.9) 1137 1.08 (1.00-1.17) 1.03 (0.96-1.11) 0.88 (0.81-0.96) 

    Decile 10 31.2(6.3) 67.0(4.4) 1198 1.33 (1.23-1.44) 1.20 (1.11-1.30) 0.94 (0.85-1.03) 

    P-trend    <.001 <.001 0.45 

  BMI       

    Decile 1 14.9(2.6) 49.4(2.7) 1221 1.00 (reference) 1.00 (reference) NA 

    Decile 2 17.1(2.2) 52.0(1.8) 1112 0.93 (0.86-1.01) 0.95 (0.87-1.03) NA 

    Decile 3 18.6(2.4) 53.3(1.9) 1188 0.96 (0.89-1.04) 0.97 (0.89-1.05) NA 

    Decile 4 19.4(2.4) 54.3(1.9) 884 0.94 (0.86-1.03) 0.94 (0.86-1.02) NA 

    Decile 5 20.7(2.5) 55.2(1.9) 1175 0.98 (0.90-1.06) 0.96 (0.89-1.04) NA 

    Decile 6 21.6(2.6) 56.2(2.0) 1222 0.95 (0.87-1.02) 0.92 (0.85-0.99) NA 

    Decile 7 22.9(2.7) 57.3(2.0) 1408 1.07 (0.99-1.16) 1.02 (0.94-1.10) NA 

    Decile 8 24.3(2.9) 58.8(2.2) 1306 1.10 (1.02-1.19) 1.04 (0.96-1.13) NA 

    Decile 9 26.7(3.2) 60.8(2.6) 1387 1.23 (1.14-1.33) 1.14 (1.06-1.24) NA 

    Decile 10 32.6(5.4) 66.3(5.0) 1453 1.46 (1.35-1.57) 1.29 (1.19-1.40) NA 

    P-trend    <.001 <.001  

Abbreviation: BMI, body mass index; FM, fat mass; LBM, lean body mass; NA, not available. 

Model 1: adjusted for age (age stratified Cox proportional hazard model adjusted for age in continuous). 

Model 2: adjusted for age, race (white or non-white), family history of cardiovascular disease (yes or no), family 

history of cancer (yes or no), physical activity (<3, 3-8.9, 9-17.9, 18-26.9, or >27 MET-hour/week), alcohol 

consumption (0, 0.1-4.9, 5-9.9, 10-14.9, or 15.0+ g/day), total energy intake (quintiles), and smoking status 

(never, ever, 1-14, 15-24, ≥25 cigs/day), Alternate Healthy Eating Index (quintiles). 

Model 3: additionally, mutually adjusted for predicted fat mass and predicted lean body mass.  
a Derived from validated anthropometric prediction equations.  

b Height was adjusted by including height as a continuous variable for fat mass and by regressing out variation 

due to height for lean body mass. 
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Chapter 3: Comparison of predicted fat mass, body mass index, and other obesity indicators with 

type 2 diabetes risk in US men 

 

Abstract 

Background: Obesity, as defined by body mass index (BMI), is a well-established risk factor of type 2 

diabetes, but BMI has been criticized for its inability to discriminate fat mass and lean body mass. 

Moreover, there are inconsistent findings in regards to which obesity indicator has the strongest 

association with the risk of type 2 diabetes. 

Objective: The objective was to examine the association between predicted fat mass and the risk of type 

2 diabetes in a large US cohort of men and compare the magnitude of the association with BMI and other 

obesity indicators. 

Methods: We used validated anthropometric prediction equations developed from a large US 

representative sample of the National Health and Nutrition Examination Survey to estimate predicted fat 

mass and percent fat. Other commonly used obesity indicators were also ascertained. A total of 37,954 

men from the Health Professional Follow-up Study (1986-2010) were followed-up for type 2 diabetes.  

Results: We documented 2,647 incident cases of type 2 diabetes during 669,037 person-years of follow-

up. Multivariable-adjusted hazard ratio (HR) across quintiles of predicted fat mass were 1.00, 2.02, 2.98, 

4.02, and 8.74 and of BMI were 1.00, 1.70, 2.44, 3.59, and 7.16. When predicted fat mass and BMI were 

mutually adjusted for, predicted fat mass showed much stronger association than BMI. When we 

compared the magnitude of association of predicted fat mass and other obesity indicators with the risk of 

type 2 diabetes, multivariable-adjusted HRs for the risk of type 2 diabetes were 1.71 (95% confidence 

interval (CI): 1.67, 1.76), 1.65 (95% CI: 1.60, 1.69), and 1.62 (95% CI: 1.57, 1.66) per standard deviation 

of predicted fat mass, waist circumference, and waist-to-height ratio, respectively. BMI and predicted 

percent fat showed slightly weaker association and waist-to-hip ratio showed the smallest association 

among all obesity indicators. When stratified by age and family history of type 2 diabetes, predicted fat 

mass consistently demonstrated the stronger association. 
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Conclusion: Compared to traditionally used BMI and other obesity indicators, the predicted fat mass 

demonstrated consistently stronger association with the risk of type 2 diabetes in men. However, there 

was inconclusive evidence to suggest that predicted fat mass is substantially superior to other obesity 

indicators.  
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Introduction  

Over the past decades, the prevalence and incidence of type 2 diabetes have risen dramatically 

worldwide.1,2 Type 2 diabetes is a significant public health problem causing substantial morbidity, 

mortality, and health care expenditure.3,4 Among several modifiable risk factors for type 2 diabetes, 

obesity is recognized as a major risk factor.5 Given the rapidly increasing number of people affected by 

obesity, its impact on type 2 diabetes is expected to be even greater.6,7 To further enrich the current 

understanding of obesity and type 2 diabetes, there are two important issues related to the measure of 

obesity that merit attention.  

First, body mass index (BMI) has been the traditionally preferred measure of overall adiposity 

and is still widely used in clinical and public health settings to identify individuals at increased risk of 

type 2 diabetes. However, BMI has been criticized for its inability to discriminate individuals with 

different body composition of fat mass and lean body mass.8 Thus, this critical limitation of BMI fails to 

capture the true harmful effect of fat mass on the risk of type 2 diabetes, which may be further diluted by 

the potentially beneficial effect of lean body mass. Yet, direct assessment of body composition, namely 

fat mass, is not feasible in large-scale studies because it requires expensive and sophisticated technologies 

like dual-energy X-ray absorptiometry (DXA) or imaging technologies. For this reason, there are limited 

studies that have examined directly measured fat mass in relation to the risk of type 2 diabetes.  To 

circumvent this limitation, we introduce anthropometric prediction equations developed and validated 

from a large nation-wide representative sample of the National Health and Nutrition Examination Survey 

(NHANES). 

 In addition to the abovementioned limitation of BMI as a measure of overall adiposity, there is 

also a controversy as to which is the best indicator of obesity associated with the risk of type 2 diabetes. 

