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IMPACT OF MULTIPLE RISK FACTORS AND PREVENTIVE 

INTERVENTIONS ON CARDIOVASCULAR DISEASES AND DISPARITIES 

 

Abstract 

Major cardiovascular risk factors have changed over the past 3-4 decades 

throughout the world. While adiposity and diabetes are rising worldwide, blood pressure 

and cholesterol are declining in high-income and even some middle-income countries, 

possibly due to improvements in diet or better diagnosis and treatment; the same risk 

factors have remained unchanged or even increased in low-income countries. To 

formulate effective prevention and health system policies, there is need to understand the 

implications of these diverse trends for cardiovascular diseases (CVDs). 

This dissertation focuses on quantifying the impact of multiple risk factors and 

preventive interventions on CVDs and their disparities at the population level. Answering 

this question requires information on how much of the effects of adiposity on CVDs are 

mediated through other metabolic risk factors (i.e. high blood pressure, high serum 

cholesterol and high blood glucose), which themselves have other determinants. The first 

paper quantifies the direct as well as the mediated effects of excess weight on coronary 

heart disease (CHD) and stroke through blood pressure, serum cholesterol and blood 

glucose. The analyses use data of 97 prospective cohorts with more than 1.8 million 

participants. This allows for assessing whether the extent of mediation is modified by 

geographical region, study period, and other characteristics of study populations. The 



 iii 

second paper revisits the above question using causal inference models and further 

quantifies the role of inflammatory markers as potential mediators. The analyses use 

individual-level data from 9 prospective cohort studies that have high-quality 

measurements of metabolic and inflammatory biomarkers. The third paper uses national 

data sources in the United States (US) and estimates the distributions of 10-year risk of 

fatal CHD by race. It also assesses the effects of different population-wide and targeted 

interventions on CHD risk distributions and their disparities between blacks and whites. 

Our findings suggest that nearly half of excess risk for CHD and three-quarters of 

excess risk for stroke due to excess weight were mediated through three metabolic risk 

factors: blood pressure, cholesterol, and glucose. Inflammatory biomarkers have much 

smaller roles than the combination of metabolic risk factors. In the US, the distribution of 

10-year CHD risk was shifted to the right among blacks compared to whites and had a 

heavier tail, leading to a substantially larger proportion of blacks in the high-risk group. 

A risk-based intervention that identifies and treats these individuals could substantially 

reduce both the overall risk of CHD and its racial disparities. These results together 

provide the quantitative evidence on the impact of cardiovascular risk factors and 

selected interventions on CVDs and their disparities. 
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Abstract

Background: Body mass index (BMI) and diabetes have increased worldwide, while average 

global blood pressure and cholesterol have decreased or remained unchanged in the last three 

decades. We quantified how much of the effects of BMI on coronary heart disease (CHD) 

and stroke are mediated through blood pressure, cholesterol, and glucose, and how much is 

independent of these factors. 

Methods: We analyzed 97 prospective cohort studies with 1.8 million participants, 57,161 

CHD and 31,093 stroke events. For each cohort we excluded participants who were <18 

years, had BMI <20 kg/m2, or had a prior history of CHD or stroke. We estimated the hazard 

ratio (HR) of BMI on CHD and stroke with and without adjustment for all possible 

combinations of blood pressure, cholesterol, and glucose. We pooled HRs using a random-

effects model and calculated the attenuation of excess risk after adjustment for mediators.  

Results: The HR for each 5 kg/m2 higher BMI was 1.27 (95% confidence interval 1.23-1.31) 

for CHD and 1.18 (1.14-1.22) for stroke after adjustment for confounders. Additional 

adjustment for the three metabolic risk factors reduced the HRs to 1.15 (1.12-1.18) for CHD 

and 1.04 (1.01-1.08) for stroke indicating that 46% (42-50%) of the excess risk of BMI for 

CHD and 76% (65-91%) for stroke is mediated by these factors. Blood pressure was the most 

important mediator, accounting for 31% (28-35%) of the excess risk on CHD and 65% (56-

75%) on stroke. The percentage excess risks mediated by these 3 mediators did not differ 

significantly between Asian and Western cohorts, but was larger in cohorts enrolling 

participants before 1990 than those enrolling later.  Both overweight (BMI  25 to < 30 

kg/m2) and obesity (BMI  30 kg/m2) were associated with significantly increased risk of 

CHD and stroke, compared with normal weight (BMI  20 to < 25 kg/m2), with 50% of the 

excess risk of overweight and 44% of the excess risk of obesity for CHD being mediated by 

the selected 3 mediators. 



 
 

Conclusions: Interventions that reduce high blood pressure, cholesterol, and glucose may 

address about half of excess risk of CHD and three quarters of excess risk of stroke 

associated with high BMI. Maintaining optimal body weight is needed for the full benefits.  

 

Funding: UK Medical Research Council; National Institute for Health Research 

Comprehensive Biomedical Research Centre at Imperial College Healthcare NHS Trust; NIH 

grant RO1 DK090435; Lown Scholars in Residence Program on cardiovascular disease 

(CVD) prevention; Harvard Global Health Institute Doctoral Research Grant.



 
 

Introduction 

Cardiovascular diseases (CVD), especially coronary heart disease (CHD) and stroke, are the 

leading causes of death worldwide.1 High body mass index (BMI) is an important CVD risk 

factor,2-4 and elevated blood pressure, cholesterol, and glucose partially mediate its effects.5, 6 

Current behavioural interventions for weight management have limited long-term 

effectiveness;7, 8 most weight-loss drugs lack either sustained efficacy or acceptable safety 

profile,9, 10 and surgical methods are currently recommended only for very obese 

individuals.11, 12 This has created concerns about potentially massive worldwide increase in 

CVD due to rise in mean BMI and prevalences of overweight and obesity in most 

countries.13-15 In contrast, there are effective clinical and public health interventions for blood 

pressure and cholesterol, also demonstrated by their impressive decline in some countries 

despite the rise in obesity.14, 16, 17 Therefore, an important clinical and public health question 

is to what extent we can mitigate the adverse effects of high BMI by targeting its metabolic 

mediators. Answering this question requires a detailed understanding of how much of the 

effect of excess weight on CVD is mediated by these metabolic factors, separately and in 

combinations that are relevant for individual patients or populations. It is also important to 

understand whether mediation differs by population characteristics, e.g. Asian versus 

Western populations, because of physiological differences in how BMI affects intermediate 

metabolic risks or because of differences in the extent to which healthcare systems have 

addressed the metabolic risks.  