In recent years, there has been a growing body of literature suggesting that anthropometric measures of 

abdominal adiposity such as waist circumference (WC), waist-to-hip ratio (WHR), and waist-to-height 

ratio (WHtR) may be more strongly associated with the risk of type 2 diabetes compared to BMI.9,10 
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However, there are still inconsistent findings and it is yet to be determined which obesity indicator is 

superior over other indicators in relation to the risk of type 2 diabetes.11-13 

Therefore, the validated anthropometric prediction equations that allow direct estimate of body 

composition were applied to the incidence of type 2 diabetes in the Health Professional Follow-up Study 

(HPFS) to achieve the following objectives. The primary objective of this study was to investigate the 

association between predicted fat mass and the risk of type 2 diabetes in a large prospective cohort of US 

men. Comparing the magnitude of the associations with the risk of Type 2 diabetes in respect to predicted 

fat mass and BMI can provide important evidence as to whether BMI is an adequate measure of overall 

adiposity or predicted fat mass is a clinically useful alternative measure of body composition for the risk 

of type 2 diabetes. The second objective was to further compare the association of predicted fat mass with 

other obesity indicators, including predicted percent fat, WC, WHR, and WHtR. The third objective was 

to explore whether the associations differ by age and family history of type 2 diabetes given that a 

specific obesity indicator could be more useful for certain subgroups. 
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Methods 

Study population 

The Health Professional Follow-up Study (HPFS) is a prospective investigation initiated in 1986 

when 51,529 male health professionals aged 40–75 years were first enrolled. Participants completed a 

detailed questionnaire on demographics, medical histories, and lifestyle factors at baseline and every two 

years. The follow-up rates for the cohort exceeded 90%. 

 

Exposure measurements 

Predicted body composition  

Predicted fat mass and percent fat were derived using anthropometric prediction equations 

developed and validated using a large US representative sample of 7,531 men who had a measure of DXA 

from the National Health and Nutrition Examination Survey (NHANES). Details on the derivation of the 

equations can be found elsewhere (Dissertation paper 1). Briefly, a linear regression was conducted using 

DXA-measured fat mass and percent fat each as a dependent variable. In the regression model, simple 

demographic and anthropometric information on age, race, weight, height, and waist circumference were 

included. The developed anthropometric prediction equations were able to explain a large amount of 

variation in fat mass (R2=0.90, SEE=2.6 kg) and percent fat (R2=0.74, SEE=3.0 %). Moreover, validation 

tests in the independent dataset showed high agreement with no evidence of substantial bias. Additional 

validation in the subgroups of the validation dataset showed robust results regardless of age, race, BMI, 

smoking status, and disease status. The anthropometric prediction equations are shown below. 

 

Equations for predicted fat mass 

• Fat mass (kg) = -18.592 - 0.009*age (yr) - 0.080*height (cm) + 0.226*weight (kg) + 0.387*waist 

(cm) + 0.080*Mexican - 0.188*Hispanic - 0.483*Black + 1.050*Other ethnicity 

 

Equations for predicted percent fat 
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• Percent fat (%) = 0.02 + 0.00*age (yr) - 0.07*height (cm) - 0.08*weight (kg) + 0.48*waist (cm) + 

0.32*Mexican + 0.02*Hispanic - 0.65*Black + 1.12*Other ethnicity 

 

* Note: race variables are binary variables (1 if yes, 0 if no), and White is the reference group. 

 

Using the above equations, we calculated predicted fat mass and percent fat for each cohort 

member in the HPFS based on their information of age, height, weight, waist circumference, and race. 

The complete information needed to calculate predicted fat mass and percent fat were available three 

times over the follow up period (1987, 1996, and 2008).  

 

BMI and other obesity indicators 

Self-reported height and weight were collected at baseline in 1986, and weight was updated every 

two years from biannual questionnaires. BMI was calculated by weight in kilogram divided by height in 

meters squared. From brief follow-up questionnaires, participants reported information on waist 

circumference (WC) and hip circumferences using a provided tape following the same instruction in 

1987, 1996, and 2008. Waist-to-hip-ratio (WHR) was calculated by waist circumference in centimeter 

divided by hip circumference in centimeters. Waist-to-height ratio (WHtR) was calculated by waist 

circumference in centimeters divided by height in centimeters. Our previous validation study has shown 

high correlation between self-reported and technician-measured height (r=0.94), weight (r=0.97), waist 

circumference (r=0.95), and hip circumference (r=0.88).14 

 

Ascertainment of outcomes 

Among participants who self-reported a new diagnosis of diabetes on a biannual questionnaire, a 

supplementary questionnaire was sent to confirm diagnosis.15 We included only confirmed cases of 

diabetes that met at least one of the following criteria: 1) one or more classic symptoms (excessive thirst, 

polyuria, weight loss, or hunger) plus a fasting blood glucose ≥140 mg/dL (7.8 mmol/L) or a random 
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blood glucose ≥200 mg/dL (11.1 mmol/L); 2) at least two elevated blood glucose measures on different 

occasions (fasting blood glucose ≥140 mg/dL (7.8 mmol/L) or random blood glucose ≥200 mg/dL (11.1 

mmol/L), or blood glucose ≥200 mg/dL after 2-hour oral-glucose tolerance testing) in the absence of 

symptoms; 3) treatment with hypoglycemic medication (insulin or oral hypoglycemic agent). Our criteria 

were consistent with those proposed by National Diabetes Data Group,16 but the threshold for fasting 

blood glucose was changed to ≥126 mg/dl (7.0 mmol/l) in 1998 and additional criteria of HbA1c ≥6.5% 

was added in 2010.17,18 

 

Ascertainment of covariates 

Information on age, race, smoking status, physical activity, medical history, and family history of 

type 2 diabetes were collected from a biannual questionnaire. Dietary information was assessed using a 

validated FFQ at baseline and every four years. We also calculated dietary index z-score by standardizing 

and summarizing continuously scaled dietary variables of trans fat (inverted), polyunsaturated fat to 

saturated fat ratio, cereal fiber, whole grain, and glycemic load (inverted).19 

 

Statistical analyses 

For the analysis, we included participants who had information on predicted fat mass, BMI, and 

other obesity indicators, including predicted percent fat, WC, WHR, and WHtR. Participants who were 

previously diagnosed with cardiovascular disease, cancer or type 2 diabetes and with BMI <12.5 or >60 

kg/m2 at baseline were excluded.  

Person-time was calculated from the baseline when all predicted scores and other obesity 

indicators were first available until the time of diagnosis of type 2 diabetes, death, or the end of study 

(January 2010), whichever came first. Cox proportional hazard model was used to calculate hazard ratios 

and 95% confidence intervals. Age in months and calendar year of follow-up at the beginning of each 2-

year questionnaire cycle were used as a stratification variable in the model. For multivariable adjusted 

models, we included race (White or non-White), family history of diabetes (yes or no), alcohol (5 



 

67 

  

categories), calorie (quintiles), smoking status (never, quit≥10yrs, quit<10 yrs, or current smokers), 

physical activity (5 categories), dietary factors in quintiles (i.e., trans fat, polyunsaturated fat to saturated 

fat ratio, cereal fiber, whole grain, and glycemic load). Confounders were updated over the follow-up 

periods and the cumulative average was used for dietary factors to better capture the long-term dietary 

intake and reduce the measurement error. We stopped updating dietary factors when a major disease (i.e., 

cardiovascular disease or cancer) occurred during the follow-up. To examine the independent association 

of predicted fat mass and BMI in relation to type 2 diabetes, we ran an additional model mutually 

adjusting for both fat mass and BMI. Further, to account for variation in body size, predicted fat mass was 

adjusted for height by including height in the model as a continuous variable. 

Exposures of interest, including predicted fat mass, BMI, and other obesity indicators (i.e., 

predicted percent fat, WC, WHtR, and WHR), were used as cumulative average of repeated measures 

over the follow-up. BMI, WC, WHtR, and WHR were updated when predicted fat mass and percent fat 

were updated. To compare the magnitude of associations, predicted fat mass and BMI were both 

categorized into quintiles. We also used deciles to compare predict fat mass and BMI by finer categories. 

For the comparison of all obesity indicators, we mainly used standardized measure (i.e., 1-standard 

deviation (SD) increase). Tests for linear trend were conducted by treating quintile categories as a 

continuous variable after assigning the median value for each category. 

Stratified analyses were conducted to explore whether the associations of predicted fat mass, 

BMI, and other obesity indicators with the risk of type 2 diabetes differ by age (<60, 60-69, and ≥70 

years) and family history of type 2 diabetes. We tested for effect modification by including cross-product 

terms of exposures and stratification variables. To better understand the role of fat mass on the risk of 

type 2 diabetes, we conducted additional analyses adjusting for predicted lean body mass, which was also 

calculated using the validated anthropometric prediction equation (S2 Table). Lastly, sensitivity analyses 

were conducted by using the baseline and the most recent exposure measures. All statistical tests were 

two-sided and P<0.05 was considered significant. We used SAS 9.4 for all analyses (SAS institute Inc., 

Cary, NC, USA). 
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Results 

Characteristics of participants 

After exclusion, a total of 37,954 men were included in the analysis. During 669,037 person-years 

of follow-up, 2,647 incident cases of type 2 diabetes were documented. The age-standardized baseline 

characteristics of the participants according to quintiles of predicted fat mass are presented in table 3.1. 

The mean age was 54.3 years and the mean BMI was 25.3 kg/m2. Participants with higher predicted fat 

mass had higher BMI, percent fat, and other obesity indicators (i.e., WC, WHR, and WHtR). Moreover, 

they had lower physical activity and dietary index z-score and higher percentage of family history of 

diabetes.  

 

  

Table 3.1. Age-standardized baseline characteristics according to predicted fat mass in men (Health 

Professional Follow-up Study, 1987-2010) 

 Predicted fat mass 

 Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 

  Age (year)a 53.7(10.0) 54.0(9.8) 54.3(9.7) 54.5(9.7) 54.9(9.7) 

  Height (cm) 175.6(6.3) 177.4(6.2) 178.5(6.3) 179.6(6.4) 181.0(6.7) 

  Weight (kg) 68.8(5.3) 75.2(4.5) 79.6(4.9) 84.7(5.5) 96.0(10.1) 

  Body mass index (kg/m2) 22.3(1.5) 23.8(1.3) 25.0(1.5) 26.2(1.6) 29.3(3.0) 

  Predicted fat mass (kg) 15.1(1.9) 18.6(1.1) 21.0(1.2) 23.8(1.5) 30.0(4.5) 

  Predicted percent fat (%) 22.8(1.7) 24.9(1.7) 26.3(1.8) 28.0(2.0) 31.6(3.4) 

  Predicted Lean body mass (kg) 51.7(4.1) 54.6(4.1) 56.6(4.4) 58.9(4.9) 64.0(6.8) 

  Waist circumference (cm) 84.5(3.6) 90.2(2.8) 94.0(3.0) 98.5(3.5) 108.1(7.6) 

  Waist-to-hip ratio 0.90(0.04) 0.92(0.05) 0.94(0.05) 0.95(0.05) 0.98(0.06) 

  Waist-to-height ratio 0.48(0.03) 0.51(0.03) 0.53(0.03) 0.55(0.03) 0.60(0.05) 

  Physical activity (MET-h/wk) 25.8(30.4) 22.2(26.2) 20.4(24.7) 18.4(24.1) 14.7(20.4) 

  Calorie intake (kcal/day) 2011(595) 1992(593) 2005(607) 2010(610) 2022(632) 

  Alcohol consumption (g/day) 10.6(13.9) 11.4(14.7) 11.8(15.1) 12.1(15.6) 11.8(16.2) 

  P:S ratio 0.62(0.24) 0.59(0.21) 0.58(0.20) 0.56(0.19) 0.54(0.18) 

  Trans fat (% of total energy) 1.20(0.53) 1.26(0.52) 1.27(0.50) 1.31(0.49) 1.35(0.49) 

  Cereal fiber (g/day) 6.7(4.5) 6.2(4.1) 6.0(4.0) 5.8(3.7) 5.5(3.9) 

  Whole grain (g/day) 35.1(38.9) 32.0(37.1) 31.6(38.3) 31.2(38.5) 32.8(41.7) 

  Glycemic load 132.6(48.1) 126.7(46.5) 125.4(46.4) 123.5(46.1) 120.4(46.3) 

  Diet index z-score (SD) 0.5(2.8) 0.1(2.5) 0.0(2.4) -0.2(2.3) -0.4(2.2) 

  White, % 99.1 99.3 99.3 99.4 99.1 

  Current smoker, % 5.7 5.4 5.0 5.3 5.8 

  Diabetes family history, % 15.5 16.9 17.8 18.1 19.5 

Abbreviation: MET, metabolic equivalent of task; P:S ratio, polyunsaturated fat to saturated fat ratio; SD, 

standard deviation 

Values are presented as means (SD) for continuous variables and percentages for categorical variables. 
a Value is not age adjusted. 
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Comparison between predicted fat mass and BMI 

The correlation between BMI and predicted fat mass and height-adjusted fat mass was 0.86 and 

0.91, respectively (Supplementary table 3.5). Table 3.2 shows the association between predicted fat mass, 

BMI and the risk of type 2 diabetes. The multivariable-adjusted hazard ratio (HR)s across quintiles of 

BMI were 1.00, 1.70, 2.44, 3.59, and 7.16, respectively (Ptrend<.001). Higher predicted fat mass was more 

strongly associated with increased risk of type 2 diabetes. The multivariable-adjusted HRs across quintiles 

of predicted fat mass were 1.00, 2.02, 2.98, 4.02, and 8.74, respectively (Ptrend<.001). Mutual adjustment 

of predicted fat mass and BMI substantially attenuated the overall HRs but strong positive associations 

remained significant (P-trend<.001). However, predicted fat mass showed much stronger association in 

the mutually adjusted models compared to BMI (HR for 1-SD increase=1.45; 95% CI=1.33, 1.59 for 

predicted fat mass vs. HR for 1-SD increase=1.17; 95% CI 1.08, 1.27 for BMI).  When we used deciles of 

predicted fat mass and BMI to examine the associations in finer categories, predicted fat mass showed 

consistently stronger association with the risk of type 2 diabetes across all deciles, especially at the 9th and 

10th deciles (Figure 3.1).  