 

Some studies have investigated the mediated effects of BMI on CHD through blood pressure, 

cholesterol and diabetes altogether;3, 18-21 there are fewer studies on stroke,3, 19, 22, 23 which is 

the largest cause of death in Asian populations.1 These studies did not assess whether 

characteristics of study populations influence the extent of mediation because they had 



 
 

insufficient events or because they were based on cohorts from one or two geographical 

regions. Importantly, they did not quantify the role of individual mediators or all possible 

combinations of two mediators which are needed for selecting clinical and public health 

interventions. 

 

We quantified how much of the effects of high BMI, and of overweight and obesity, on CHD 

and stroke are mediated through blood pressure, serum cholesterol, and glucose, individually 

and in all possible combinations by analysing data from 97 prospective cohort studies. We 

also assessed whether the extent of mediation was modified by geographical region, study 

period, and other characteristics of study populations. 

 

Methods 

Overview 

We analysed data from 97 prospective cohort studies to estimate the effects of high BMI on 

CHD and stroke, with and without adjustment for selected metabolic factors (blood pressure, 

serum cholesterol, and glucose). We then pooled the effect sizes across cohorts and 

quantified how much of the effects are mediated through any combination of three metabolic 

factors. All data were de-identified, and the study protocol was approved by the institutional 

review board at the Harvard School of Public Health.  

 

Cohort identification and selection  

We identified cohorts through a review of published articles; through the National Heart, 

Lung, and Blood Institute (NHLBI) in the United States; and through personal 

communication with researchers.  

 



 
 

We conducted a systematic search of Medline (PubMed) and Embase databases. The 

Appendix 1.1 and Figure 1.S1 provide detailed information about the search strategy, the 

number of articles identified and retained, and cohort eligibility criteria. We invited the 

corresponding authors of eligible cohorts to join the Collaborating Group. We contacted 

investigators from 126 cohorts, of which 68 (54%) agreed to participate. Of these, 7 cohorts 

were subsequently excluded as the participants all had prior CVD (3 studies); because the 

reported outcome was total CVD (3 studies); or because the analysis could not adjust for 

smoking (1 study). Collaborating Group members of the other 61 cohorts re-analysed their 

data using a consistent protocol. We obtained additional data from 9 cohorts through a special 

request to the NHLBI and from 27 cohorts in the Asia Pacific Cohort Studies Collaboration 

(APCSC) through its participation in the Global Burden of Metabolic Risk Factors for 

Chronic Diseases Study. Of the 97 cohorts, 9 cohorts were not included in the CHD analysis 

and 11 in the stroke analysis because they did not report the corresponding disease outcome 

or had fewer than 5 cases. 

 

Eligibility, exposure definition, mediators, and potential confounders 

In each cohort, we excluded participants who were <18 years; had BMI < 20 kg/m2; had a 

history of CHD or stroke prior to enrolment; were missing data on age, sex, smoking status, 

height, or weight; or did not have data on mediators at baseline. We used BMI as the primary 

measure of adiposity because it was measured in every cohort; waist circumference or waist-

hip-ratio were available in 17 cohorts and were analysed in sensitivity analyses. In the 

primary analysis, we accepted different metrics for mediators, including systolic blood 

pressure (SBP) levels or hypertension status for blood pressure; total, high-density lipoprotein 

(HDL) and low-density lipoprotein (LDL) cholesterol levels or hypercholesterolemia for 

serum cholesterol; fasting and postprandial glucose, haemoglobin A1c, or diabetes status for 



 
 

blood glucose (see Table 1.1 for the number of cohorts providing each measure and Table 

1.S2 for details by cohort; see also sensitivity analyses). We adjusted for age, sex and 

smoking status as the minimum set of potential confounders, and for additional variables in 

individual cohorts as available (Table 1.S2). BMI, mediators, and potential confounder data 

were from baseline examinations. 

 

Follow-up and outcome definitions 

Our primary outcomes were the first occurrence of CHD or stroke event. CHD included fatal 

or non-fatal ischemic heart disease, including acute myocardial infarction and angina pectoris; 

stroke included fatal or non-fatal cerebral infarction, and intracerebral or subarachnoid 

haemorrhage. We followed each participant until the first occurrence of the corresponding 

outcome, death or loss to follow-up, whichever occurred first.  

 

Statistical analysis 

We used Cox proportional hazard regression to estimate the hazard ratios (HR) in each 

cohort. We analysed BMI as a continuous variable in relation to risk of CHD and stroke after 

excluding participants with a BMI <20 kg/m2 at baseline because the associations of BMI 

with the risks of death from CHD and stroke are continuous and approximately log-linear 

except at low BMIs.2, 3, 24 We first estimated the effect of 5 kg/m2 higher baseline BMI on 

CHD or stroke adjusting for confounders. We then added the mediators to the model, 

separately, in all combinations of 2, and all 3 together. We did not incorporate interaction 

between BMI and mediators in the continuous analysis. We also analysed categories of 

overweight (BMI 25 to < 30 kg/m2) and obesity (BMI  30kg/m2) as compared to normal 

weight (BMI  20 to < 25 kg/m2) using the same methods as continuous analysis.  We pooled  

  



 
 

Table 1.1: Mediators analysed by participating cohorts 

Mediator extracted Number of cohorts 

Blood pressure  
  Systolic blood pressure 95 
  Hypertension 2 
Cholesterol  
  Total serum cholesterol 86 
  HDL cholesterol 1 
  Hypercholesterolemia 1 
Blood glucose  
  Fasting glucose 39 
  Postprandial glucose* 18 
  HbA1c 1 
  Diabetes 19 

 
* One cohort reported casual (or random) glucose. For each cohort, only one metric was 
extracted for each mediator in the main analysis.  



HRs across cohorts using a random-effects model with inverse variance weights.25 

Heterogeneity was evaluated using Cochran Q test and I2 statistic.26   

 

We estimated the percentage of excess risk mediated (PERM),27 using pooled HRs as below:  

 

PERM is not additive across risk factors. To calculate the uncertainty of PERM, we randomly 

drew 5000 pairs of HR(confounder adjusted) and HR(confounder and mediator adjusted) from their 

corresponding uncertainty distributions while accounting for their correlations; estimated 

PERM for each pair of HRs and quantified its variability across all 5000 estimates, as 

described in the Appendix 1.2. We used the median of these 5000 estimates as the point 

estimate of PERM, and its 2.5th and 97.5th percentiles as the 95% confidence interval.  

 

Subgroup and sensitivity analyses 

We tested whether the extent of mediation differed by selected cohort characteristics 

including event types (fatal versus fatal and nonfatal combined), median age of participants at 

baseline, baseline study year, region of the study, follow-up duration. In sensitivity analyses, 

we examined if the results depended on how the mediators were measured, using total versus 

LDL-cholesterol or glucose versus diabetes as the metric of mediator. In sensitivity analyses, 

we also estimated PERM for waist circumference and waist-to-hip ratio in 17 cohorts that had 

measured either of them in addition to BMI. We compared PERM per 10 cm waist 

circumference and 0.1 waist-to-hip ratio (which are roughly equivalent to 1 standard 

deviation increment of these metrics in a pooled sample of 58 prospective cohorts)3 with that 

for 5 kg/m2 BMI in the same cohorts. For simplicity of presentation, results of these 



 
 

secondary analyses are reported only for all 3 mediators together; results for one or two 

mediators are available from the authors by request.  

 

All statistical analyses were conducted using Stata 11.0 (StataCorp, College Station, Texas) 

and R 2.11. All reported P values were two-sided and were considered significant if less than 

0.05. 

 

Role of funding sources 

The sponsors had no role in study design, data collection, data analysis, data interpretation, or 

writing of the report. The members of the Cohort Collaborating Group had access to the 

original data which was re-analysed for this report. The corresponding author had final 

responsibility for submission for publication. 

 

Results 

Ninety-seven prospective cohorts were included in the analysis. These studies collectively 

enrolled 1.8 million participants between 1948 and 2005. During follow-ups that ranged 2.7-

57.5 years (median length of follow-up across all cohorts was 13.3 years), 57,161 CHD and 

31,093 stroke events occurred (Table 1.S2). Western European cohorts (32 cohorts) had the 

largest number of CHD and stroke events, contributing 55% (31,289) of CHD and 44% 

(13,591) of stroke events. Cohorts from East and Southeast Asia (33 cohorts) contributed 

33% (10,163) of stroke but only 7% (3,763) of CHD events, demonstrating the relative 

significance of stroke in Asia (Table 1.2). Seventy-two cohorts had measured all 3 mediators, 

with another 21 having measured two of them.  

 



 
 

Table 1.2: Number of participating cohorts, subjects and events by region 

Region 
Number of 

cohorts 

Percentage of 
participants 

(%)

Percentage of 
CHD events 

(%) 

Percentage of 
stroke events 

(%) 

East and Southeast Asia 33 26 7 33 

Western Europe 32 59 55 44 

North America 15 9 28 18 

Australia or New Zealand 10 5 5 3 

Latin America, 
Central/Eastern Europe 
and North Africa/Middle 
East 

7 1 5 2 

Total 97 100 100 100 

 

  



 
 

Effects of BMI, overweight and obesity on CHD and stroke with and without adjustment for 

metabolic mediators  

After adjustment for confounders, each 5 kg/m2 higher BMI was associated with a HR of 

1.27 (95% confidence interval 1.23-1.31) for CHD and 1.18 (1.14-1.22) for stroke (Figure 1.1; 

see Figures 1.S2-S3 for cohort-specific HRs). Blood pressure was the most important 

mediator for the effects of BMI on both CHD and stroke, with the HR for CHD declining to 

1.19 (1.16-1.22) and that of stroke to 1.06 (1.03-1.09) after adjustment for blood pressure. 

Blood pressure was followed by glucose, adjustment for which lowered HRs to 1.23 (1.19-

1.27) for CHD and 1.13 (1.09-1.18) for stroke. Adjustment for any combinations of 2 or 3 

mediators further reduced HRs of CHD and stroke as compared with adjusting for a single 

mediator. When all 3 mediators were adjusted for, the HR of CHD decreased to a statistically 

significantly lower value of 1.15 (1.12-1.18) and that of stroke to 1.04 (1.01-1.08).  

 

Being overweight, compared with normal weight, was associated with a HR of 1.26 (1.22-

1.30) for CHD and 1.13 (1.08-1.18) for stroke after adjustment for confounders. Obesity had 

a statistically significantly larger association with both CHD and stroke as compared with 

overweight: the confounder-adjusted HR of obesity versus normal weight was 1.69 (1.58-

1.81) for CHD and 1.47 (1.36-1.59) for stroke (Table 1.3; see Figures 1.S4-S7 for cohort-

specific HRs). The associations between both overweight and obesity and the risk of 

CHD/stroke were seen in both Asian and Western cohorts and in both older and more recent 

cohorts (cohorts that had enrolled subjects before 1990 versus 1990 or later) (Table 1.S3). 

The HRs were larger in Asian cohorts than in Western cohorts, especially for stroke, as was 

also the case for the continuous BMI analysis. 

 

  



 
 

Figure 1.1: Hazard ratios (HRs) per 5 kg/m2 higher BMI adjusted for different combinations 
of mediators. All HRs were also adjusted for confounders as described in Methods. See 

Figures 1.S2-S3 for HRs by cohort. 
  



 
 

Table 1.3: Hazard ratios (HRs) and percentage of excess risk of overweight (BMI  25 to < 
30 kg/m2) and obesity (BMI  30 kg/m2) mediated through different combinations of 

metabolic risk factors. All HRs are relative to normal weight (BMI  20 to < 25 kg/m2), and 
were adjusted for confounders as described in Methods and Table 1.S2. See Figures 1.S4-S7 

for HRs by cohort. 
 