We also examined whether predicted fat mass was superior to BMI in a certain age group (Table 

3.3). The associations for predicted fat mass and BMI were significantly stronger among younger men 

compared to those among older men (P<.001). Predicted fat mass had stronger associations for all age 

groups than BMI. The difference in the magnitude of the association between predicted fat mass and BMI 

tended to be larger among younger men. When we stratified by family history of type 2 diabetes, the 

associations for predicted fat mass and BMI were not significantly different by family history of type 2 

diabetes. However, predicted fat mass showed stronger associations regardless of family history of type 2 

diabetes than BMI (S5 Table). 
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Table 3.2. Risk of type 2 diabetes according to predicted fat mass and body mass index in men 
 Hazard Ratio (95% CI) 

  Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 1-SD increase Ptrend 

BMI               

    Cases 146 266 383 594 1258     

    Person years 131167 138078 133019 133733 133041     

    Age adjusted 1.00 (reference) 1.72 (1.40-2.10) 2.54 (2.10-3.07) 3.89 (3.24-4.66) 8.26 (6.96-9.81) 1.64 (1.60-1.67) <.001 

    Multivariable* 1.00 (reference) 1.70 (1.38-2.08) 2.44 (2.01-2.95) 3.59 (2.99-4.30) 7.16 (6.02-8.52) 1.59 (1.55-1.62) <.001 

    Multivariable + FM 1.00 (reference) 1.27 (1.01-1.58) 1.52 (1.20-1.93) 1.85 (1.44-2.38) 2.78 (2.12-3.65) 1.17 (1.08-1.27) <.001 

  Fat massa,b        
    Cases 135 277 410 560 1265   
    Person years 134235 134065 134029 133810 132899   
    Age adjusted 1.00 (reference) 2.12 (1.72-2.60) 3.19 (2.62-3.87) 4.45 (3.68-5.38) 10.38 (8.66-12.43) 1.79 (1.74-1.83) <.001 

    Multivariable* 1.00 (reference) 2.02 (1.64-2.48) 2.98 (2.45-3.63) 4.02 (3.32-4.87) 8.74 (7.27-10.51) 1.71 (1.67-1.76) <.001 

    Multivariable + BMI 1.00 (reference) 1.64 (1.30-2.06) 2.02 (1.58-2.59) 2.19 (1.68-2.85) 3.55 (2.66-4.73) 1.45 (1.33-1.59) <.001 

Abbreviation: SD, standard deviation; BMI, body mass index; FM, fat mass 

*Adjusted for age, race (White or non-White), family history of diabetes (yes or no), alcohol consumption (0, 0.1-4.9, 5-9.9, 10-14.9, or 15.0+ g/day), calorie 

intake (quintiles), smoking (never, quit≥10 yrs, quit<10 yrs, or current), physical activity (<3, 3-8.9, 9-17.9, 18-26.9, or >27 MET-hour/week), dietary factors 

in quintiles (trans fat, polyunsaturated fat to saturated fat ratio, cereal fiber, whole grain, and glycemic load) 
a Derived from a validated anthropometric prediction equation        
b Height (continuous) was further adjusted for fat mass in all models      
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Figure 3.1. Risk of type 2 diabetes according to deciles of predicted fat massa,b (FM) and body mass index 

(BMI) in men 

 
Adjusted for age, race (White or non-White), family history of diabetes (yes or no), alcohol consumption (0, 0.1-4.9, 

5-9.9, 10-14.9, or 15.0+ g/day), calorie intake (quintiles), smoking (never, quit≥10 yrs, quit<10 yrs, or current), 

physical activity (<3, 3-8.9, 9-17.9, 18-26.9, or >27 MET-hour/week), dietary factors in quintiles (trans fat, 

polyunsaturated fat to saturated fat ratio, cereal fiber, whole grain, and glycemic load) 

a Derived from a validated anthropometric prediction equation    

b Height (continuous) was further adjusted  
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Table 3.3. Risk of type 2 diabetes according to predicted fat mass and body mass index by ageⱡ  

 Hazard Ratio (95% CI)           

  Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 1-SD increase Ptrend Pinteraction 

  BMI         

    Age<60 1.00 (reference) 2.12 (1.3-3.47) 3.97 (2.51-6.27) 5.57 (3.57-8.69) 14.1 (9.21-21.5) 1.67 (1.61-1.74) <.001 <.001 

    Age 60-70 1.00 (reference) 1.81 (1.3-2.53) 2.25 (1.62-3.10) 3.8 (2.81-5.15) 7.82 (5.85-10.5) 1.60 (1.54-1.66) <.001  

    Age≥70 1.00 (reference) 1.48 (1.1-2.00) 2.10 (1.59-2.78) 2.79 (2.13-3.65) 4.24 (3.26-5.52) 1.46 (1.38-1.53) <.001  

  Fat massa,b         

    Age<60 1.00 (reference) 2.32 (1.49-3.62) 3.14 (2.05-4.83) 5.59 (3.73-8.39) 14.2 (9.62-21.0) 1.85 (1.76-1.93) <.001 <.001 

    Age 60-70 1.00 (reference) 2.31 (1.61-3.29) 3.59 (2.56-5.03) 5.04 (3.62-7.00) 10.7 (7.76-14.7) 1.71 (1.63-1.79) <.001  

    Age≥70 1.00 (reference) 1.62 (1.19-2.21) 2.37 (1.76-3.17) 2.56 (1.91-3.44) 4.92 (3.71-6.52) 1.55 (1.46-1.64) <.001  

Abbreviation: SD, standard deviation; BMI, body mass index 

*Adjusted for age, race (White or non-White), family history of diabetes (yes or no), alcohol consumption (0, 0.1-4.9, 5-9.9, 10-14.9, or 15.0+ g/day), calorie 

intake (quintiles), smoking (never, quit≥10 yrs, quit<10 yrs, or current), physical activity (<3, 3-8.9, 9-17.9, 18-26.9, or >27 MET-hour/week), dietary factors 

in quintiles (trans fat, polyunsaturated fat to saturated fat ratio, cereal fiber, whole grain, and glycemic load) 

ⱡ Number of cases: 2647 for total men, 705 for age <60 yrs, 1073 for age 60-70 yrs, and 869 for age ≥70 yrs 
a Derived from a validated anthropometric prediction equation         
b Height (continuous) was further adjusted for fat mass in all models             
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Comparison among obesity indicators 

The height-adjusted predicted fat mass was highly correlated with percent fat, WC, and WHtR 

(above 0.90), but only moderately with WHR (0.55). Correlations between BMI and other obesity 

indicators were generally weaker (0.34-0.77) (Supplementary table 3.5). To compare associations of 

predicted fat mass with other obesity indicators, we further examined the association of predicted percent 

fat, WC, WHtR, and WHR with the risk of type 2 diabetes (Table 3.4 and Supplementary table 3.6 and 

3.7). WC, and WHtR showed strong positive associations with the risk of type 2 diabetes after adjusting 

for potential confounders. The magnitudes of these associations were slightly stronger than BMI and 

predicted percent fat, but weaker than predicted fat mass. Among all the obesity indicators, WHR showed 

the weakest positive association with the risk of type 2 diabetes. When comparing the standardized 

measures of 1-SD increase, predicted fat mass showed the strongest positive association (HR=1.71; 95% 

CI=1.67, 1.76), followed by WC (HR=1.65; 95% CI=1.60, 1.69) and WHtR (HR=1.62; 95% CI=1.57, 

1.66). BMI and predicted percent fat showed slightly weaker but strong positive associations.  