Mediators in the 
multivariate model 

Overweight Obesity 

HR (95% CI) 
Percentage of 

excess risk 
mediated (%)  

(95% CI) 

HR (95% CI) 
Percentage of 

excess risk 
mediated (%) 

(95% CI) 

CHD 

None 1.26 (1.22 - 1.30) NA 1.69 (1.58 - 1.81) NA 

Blood pressure 1.18 (1.14 - 1.22) 31 (26 - 36) 1.48 (1.39 - 1.57) 31 (27 - 35) 

Cholesterol 1.21 (1.18 - 1.25) 18 (13 - 22) 1.64 (1.54 - 1.75) 8 (2 - 12) 

Blood glucose 1.23 (1.18 - 1.27) 12 (6 - 18) 1.60 (1.49 - 1.72) 14 (8 - 20) 

Blood pressure and 
cholesterol 1.14 (1.11 - 1.18) 45 (40 - 52) 1.44 (1.36 - 1.53) 36 (33 - 40) 

Blood pressure and blood 
glucose 1.16 (1.12 - 1.20) 38 (32 - 45) 1.42 (1.34 - 1.51) 39 (35 - 44) 

Cholesterol and blood 
glucose 1.19 (1.15 - 1.23) 27 (22 - 33) 1.55 (1.46 - 1.64) 21 (17 - 25) 

Blood pressure, cholesterol 
and blood glucose 1.13 (1.09 - 1.16) 50 (44 - 58) 1.39 (1.32 - 1.47) 44 (41 - 48) 

Stroke

None 1.13 (1.08 - 1.18) NA 1.47 (1.36 - 1.59) NA 

Blood pressure 1.03 (0.99 - 1.07) 76 (61 - 104) 1.21 (1.13 - 1.28) 56 (50 - 64) 

Cholesterol 1.11 (1.06 - 1.16) 17 (5 - 30) 1.44 (1.33 - 1.56) 7 (-1 - 14) 

Blood glucose 1.09 (1.04 - 1.15) 29 (13 - 55) 1.35 (1.24 - 1.47) 25 (18 - 34) 

Blood pressure and 
cholesterol 1.04 (0.99 - 1.08) 74 (54 - 112) 1.19 (1.12 - 1.27) 59 (52 - 70) 

Blood pressure and blood 
glucose 1.01 (0.96 - 1.06) 93 (67 - 147) 1.15 (1.08 - 1.22) 68 (62 - 76) 

Cholesterol and blood 
glucose 1.09 (1.04 - 1.15) 31 (16 - 56) 1.34 (1.24 - 1.45) 28 (20 - 36) 

Blood pressure, cholesterol 
and blood glucose 1.00 (0.96 - 1.05) 98 (69 - 155) 1.14 (1.08 - 1.21) 69 (64 - 77) 

 



 
 

Similar to continuous analysis, blood pressure was the single most important mediator for the 

association of overweight and obesity with both CHD and stroke (Figures 1.S4-S7). After 

adjustment for all 3 mediators, the HR of overweight versus normal weight for CHD 

decreased to 1.13 (1.09-1.16) and its association with stroke became null with a HR of 1.00 

(0.96-1.05). The HR of obesity versus normal weight for CHD decreased to 1.39 (1.32-1.47) 

and that of stroke to 1.14 (1.08-1.21). 

 

The HRs per 5 kg/m2 BMI for both CHD and stroke were higher in East/Southeast Asia as 

compared with Western cohorts (North America, Western Europe, Australia and New 

Zealand; Figure 1.2). Asian cohorts had a HR of 1.40 (1.29-1.52) for CHD versus 1.24 (1.20-

1.28) in Western cohorts (p-value for comparison of the two HRs = 0.01), and 1.29 (1.20-

1.38) for stroke versus 1.14 (1.09-1.18) in Western cohorts (p = 0.002). After additional 

adjustment for all 3 mediators, the HRs for CHD were 1.23 (1.12-1.36) in Asian cohorts and 

1.13 (1.10-1.16) in Western cohorts (p = 0.10); the HRs for stroke became virtually identical 

between regions (1.06 (0.98-1.15) vs. 1.04 (1-1.08), p = 0.60). The HRs for both CHD and 

stroke were larger in cohorts enrolling younger participants (median age at baseline <55 

compared with  55 years), both before and after adjustment for mediators.  

 

Percentage of excess risk of BMI, overweight and obesity mediated by selected metabolic risk 

factors 

The excess risk of CHD associated with 5 kg/m2 higher BMI decreased by 31% (28-35%) 

after adjustment for blood pressure (Figure 1.3). This was three times larger than the 

proportion mediated by serum cholesterol (10%, 5-15%) and more than twice that of glucose 

(15%, 10-21%). Blood pressure alone accounted for a higher percentage of excess risk of 

BMI than cholesterol and glucose together (23%, 19-28%). The 3 mediators collectively 

explained 46% (42-50%) of excess risk for CHD. Blood pressure was an even stronger  



 
 

Figure 1.2: Stratified analyses of hazard ratios (HRs) per 5 kg/m2 higher BMI, with and 
without adjustment for mediators (P values were meta-regression P values between groups). 
Results are presented for all three mediators combined. See Figures 1.S8 and 1.S9 for HRs 

with adjustment for combinations of 1 and 2 mediators.



 
 

 

 

Figure 1.3: Percentage of excess risk per 5 kg/m2 higher BMI mediated through different 
combinations of metabolic risk factors. 



 
 

mediator for stroke risk than that of CHD. Adjustment for blood pressure lowered the excess 

risk of stroke by 65% (56-75%). The corresponding percentages were only 24% (15-36%) for 

glucose and 4% (-3-12%) for cholesterol; the non-significant mediation of stroke risk by 

cholesterol was observed in both Asian and Western cohorts (Figure 1.S9). When all 3 

mediators were considered, the excess risk of stroke was attenuated by 76% (65-91%).  

 

The HRs of CHD decreased by 31% for both overweight and obesity after adjustment for 

blood pressure. PERM for the association of overweight with CHD was larger than that of 

obesity for most other combinations of mediators but the confidence intervals overlapped 

(Table 1.3).  All three mediators together accounted for 50% (44-58%) of the excess risk of 

overweight on CHD, and 44% (41-48%) of the excess risk of obesity. The metabolic factors 

also mediated a larger proportion of the excess risk of overweight on stroke than that of 

obesity, although the confidence intervals overlapped. Seventy-six percent of the excess risk 

of overweight (61-104%) and 56% of that of obesity (50-64%) on stroke were mediated 

through blood pressure alone (Table 1.3). After adjustment for all three mediators, excess risk 

decreased by 98% (69-155%) for overweight and by 69% (64-77%) for obesity. 

 

Subgroup and sensitivity analyses 

In subgroup analyses, PERM for all three mediators combined did not differ significantly by 

most cohort characteristics (95% confidence intervals overlapped) (Table 1.4). The only 

statistically significant difference in PERM was for CHD and baseline year of study, where a 

larger percentage of excess risk was mediated by the 3 mediators in cohorts that had enrolled 

participants before 1990 versus 1990 or later. Among individual mediators, blood pressure 

mediated 69% (57-91%) of the excess risk of stroke in Asian cohorts versus 60% (48-78%) in 

Western cohorts (Figure 1.S9). The role of blood pressure as a mediator for excess risk of  



 
 

Table 1.4: Stratified analyses of percentage of excess risk per 5 kg/m2 higher BMI mediated 
through the combination of blood pressure, cholesterol, and blood glucose (see Figure 1.3 for 

the main analysis using all cohorts) 
 

Category 

CHD Stroke 
Percentage of excess risk 

mediated by all 3 
mediators (%) 

 (95% CI) 

Percentage of excess risk 
mediated by all 3 

mediators (%) 
 (95% CI) 

Event type *   
   Combined fatal and non-fatal event 50 (46 - 55) 69 (60 - 81) 
   Fatal event 39 (31 - 49) 115‡ (78 - 234‡) 

Cohort location †   
    North America, Western Europe,     

Australia and New Zealand 44 (40 - 50) 73 (57 - 96) 

    East and Southeast Asia 39 (31 - 49) 79 (59 - 108‡) 

Baseline year   
   < 1990 53 (46 - 62) 62 (51 - 78) 

    1990  38 (34 - 44) 93 (74 - 141‡) 

Median age at baseline (year)   
   < 55 45 (41 - 50) 63 (53 - 74) 
    55 46 (39 - 56) 95 (73 - 149‡) 

Follow-up years   
   <10 43 (35 - 52) 89 (67 - 132‡) 
   10-20 45 (40 - 52) 84 (68 - 134‡) 
   >20 49 (40 - 59) 52 (44 - 62) 
 
*Three cohorts reported their results for non-fatal coronary heart disease and non-fatal stroke. 
†Seven cohorts from other regions reported results for coronary heart disease, and six cohorts 
from other regions reported results for stroke. ‡Hazard ratios of BMI were less than 1.0 after 
adjustment for mediators. Therefore, the numerator of percentage of excess risk mediated was 
greater than the denominator. This possible over-adjustment itself could be due to residual 
and unmeasured confounding. 
 

  



 
 

CHD was similar between Asian and Western cohorts (32%, 22-44 vs. 30%, 26-34) (Figure 

1.S8). 

 

In sensitivity analyses, PERMs were 1 to 8 percentage points higher for waist circumference 

than for BMI in 16 studies that had measured both, but were 4 to 15 percentage points lower  

for waist-to-hip ratio than for BMI; these differences were not statistically significant (95% 

confidence intervals overlapped). LDL-cholesterol was a stronger mediator compared with 

total cholesterol, but the differences in PERM was less than 5 percentage points for both 

CHD and stroke (results not shown), possibly because of the high correlation between total 

cholesterol and LDL cholesterol in these cohorts (Pearson correlation coefficient > 0.8). 

PERM for CHD by all 3 mediators was only slightly (3 percentage points) and non-

significantly higher in cohorts that used diabetes (25% of cohorts) compared with continuous 

glucose measurements (results not shown). 

Discussion 

In this pooled analysis of 97 prospective cohort studies, we found that nearly one half of 

excess risk for CHD and three quarters of excess risk of stroke due to high BMI were 

mediated through 3 metabolic risk factors, i.e. blood pressure, cholesterol and glucose. The 

single most important mediator was blood pressure, especially for stroke, accounting for two-

thirds of the excess risk. Being overweight and obese were both associated with increased 

risk of CHD and stroke, compared to normal weight, with obesity having a larger HR.  

 

Our results for the overall association between BMI and CHD or stroke are consistent with 

other large pooled analysis of prospective cohorts.2, 3, 24 On the specific issue of mediation, 

previous studies mostly analysed all mediators combined, and did not assess the role of other 



 
 

combinations of mediators. A meta-analysis of 21 cohorts (including 16 analysed here) 

reported that 45% of excess CHD risk was mediated through blood pressure and total 

cholesterol,18 compared with 39% in our analysis. Another pooled analysis of 58 cohorts 

(including 15 analysed here) found that approximately 60% of the excess risk of CHD and 

70% of ischemic stroke were due to the same 3 mediators,3 compared with 46% for CHD and 

76% for stroke in our analysis. Our lower estimates for CHD may be due a larger number of 

cohorts that included only fatal CHD (almost half of our cohorts used fatal CHD compared 

with 9% in Wormser and colleagues3) as PERM tended to be lower when fatal events were 

analysed (Table 1.4). Our lower estimates could also be due to the use of blood glucose 

measurements versus diabetes as the metric of mediator. The slightly higher estimates for 

stroke may be due to the larger number of Asian cohorts in our analysis (34% of our cohorts 

were from Asia compared with 7% in Wormser and colleagues3); or the stroke sub-types 

analysed (we used total stroke whereas Wormser and colleagues3 used ischemic stroke). 