 We further explored whether the association of these obesity indicators with the risk of type 2 

diabetes differ by age and family history of type 2 diabetes. Similar to predicted fat mass and BMI, 

elevated predicted percent fat, WC, WHR, and WHtR were more strongly associated with the risk of type 

2 diabetes among younger men compared to older men (Table 3.4 and Supplementary table 3.8). 

Predicted fat mass showed the strongest association regardless of age group. Predicted percent fat showed 

less consistent but comparable association with BMI. However, overall associations were not different by 

family history of diabetes (Supplementary table 3.9).  
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Table 3.4. Comparison of obesity indicators in relation to type 2 diabetes risk in menⱡ 

 Hazard Ratio (95% CI) for 1-SD increase     

 Age-adjusted  Multivariable-adjusted*  

Obesity indicators All men  All men Age <60 yrs Age 60-70 yrs Age ≥70 Pinteraction 

BMI 1.64 (1.60-1.67)  1.59 (1.55-1.62) 1.67 (1.61-1.74) 1.60 (1.54-1.66) 1.46 (1.38-1.53) <.001 

Fat massa,b 1.79 (1.74-1.83)  1.71 (1.67-1.76) 1.85 (1.76-1.93) 1.71 (1.63-1.79) 1.55 (1.46-1.64) <.001 

Percent fata 1.62 (1.59-1.66)  1.58 (1.54-1.62) 1.76 (1.68-1.84) 1.58 (1.52-1.66) 1.43 (1.36-1.51) <.001 

WC 1.70 (1.66-1.75)  1.65 (1.60-1.69) 1.82 (1.74-1.91) 1.63 (1.56-1.71) 1.48 (1.40-1.56) <.001 

WHR 1.28 (1.26-1.31)  1.26 (1.23-1.29) 1.30 (1.25-1.35) 1.24 (1.19-1.30) 1.23 (1.18-1.29) 0.06 

WHtR 1.67 (1.63-1.71)  1.62 (1.57-1.66) 1.79 (1.70-1.87) 1.63 (1.56-1.70) 1.45 (1.38-1.53) <.001 

Abbreviation: SD, standard deviation; BMI, body mass index; WC, waist circumference; WHR, waist-to-hip ratio; WHtR, waist-to-height ratio 

*Adjusted for age, race (White or non-White), family history of diabetes (yes or no), alcohol consumption (0, 0.1-4.9, 5-9.9, 10-14.9, or 15.0+ g/day), calorie 

intake (quintiles), smoking (never, quit≥10 yrs, quit<10 yrs, or current), physical activity (<3, 3-8.9, 9-17.9, 18-26.9, or >27 MET-hour/week), dietary factors 

in quintiles (trans fat, polyunsaturated fat to saturated fat ratio, cereal fiber, whole grain, and glycemic load) 

ⱡ Number of cases: 705 for age <60 yrs, 1073 for age 60-70 yrs, and 869 for age ≥70 yrs 
a Derived from a validated anthropometric prediction equation 
b Height (continuous) was further adjusted 
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Additional analyses using predicted lean body mass 

The correlation between predicted fat mass and lean body mass (both height-adjusted) was 0.67 

(Supplementary table 3.5). The positive association between predicted fat mass and the risk of type 2 

diabetes attenuated modestly after adjusting for predicted lean body mass, but the association remained 

strong and significant (Ptrend<.001) (Supplementary table 3.6).  

 

Sensitivity analyses 

Our findings remained robust in sensitive analyses. Using the most recent exposure measures did 

not change the results. When baseline exposure measures were used, BMI and WC showed slightly 

attenuated associations. However, the overall results remained significant and consistent (data not 

shown).  
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Discussion 

In this study, we investigated the association between predicted fat mass and the risk of type 2 

diabetes among US men, and compared the strength of associations with BMI and other obesity 

indicators. Overall, we found a strong positive association between predicted fat mass and the risk of type 

2 diabetes. When compared to BMI and other obesity indicators (i.e., predicted percent fat, WC, WHtR, 

and WHR), predicted fat mass consistently showed the stronger positive association with the risk of type 

2 diabetes.  

To our knowledge, this is the first study using anthropometric prediction equations for fat mass to 

examine the association with the incidence of type 2 diabetes in a large cohort study. Due to the 

infeasibility in measuring body composition using expensive technologies at a large population level, 

previous studies have mostly relied on using anthropometric measures to examine the association between 

obesity and the risk of type 2 diabetes. Traditionally, BMI has been the most commonly used measure of 

overall adiposity because its calculation requires simple information of height and weight. In a meta-

analysis of 32 prospective studies, BMI was shown to have a strong positive association with the risk of 

type 2 diabetes.20 Consistent with these findings, we also found a strong positive association for BMI in 

our analysis.  

Although BMI is known as a reasonably good measure of overall adiposity, it fails to discriminate 

fat mass and lean body mass. In this study, we were able to discriminate fat mass and lean body mass 

more precisely using the validated anthropometric prediction equations. We found that predicted fat mass 

was more strongly associated with the risk of type 2 diabetes than BMI. Moreover, when the strength of 

associations between predicted fat mass and BMI and the risk of type 2 diabetes were directly compared 

in a model mutually adjusting for both, we also found a stronger association for predicted fat mass than 

BMI. In fact, the HR for predicted fat mass and BMI both attenuated in the mutually adjusted model, but 

the degree of attenuation was much more substantial for BMI. This finding suggests that the full 

magnitude of the harmfulness of fat mass on the risk of type 2 diabetes21 is not entirely captured by BMI, 

and that predicted fat mass may address this limitation to some extent.  
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The importance of fat mass in understanding the association between obesity and type 2 diabetes 

is further supported by our additional analyses adjusting for predicted lean body mass, which is largely 

composed of skeletal muscle that serves as the main tissue target of insulin action and insulin resistance 

and may play a beneficial role in decreasing the risk of type 2 diabetes.22,23 The association between 

predicted fat mass and the risk of type 2 diabetes modestly attenuated once the predicted lean body mass 

was additionally adjusted for, but the positive association remained significant. This indicates the strong 

independent role of the accumulation of fat mass in increasing the risk of type 2 diabetes, albeit 

controlling for lean body mass could be an over adjustment considering its high correlation with fat mass.  

There are several other indicators of obesity, each representing different aspects of body 

composition, yet there is no clear consensus as to which is most strongly associated with the risk of type 2 

diabetes. For instance, a meta-analysis of prospective studies found WC and WHtR to be more strongly 

associated with type 2 diabetes than BMI and WHR, while another meta-analysis of prospective studies 

showed no significant difference among WC, WHR, and BMI.16,20 More recently, emerging evidence 

showed that abdominal adiposity, rather than overall adiposity, may be a more relevant risk factor for type 

2 diabetes. In our study, we found that measures of abdominal fat, particularly WC, is more strongly 

associated with the risk of type 2 diabetes than BMI. Although both WC and WHtR had strong 

associations, WHtR was not superior over WC, which indicates no additional benefit of measuring height 

in addition to WC. On the other hand, WHR showed the weakest association among all the obesity 

indicators.  