 

Our finding that being both overweight and obese were associated with increased risk of 

CHD and stroke differed from papers by Flegal and colleagues that found no effects for 

overweight on either CVD mortality in a single cohort28 or on all-cause mortality in a meta-

analysis.29 Flegal and colleagues’ CVD findings28 may have differed from ours due to their 

inadequate adjustment for pre-existing conditions and their limited control of confounding.30, 

31 Our results are not directly comparable to those for all-cause mortality. Meanwhile, we 

found that metabolic factors mediate a larger proportion of the excess risk for overweight 

subjects than for obese ones (though the 95% CI overlapped), indicating that it is possible for 

clinical and public health interventions that control blood pressure, cholesterol and glucose to 

largely (CHD) or fully (stroke) address the excess risk of CHD/stroke in overweight 



 
 

individuals . Obese individuals also benefit from interventions on mediators but will continue 

to have significantly elevated risk. 

 

Several pathways link adiposity and excess weight to CVD via the mediators analysed in this 

study. Adiposity can raise blood pressure through increased peripheral vascular resistance 

and renal salt retention, the latter itself due to higher activity of sympathetic nervous system, 

leptin level, angiotensin-aldosterone activity and hyperinsulinemia.5, 32 Adiposity is 

associated with dyslipidemia, as well as a systemic inflammatory state, that could contribute 

to the development of insulin resistance and diabetes.6 Our results also indicate that the 

association between adiposity and CVD is not completely explained by the three mediators in 

our analysis. The unexplained risk may be due to other pathways such as endothelial 

dysfunction, increase in thrombogenic factors, and the remaining effect of increased 

sympathetic activity and systemic inflammation not related to risk factors analysed here.6 It is 

possible that these other pathways play a relatively more important role among obese 

individuals compared with the overweight. It would be interesting to probe and quantify the 

role of these other pathways in subsequent cohorts, including in relation to overweight versus 

obese status, although fewer cohorts collect comparable data on these other variables 

compared with the well-known metabolic mediators analysed here. 

 

This study is the largest pooling analysis of multiple CVD risk factors, with over 1.8 million 

participants, and 57,161 CHD and 31,093 stroke events. This allowed eliciting the extent of 

mediation, and how it varies by cohort characteristics. The cohorts covered Asian as well as 

Western populations, and hence for the first time demonstrated the role of BMI and the 

mediators of its effects in both Asian and Western populations. The consistent stratified 

analysis pointed to the important role of blood pressure as a mediator in the effect of BMI on 



 
 

stroke in Asian populations, where high levels of blood pressure and large stroke burden have 

made this risk factor the leading cause of disease burden.16, 33 Cohorts with mean baseline 

year before 1990 had higher percentage of BMI-associated risks explained by blood pressure, 

cholesterol and glucose, possibly because the levels of two of the mediators (blood pressure 

and cholesterol) were higher in Western populations,16, 17 itself possibly due to lower use of 

effective treatments before 1990 and due to changes in diet.  

 

There are some limitations to this study. First, while we consistently adjusted for age, sex and 

smoking as the minimum set of confounders, our results may still be affected by unmeasured 

and residual confounding. For instance, only a few cohorts adjusted for diet and physical 

activity, which are risk factors for CHD and stroke and are associated with higher BMI.  

Confounders may have been measured with error which leads to residual confounding (e.g. 

smoking and socioeconomic status). When we restricted the pooling to cohorts that had 

adjusted for additional confounders, PERM for the three mediators did not change 

significantly: it was 6 percentage points higher for CHD and 1 percentage point lower for 

stroke compared with cohorts with minimal set of confounders, and 95% confidence intervals 

overlapped. Our analysis did not allow for interactions between BMI and mediators, which 

may exist.34 The mediators were not measured consistently across cohorts due to variability 

in laboratory methods or metrics of mediators. Sensitivity analyses showed that our results 

were robust to the choice of metrics used for mediators. In addition, we could not analyse 

stroke subtypes separately because most cohorts had not reported the stroke outcome by 

subtype. Lastly, despite the large number of cohorts included in the analysis, we could not 

access data from all eligible cohorts, especially some older ones.  

 



 
 

Our findings have implications for clinical prevention of CVD as well as for public health 

programmes. As a clinical example, consider a 70-year-old non-smoking man who does not 

have diabetes, is 174 cm tall and weighs 100 kg (i.e. has a BMI of 33 kg/m2), has a SBP of 

147 mmHg, total cholesterol of 195 mg/dL and HDL cholesterol of 36 mg/dL. This person 

roughly represents the 80th percentile of age, BMI, cholesterol levels of adult men, and 90th 

percentile of blood pressure among adult men with BMI  30 kg/m2 in the US National 

Health and Nutrition Examination Survey in 2007-2008. Using the Framingham Risk Score, 

his predicted 10-year CHD risk is 25%.35 Assuming that the results of our observational 

analysis reflect the true benefits of losing excess weight, if this patient lost 15 kg of weight 

through a hypothetical intervention (i.e. 5 kg/m2 lower BMI), his new estimated 10-year CHD 

risk would be 19.7%, which is 5 percentage points lower [25% minus (25% divided by 

1.27)], given the HR for CHD per 5kg/m2 BMI is 1.27. Alternatively, if he receives 

medications to lower his blood pressure and cholesterol to levels that are expected based on a 

15 kg weight loss, his 10-year risk of CHD would only decline by 2 percentage points (5% 

times 39%, given that the estimated PERM by blood pressure and cholesterol for CHD is 

39% per 5kg/m2 higher BMI), because he only receives the benefits of reductions in these 

two risk factors.  

 

Despite the larger benefits of weight loss, interventions have had limited long-term success, 

especially at the population level,7, 8 leading to a worldwide rise in overweight and obesity.14 

In contrast, there are effective clinical and lifestyle interventions to control blood pressure 

and serum cholesterol,36-39   with evidence that these risk factors have been successfully 

reduced, in individual patients and whole populations.16, 17, 40, 41 For example, blood pressure, 

the most important mediator of BMI-CVD association, has declined substantially in high-

income countries, Central Europe, and parts of Latin America.16 Serum cholesterol has also 



 
 

declined in Western countries, although it has increased in East/Southeast Asia.17 In the US, 

declines in blood pressure and cholesterol have been even larger in overweight and obese 

individuals, possibly due to more aggressive management.42 Therefore, controlling blood 

pressure and cholesterol may help dampen the cardiovascular impacts of the global obesity 

epidemic.  

 

The most important step for leveraging this potential is to continue past efforts for reducing 

blood pressure, and to try to replicate these efforts in Asia where blood pressure levels remain 

high,16 serum cholesterol has increased,17 and stroke is a common cause of death. Despite this 

potential, and some past successes, further reducing blood pressure and cholesterol requires 

major improvements in both primary care and public health programmes.43 The coverage of 

blood pressure and lipid lowering medication is low in most low- and middle-income 

countries, even among CVD patients, and there are social inequalities in coverage.44, 45 

Increasing diagnosis and treatment requires well-developed national guidelines that include 

these activities in the primary care system, with emphasis on improving access among 

disadvantaged social and economic groups.44-46 Interventions related to diet that lower the 

intake of salt, saturated fats, and processed carbohydrates and increase the consumption of 

fruits, vegetables, unsaturated fats, and whole grains, can improve the metabolic risk profile 

even when total calories remain unchanged 47-50 but access to these interventions needs to be 

improved worldwide.43, 51 Adiposity also increases the risk of diabetes, and there has been a 

worldwide rise in blood glucose and diabetes prevalence.52 Clinical interventions for 

glycaemic management are not currently as effective as those for blood pressure and 

cholesterol.53 Therefore, reliance on controlling the metabolic mediators may be only a partial 

and temporary response to the obesity epidemic. Rather, there is need for creative and bold 



 
 

strategies that can curb and reverse rising adiposity levels so that the full benefits for CVD 

and diabetes reduction can be achieved.  
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Appendix 1.1: Cohort identification and selection 

We identified cohorts through a systematic literature search of the Medline (PubMed) and 

Embase databases, through the National Heart, Lung, and Blood Institute (NHLBI) in the 

United States; and through personal communication with researchers.  

 

Medline search  

We searched Medline (via PubMed) for articles published up to 23 March 2010, with no 

restrictions on publication language. PubMed was searched based on a combination of three 

themes, using both exploded version of Medical Subject Heading (MeSH) terms and text 

word. The first theme included various measures of adiposity, such as body mass index, waist 

circumference, waist-to-hip ratio, overweight and obesity. The second theme consisted of 

different cardiovascular outcomes of interest, in particular CHD and stroke. And the third 

theme was used to restrict articles to prospective studies.  

 

The query appeared as ("overweight "[Mesh] OR "obesity"[tiab] OR "obese"[tiab] OR 

"overweight"[tiab] OR "Body Mass Index"[Mesh] OR "body mass index"[tiab] OR 

"BMI"[tiab] OR "Waist-Hip Ratio"[Mesh] OR "Waist-Hip Ratio"[tiab] OR "Waist-to-hip 

ratio"[tiab] OR "Waist Circumference"[Mesh] OR "Waist Circumference"[tiab] OR 

"adiposity"[Mesh] OR "adiposity"[tiab]) AND ( ("Coronary Disease"[Mesh] OR "Coronary 

Heart Disease"[tiab] OR "Coronary Disease"[tiab] OR "Coronary Aneurysm"[tiab] OR 

"Coronary Artery Disease"[tiab] OR "Arteriosclerosis"[tiab] OR "atherosclerotic"[tiab] OR 

"Coronary Occlusions"[tiab] OR "Coronary Occlusion"[tiab] OR "stenosis"[tiab] OR 

"coronary thrombosis"[tiab] OR "coronary Thromboses"[tiab] OR "Coronary Artery 

Vasospasm"[tiab] OR "Coronary Artery Vasospasms"[tiab] OR "Coronary Vasospasm"[tiab] 

OR "Coronary Vasospasms"[tiab] OR "atherosclerotic"[tiab] ) OR ("Stroke"[Mesh] OR 



 
 

("Cerebrovascular Disorders"[Mesh] AND 1964:1999[pdat]) OR ("Intracranial 

Arteriosclerosis"[Mesh] AND 1965:1999[pdat]) OR ("Intracranial Embolism and 

Thrombosis"[Mesh] AND 1965:1999[pdat]) OR "stroke"[tiab] OR "strokes"[tiab] OR 

"Cerebrovascular Accident"[tiab] OR "Cerebrovascular Accidents"[tiab] OR "vascular 

accident"[tiab] OR "vascular accidents"[tiab] OR "Apoplexy"[tiab]) OR ("Death, Sudden, 

Cardiac"[Mesh] OR "Cardiac Sudden Death"[tiab] OR "Sudden Cardiac Death"[tiab] OR 

"Sudden Cardiac Arrest"[tiab] ) OR ("Congestive Heart Failure"[All Fields] )) AND ("Cohort 

Studies"[Mesh] OR "cohort"[tiab] OR "longitudinal study"[tiab] OR "longitudinal 

studies"[tiab] OR "prospective study"[tiab] OR "prospective studies"[tiab] OR "Nested Case-

Control Studies"[tiab] OR "Nested Case-Control Study"[tiab] OR "Incidence Studies"[tiab] 

OR "Incidence Study"[tiab] OR "Concurrent Studies"[tiab] OR "Concurrent Study"[tiab] OR 

"Follow Up"[tiab] OR random*)

 

Embase search 

Embase was searched based on a similar strategy using Embase TREE tool (EMTREE) and 

text word.  

 

The query was ('obesity'/exp OR 'body mass'/exp OR 'waist hip ratio'/exp OR 'waist 

circumference'/exp OR 'obesity':ab,ti OR 'obese':ab,ti OR 'overweight':ab,ti OR 'body mass 

index':ab,ti OR 'bmi':ab,ti OR 'waist-hip ratio':ab,ti OR 'waist-to-hip ratio':ab,ti OR 'waist 

circumference':ab,ti OR 'adiposity':ab,ti) AND (('coronary artery disease'/exp OR 'ischemic 

heart disease'/exp OR 'coronary disease':ab,ti OR 'coronary artery disease':ab,ti OR 

'ischaemic heart disease':ab,ti OR 'ischemia heart disease':ab,ti OR 'ischemic cardiac 

disease':ab,ti OR 'ischemic cardial disease':ab,ti OR 'coronary artery occlusive disease':ab,ti 