When we compared predicted fat mass and percent fat to these obesity indicators, predicted fat 

mass showed the strongest association with the risk of type 2 diabetes. However, we cannot definitely 

conclude that the association between fat mass (overall adiposity) and the risk of type 2 diabetes is 

stronger than that with WC (abdominal adiposity) because the predicted fat mass itself was estimated 

using both weight and WC. Nevertheless, our findings provide some evidence that predicted fat mass 

could be potentially a useful clinical tool to predict future type 2 diabetes risk.  
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 Moreover, different obesity indicators may be more relevant for certain subgroups. For instance, 

because aging is associated with significant changes in body composition, namely substantial increase in 

fat mass and decrease in lean body mass, different obesity indicators may perform better in different age 

groups. The predicted fat mass was most strongly associated with the risk of type 2 diabetes for all age 

groups, followed by WC among men <60 years of age, and WC and BMI among men ≥60 years. As 

expected, all obesity indicators better predicted the risk of type 2 diabetes among younger men. There was 

no significant difference in the associations by family history of type 2 diabetes. The predicted fat mass 

had the strongest association followed by WC, WHtR, percent fat, and BMI, regardless of family history 

of type 2 diabetes.  

Our study has several limitations. Because we used anthropometric prediction equations to 

estimate fat mass and percent fat, there are inevitable measurement errors. However, validation tests have 

shown high predictive ability of the equations with no evidence of bias. Moreover, given the prospective 

nature of this study, any measurement error is likely to attenuate the true associations resulting in more 

conservative estimates. Our study predominantly included White health professionals restricted to men. 

Thus, we could not test the possible differences by gender or racial/ethnic groups. Moreover, the 

participants tended to be healthier than the general US population, thus the observed associations may be 

an underestimation of the true nation-wide associations. However, the socioeconomic homogeneity of the 

study participants enhances internal validity. Lastly, although we adjusted for known confounders, we 

cannot completely rule out residual or unmeasured confounding. 

In conclusion, we found that predicted fat mass is more strongly associated with the risk of type 2 

diabetes than BMI, which is widely used as a measure of adiposity. Moreover, predicted fat mass showed 

stronger association than other commonly used obesity indicators (i.e., WC, WHtR, and WHR), and this 

was consistently shown for all age subgroups and by family history of type 2 diabetes. However, our 

findings are too preliminary to conclude that predicted fat mass is a superior alternative to replace BMI or 

other obesity indicators. Further studies are warranted to test the robustness of the predicted fat mass in 



 

79 

  

assessing type 2 diabetes for women and other racial/ethnic populations and its usefulness in clinical 

settings.  
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Chapter 3 Appendix 

 

 

 

  

Supplementary table 3.5. Spearman correlations among obesity indicators 

 BMI FM PF LBM WC WHR WHtR FM* LBM* 

BMI 1.00 0.86 0.69 0.66 0.75 0.34 0.77 0.91 0.90 

FM  1.00 0.88 0.67 0.96 0.52 0.84 0.95 0.63 

PF   1.00 0.28 0.96 0.67 0.97 0.92 0.36 

LBM    1.00 0.49 0.05 0.23 0.50 0.74 

WC     1.00 0.62 0.91 0.94 0.45 

WHR      1.00 0.63 0.55 0.08 

WHtR       1.00 0.95 0.46 

FM*        1.00 0.67 

LBM*         1.00 

Abbreviation: BMI, body mass index; FM, fat mass; PF, percent fat; WC, waist circumference; WHR, waist-to-hip ratio; WHtR, waist-to-height ratio 

* Adjusted for height 

All correlations were significant p<0.0001 
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Supplementary table 3.6. Risk of type 2 diabetes according to predicted fat mass, percent fat, and lean body mass in men 

Analysis  Hazard Ratio (95% CI)           

  Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 1-SD increase Ptrend 

  Fat massa,b        
    Cases 135 277 410 560 1265   
    Person years 134235 134065 134029 133810 132899   
    Age adjusted 1.00 (reference) 2.12 (1.72-2.60) 3.19 (2.62-3.87) 4.45 (3.68-5.38) 10.38 (8.66-12.43) 1.79 (1.74-1.83) <.001 

    Multivariable* 1.00 (reference) 2.02 (1.64-2.48) 2.98 (2.45-3.63) 4.02 (3.32-4.87) 8.74 (7.27-10.51) 1.71 (1.67-1.76) <.001 

    Multivariable + LBM 1.00 (reference) 1.88 (1.52-2.32) 2.60 (2.12-3.18) 3.19 (2.60-3.92) 5.75 (4.65-7.12) 1.58 (1.50-1.66) <.001 

    Multivariable + BMI 1.00 (reference) 1.64 (1.30-2.06) 2.02 (1.58-2.59) 2.19 (1.68-2.85) 3.55 (2.66-4.73) 1.45 (1.33-1.59) <.001 

  Percent fata               

    Cases 153 281 394 620 1199     

    Person years 134654 134305 134062 133584 132432     

    Age adjusted 1.00 (reference) 1.82 (1.50-2.22) 2.55 (2.12-3.08) 4.04 (3.38-4.83) 7.87 (6.64-9.33) 1.62 (1.59-1.66) <.001 

    Multivariable* 1.00 (reference) 1.73 (1.42-2.11) 2.33 (1.93-2.81) 3.59 (3.00-4.30) 6.56 (5.51-7.80) 1.58 (1.54-1.62) <.001 

    Multivariable + LBM 1.00 (reference) 1.56 (1.28-1.90) 1.94 (1.61-2.35) 2.77 (2.30-3.32) 4.15 (3.46-4.98) 1.40 (1.35-1.45) <.001 

    Multivariable + BMI 1.00 (reference) 1.36 (1.11-1.67) 1.53 (1.25-1.87) 1.92 (1.57-2.36) 2.59 (2.10-3.19) 1.24 (1.18-1.30) <.001 

  Lean body massa,c        
    Cases 220 322 400 537 1168   
    Person years 133388 133992 134065 134003 133588   
    Age adjusted 1.00 (reference) 1.48 (1.24-1.75) 1.84 (1.56-2.17) 2.48 (2.11-2.90) 5.49 (4.74-6.35) 1.65 (1.61-1.70) <.001 

    Multivariable* 1.00 (reference) 1.48 (1.25-1.76) 1.82 (1.55-2.15) 2.38 (2.03-2.79) 4.92 (4.24-5.70) 1.58 (1.54-1.62) <.001 

    Multivariable + FM 1.00 (reference) 1.17 (0.98-1.39) 1.20 (1.01-1.43) 1.27 (1.07-1.51) 1.89 (1.59-2.25) 1.11 (1.05-1.16) <.001 

    Multivariable + BMI 1.00 (reference) 0.84 (0.69-1.03) 0.67 (0.54-0.83) 0.56 (0.44-0.71) 0.73 (0.56-0.95) 0.89 (0.82-0.97) 0.81 

Abbreviation: SD, standard deviation; BMI, body mass index; LBM, lean body mass; FM, fat mass 

*Adjusted for age, race (White or non-White), family history of diabetes (yes or no), alcohol consumption (0, 0.1-4.9, 5-9.9, 10-14.9, or 15.0+ g/day), calorie intake 

(quintiles), smoking (never, quit≥10 yrs, quit<10 yrs, or current), physical activity (<3, 3-8.9, 9-17.9, 18-26.9, or >27 MET-hour/week), dietary factors in quintiles 

(trans fat, polyunsaturated fat to saturated fat ratio, cereal fiber, whole grain, and glycemic load) 
a Predicted fat mass and percent fat were derived from validated anthropometric prediction equations described in the method section. Predicted lean body mass was 

derived using the following equation: Lean body mass (kg) = 19.363 + 0.001*age (yr) + 0.064*height (cm) + 0.756*weight (kg) - 0.366*waist (cm) - 0.066*Mexican + 

0.231*Hispanic + 0.432*Black - 1.007*Other ethnicity (R2=0.90, SEE=2.6 kg) 
b Height (continuous) was further adjusted       
c Height was adjusted for lean body mass by regressing out variation due to height     
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Supplementary table 3.7. Risk of type 2 diabetes according to other obesity indicators in men 

Analysis  Hazard Ratio (95% CI)  

  Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 1-SD increase Ptrend 

  WC               

    Cases 141 286 398 616 1206     

    Person years 132424 139093 125994 142512 129014     

    Age adjusted 1.00 (reference) 1.90 (1.55-2.33) 2.85 (2.35-3.45) 3.99 (3.32-4.79) 8.42 (7.07-10.04) 1.7 (1.66-1.75) <.001 

    Multivariable* 1.00 (reference) 1.83 (1.49-2.24) 2.65 (2.18-3.21) 3.59 (2.98-4.32) 7.10 (5.94-8.49) 1.65 (1.6-1.69) <.001 

  WHR        
    Cases 231 440 378 646 943   
    Person years 128307 158411 103401 142790 134643   
    Age adjusted 1.00 (reference) 1.49 (1.27-1.75) 1.84 (1.56-2.17) 2.40 (2.06-2.79) 3.65 (3.16-4.22) 1.28 (1.26-1.31) <.001 

    Multivariable* 1.00 (reference) 1.43 (1.22-1.68) 1.70 (1.44-2.00) 2.13 (1.83-2.48) 3.07 (2.65-3.56) 1.26 (1.23-1.29) <.001 

  WHtR               

    Cases 150 255 408 602 1232     

    Person years 134450 134513 134111 133337 132626     

    Age adjusted 1.00 (reference) 1.68 (1.37-2.06) 2.69 (2.23-3.25) 4.01 (3.35-4.80) 8.23 (6.94-9.77) 1.67 (1.63-1.71) <.001 

    Multivariable* 1.00 (reference) 1.60 (1.31-1.96) 2.45 (2.03-2.96) 3.57 (2.98-4.28) 6.85 (5.75-8.16) 1.62 (1.57-1.66) <.001 

Abbreviation: SD, standard deviation; WC, waist circumference; WHR, waist-to-hip ratio; WHtR, waist-to-height ratio 

*Adjusted for age, race (White or non-White), family history of diabetes (yes or no), alcohol consumption (0, 0.1-4.9, 5-9.9, 10-14.9, or 15.0+ g/day), calorie 

intake (quintiles), smoking (never, quit≥10 yrs, quit<10 yrs, or current), physical activity (<3, 3-8.9, 9-17.9, 18-26.9, or >27 MET-hour/week), dietary factors 

in quintiles (trans fat, polyunsaturated fat to saturated fat ratio, cereal fiber, whole grain, and glycemic load) 
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Supplementary table 3.8. Risk of type 2 diabetes according to predicted fat mass, percent fat, lean body mass, and other obesity indicators by ageⱡ  

Analysis  Hazard Ratio (95% CI)           

  Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 1-SD increase Ptrend Pinteraction 

  BMI         

    Age<60 1.00 (reference) 2.12 (1.30-3.47) 3.97 (2.51-6.27) 5.57 (3.57-8.69) 14.1 (9.21-21.5) 1.67 (1.61-1.74) <.001 <.001 

    Age 60-70 1.00 (reference) 1.81 (1.30-2.53) 2.25 (1.62-3.10) 3.80 (2.81-5.15) 7.82 (5.85-10.5) 1.60 (1.54-1.66) <.001  

    Age≥70 1.00 (reference) 1.48 (1.10-2.00) 2.10 (1.59-2.78) 2.79 (2.13-3.65) 4.24 (3.26-5.52) 1.46 (1.38-1.53) <.001  

  Fat massa,b         

    Age<60 1.00 (reference) 2.32 (1.49-3.62) 3.14 (2.05-4.83) 5.59 (3.73-8.39) 14.2 (9.62-21.0) 1.85 (1.76-1.93) <.001 <.001 

    Age 60-70 1.00 (reference) 2.31 (1.61-3.29) 3.59 (2.56-5.03) 5.04 (3.62-7.00) 10.7 (7.76-14.7) 1.71 (1.63-1.79) <.001  

    Age≥70 1.00 (reference) 1.62 (1.19-2.21) 2.37 (1.76-3.17) 2.56 (1.91-3.44) 4.92 (3.71-6.52) 1.55 (1.46-1.64) <.001  

  Percent fata                 

    Age<60 1.00 (reference) 1.68 (1.18-2.40) 2.33 (1.66-3.29) 3.61 (2.61-5.00) 8.99 (6.64-12.2) 1.76 (1.68-1.84) <.001 <.001 

    Age 60-70 1.00 (reference) 1.43 (1.05-1.96) 2.13 (1.59-2.85) 3.58 (2.72-4.71) 5.86 (4.49-7.66) 1.58 (1.52-1.66) <.001  

    Age≥70 1.00 (reference) 2.07 (1.41-3.02) 2.32 (1.61-3.36) 3.14 (2.20-4.49) 5.22 (3.69-7.40) 1.43 (1.36-1.51) <.001  

  Lean body massa,c         

    Age<60 1.00 (reference) 1.58 (1.03-2.42) 2.09 (1.39-3.13) 3.01 (2.04-4.42) 7.93 (5.55-11.3) 1.68 (1.61-1.76) <.001 <.001 

    Age 60-70 1.00 (reference) 1.57 (1.16-2.12) 2.19 (1.66-2.91) 2.63 (2.00-3.45) 5.60 (4.34-7.22) 1.59 (1.52-1.66) <.001  

    Age≥70 1.00 (reference) 1.44 (1.13-1.84) 1.56 (1.23-1.99) 2.13 (1.69-2.69) 3.16 (2.52-3.96) 1.42 (1.34-1.51) <.001  

  WC           

    Age<60 1.00 (reference) 1.81 (1.22-2.68) 2.47 (1.68-3.62) 4.45 (3.13-6.32) 10.7 (7.61-14.9) 1.82 (1.74-1.91) <.001 <.001 

    Age 60-70 1.00 (reference) 1.77 (1.27-2.45) 2.77 (2.04-3.78) 3.61 (2.68-4.86) 7.14 (5.35-9.51) 1.63 (1.56-1.71) <.001  

    Age≥70 1.00 (reference) 1.78 (1.26-2.51) 2.32 (1.67-3.22) 2.75 (2.00-3.78) 4.61 (3.38-6.29) 1.48 (1.40-1.56) <.001  

  WHR         

    Age<60 1.00 (reference) 1.55 (1.16-2.08) 2.10 (1.55-2.84) 2.39 (1.80-3.16) 3.94 (3.01-5.16) 1.30 (1.25-1.35) <.001 0.06 

    Age 60-70 1.00 (reference) 1.40 (1.09-1.79) 1.46 (1.13-1.90) 2.05 (1.63-2.59) 2.70 (2.15-3.39) 1.24 (1.19-1.30) <.001  

    Age≥70 1.00 (reference) 1.27 (0.94-1.73) 1.55 (1.15-2.11) 1.83 (1.37-2.44) 2.70 (2.05-3.56) 1.23 (1.18-1.29) <.001  

  WHtR           

    Age<60 1.00 (reference) 1.92 (1.33-2.77) 2.69 (1.89-3.83) 3.90 (2.78-5.49) 10.2 (7.41-14.0) 1.79 (1.70-1.87) <.001 <.001 

    Age 60-70 1.00 (reference) 1.43 (1.04-1.98) 2.19 (1.62-2.95) 3.78 (2.85-5.01) 6.48 (4.93-8.52) 1.63 (1.56-1.70) <.001  

    Age≥70 1.00 (reference) 1.41 (0.97-2.04) 2.20 (1.57-3.10) 2.57 (1.85-3.59) 4.52 (3.28-6.24) 1.45 (1.38-1.53) <.001  

Abbreviation: SD, standard deviation; BMI, body mass index; WC, waist circumference; WHR, waist-to-hip ratio; WHtR, waist-to-height ratio 

*Adjusted for age, race (White or non-White), family history of diabetes (yes or no), alcohol consumption (0, 0.1-4.9, 5-9.9, 10-14.9, or 15.0+ g/day), calorie 

intake (quintiles), smoking (never, quit≥10 yrs, quit<10 yrs, or current), physical activity (<3, 3-8.9, 9-17.9, 18-26.9, or >27 MET-hour/week), dietary factors 

in quintiles (trans fat, polyunsaturated fat to saturated fat ratio, cereal fiber, whole grain, and glycemic load) 

ⱡ Number of cases: 705 for age <60 yrs, 1073 for age 60-70 yrs, and 869 for age ≥70 yrs 
a Derived from a validated anthropometric prediction equation         
b Height (continuous) was further adjusted       
c Height was adjusted for lean body mass by regressing out variation due to height      
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Supplementary table 3.9. Risk of type 2 diabetes according to predicted fat mass, percent fat, lean body mass, and other obesity indicators by family history of 

T2Dⱡ   

Analysis  Hazard Ratio (95% CI)           

  Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 1-SD increase Ptrend Pinteraction 

  BMI                 

    No family history T2D 1.00 (reference) 1.84 (1.43-2.35) 2.61 (2.06-3.30) 4.08 (3.26-5.10) 8.22 (6.63-10.19) 1.58 (1.54-1.63) <.001 0.58 

    Family history T2D 1.00 (reference) 1.44 (1.02-2.05) 2.12 (1.53-2.94) 2.68 (1.96-3.68) 5.19 (3.84-7.00) 1.60 (1.52-1.69) <.001   

  Fat massa,b         

    No family history T2D 1.00 (reference) 1.93 (1.50-2.48) 2.94 (2.32-3.72) 4.36 (3.47-5.48) 9.51 (7.63-11.86) 1.72 (1.66-1.77) <.001 0.17 

    Family history T2D 1.00 (reference) 2.23 (1.54-3.21) 3.09 (2.17-4.40) 3.33 (2.34-4.73) 7.11 (5.07-9.97) 1.70 (1.60-1.79) <.001  
  Percent fata                 

    No family history T2D 1.00 (reference) 1.67 (1.32-2.12) 2.27 (1.81-2.84) 3.60 (2.91-4.45) 6.92 (5.64-8.49) 1.58 (1.53-1.63) <.001 0.87 

    Family history T2D 1.00 (reference) 1.83 (1.27-2.65) 2.46 (1.73-3.50) 3.51 (2.50-4.94) 5.63 (4.04-7.86) 1.63 (1.53-1.73) <.001   

  Lean body massa,c         
    No family history T2D 1.00 (reference) 1.51 (1.22-1.86) 1.94 (1.59-2.37) 2.58 (2.13-3.13) 5.37 (4.49-6.42) 1.58 (1.53-1.63) <.001 0.37 

    Family history T2D 1.00 (reference) 1.44 (1.06-1.95) 1.57 (1.17-2.11) 1.96 (1.47-2.60) 3.99 (3.07-5.20) 1.58 (1.49-1.66) <.001  

  WC                 

    No family history T2D 1.00 (reference) 1.66 (1.30-2.11) 2.50 (1.99-3.14) 3.62 (2.91-4.50) 7.30 (5.92-9.00) 1.64 (1.59-1.70) <.001 0.38 

    Family history T2D 1.00 (reference) 2.27 (1.56-3.31) 3.04 (2.11-4.38) 3.53 (2.48-5.04) 6.58 (4.66-9.29) 1.66 (1.56-1.75) <.001   

  WHR         
    No family history T2D 1.00 (reference) 1.41 (1.17-1.71) 1.76 (1.45-2.14) 2.08 (1.73-2.50) 3.16 (2.65-3.77) 1.26 (1.23-1.30) <.001 0.29 

    Family history T2D 1.00 (reference) 1.47 (1.09-1.97) 1.57 (1.15-2.13) 2.23 (1.69-2.94) 2.86 (2.19-3.75) 1.27 (1.20-1.33) <.001  
  WHtR                 

    No family history T2D 1.00 (reference) 1.42 (1.12-1.81) 2.34 (1.88-2.92) 3.45 (2.80-4.26) 6.88 (5.62-8.41) 1.62 (1.57-1.67) <.001 0.40 

    Family history T2D 1.00 (reference) 2.10 (1.42-3.10) 2.81 (1.93-4.08) 3.92 (2.72-5.65) 6.80 (4.77-9.68) 1.62 (1.53-1.72) <.001   

Abbreviation: SD, standard deviation; BMI, body mass index; WC, waist circumference; WHR, waist-to-hip ratio; WHtR, waist-to-height ratio; T2D, type 2 diabetes 

*Adjusted for age, race (White or non-White), family history of diabetes (yes or no), alcohol consumption (0, 0.1-4.9, 5-9.9, 10-14.9, or 15.0+ g/day), calorie intake 

(quintiles), smoking (never, quit≥10 yrs, quit<10 yrs, or current), physical activity (<3, 3-8.9, 9-17.9, 18-26.9, or >27 MET-hour/week), dietary factors in quintiles (trans 

fat, polyunsaturated fat to saturated fat ratio, cereal fiber, whole grain, and glycemic load) 

ⱡ Number of cases: 1852 for no family history of diabetes, 795 for family history of disease      
a Derived from a validated anthropometric prediction equation         
b Height (continuous) was further adjusted 
c Height was adjusted for lean body mass by regressing out variation due to height       
       

 

 