OR 'coronary heart disease':ab,ti OR 'coronary occlusive disease':ab,ti ) OR ('stroke'/exp OR 



 
 

'brain hemorrhage'/exp OR 'brain ischemia'/exp OR 'cerebrovascular accident'/exp OR 

"stroke':ab,ti OR 'strokes':ab,ti OR 'ischaemic stroke':ab,ti OR 'ischemic stroke':ab,ti OR 

'haemorrhagic stroke':ab,ti OR 'hemorrhagic stroke':ab,ti OR 'Cerebrovascular Accident':ab,ti 

OR 'Cerebrovascular Accidents':ab,ti OR 'vascular accident':ab,ti OR 'vascular accidents':ab,ti 

OR 'Apoplexy':ab,ti) OR ('sudden death'/exp OR 'Cardiac Sudden Death':ab,ti OR 'Sudden 

Cardiac Death':ab,ti OR 'Sudden Cardiac Arrest':ab,ti) OR ('congestive heart failure'/exp OR 

'cardiac congestive failure':ab,ti OR 'congestive cardiac failure':ab,ti OR 'heart failure':ab,ti) ) 

AND  ('cohort analysis'/exp OR 'follow up'/exp OR 'intervention study'/exp OR 'longitudinal 

study'/exp OR 'prospective study'/exp OR 'cohort':ab,ti OR 'longitudinal study':ab,ti OR 

'longitudinal studies':ab,ti OR 'prospective study':ab,ti OR 'prospective studies':ab,ti OR 

'Nested Case-Control Studies':ab,ti OR 'Nested Case-Control Study':ab,ti OR 'Incidence 

Studies':ab,ti OR 'Incidence Study':ab,ti OR 'Concurrent Studies':ab,ti OR 'Concurrent 

Study':ab,ti OR 'Follow Up':ab,ti OR random*) 

 

Published articles were evaluated by two reviewers (YL, KH) first at the title and abstract 

stage, followed by a full text screening. The number of articles identified and retained is 

summarized in Figure S1. Cohort studies were considered eligible if they met the following 

criteria: (1) prospective design with at least 1 year of follow-up; (2) participants were not 

selected based on prior history of CHD or stroke; (3) height and weight were measured (not 

self-reported) at baseline; (4) at least one of the mediators (blood pressure, serum cholesterol, 

and blood glucose or diabetes) was also measured at baseline; (5) fatal and/or non-fatal CHD 

or stroke were ascertained during follow-up.  

 

 

  



 
 

Appendix 1.2: Estimating the uncertainty of percentage excess risk mediated (PERM)

As described in the Methods, we estimated the uncertainty of PERM by randomly drawing 

5000 pairs of HR(confounder adjusted) and HR(confounder and mediator adjusted) from their corresponding 

uncertainty distributions while accounting for their correlations. To estimate the correlations 

between HR(confounder adjusted) and HR(confounder and mediator adjusted), we applied the bootstrap method. 

We first randomly drew a bootstrap sample of size N with replacement from a selected cohort 

of the size N, and then fitted Cox proportional hazard models to obtain bootstrap estimate of 

HR(confounder adjusted) and HR(confounder and mediator adjusted) on log scale. The process was repeated 

5000 times. The correlations were calculated using the 5000 bootstrap estimates of 

HR(confounder adjusted) and HR(confounder and mediator adjusted).  

 

The estimated correlations HR(confounder adjusted) and HR(confounder and mediator adjusted) on log scale 

from 7 selected cohorts are summarized in Table S1. We used 0.95 as the conservative 

estimate of this correlation and incorporate it in estimating the uncertainty of percentage 

excess risks. 
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Table 1.S2: Characteristics of cohorts included in the pooled analysis
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1. SES may be measured by various indicators such as income, education, etc. 

2. Abbreviations: ACS, acute coronary syndrome; CHD, coronary heart disease; IHD, ischaemic 
heart disease; MI, myocardial infarction.  

3. Abbreviations: SBP, systolic blood pressure; TC, total cholesterol; HDL, HDL cholesterol; FPG, 
fasting plasma glucose; PPG, post-prandial plasma glucose; CBG, capillary blood glucose; HbA1c, 
Hemoglobin A1c . 

4. Medical records included hospital records, physical examinations, cardiac enzymes or 
electrocardiography (ECG). 

5. Woodward M, Barzi F, Martiniuk A, Fang X, Gu DF, Imai Y, et al. Cohort profile: the Asia 
Pacific Cohort Studies Collaboration. Int J Epidemiol. 2006; 35(6): 1412-6. 

6. In categorical BMI analysis, age, sex, smoking status, race, alcohol intake, physical activity and 
income were adjusted as confounders in the ARIC Study. 
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Table 1.S3: Stratified analyses of hazard ratios (HRs) for overweight and obesity vs. normal 
weight. All HRs were also adjusted for confounders as described in Methods and Table 1.S2. 

 

Category 
Overweight Obesity 

CHD Stroke CHD Stroke 

Cohort location 

North America, Western 
Europe, Australia and 
New Zealand 

1.25 (1.21-1.29) 1.09 (1.04-1.14) 1.63 (1.52-1.75) 1.36 (1.25-1.47) 

East and Southeast Asia 1.38 (1.26-1.52) 1.27 (1.19-1.36) 2.26 (1.69-3.02) 2.02 (1.68-2.44) 

Baseline year 
    

< 1990 1.23 (1.18-1.28) 1.14 (1.08-1.20) 1.69 (1.55-1.84) 1.61 (1.45-1.79) 

 1990 1.29 (1.23-1.36) 1.11 (1.03-1.19) 1.69 (1.52-1.88) 1.35 (1.20-1.52) 

 

 



 
 

Figure 1.S1: Flow diagram for articles identified and retained in Medline and Embase 



 
 

Figure 1.S2: Cohort-specific hazard ratios (HRs) of CHD per 5 kg/m2 higher BMI 



Cohort Name HR [95% CI]Weight (%)

A. Adjusted for confounders
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Cohort Name HR [95% CI]Weight (%)

B. Adjusted for confounders and blood pressure



Cohort Name HR [95% CI]Weight (%)
C. Adjusted for confounders and cholesterol



Cohort Name HR [95% CI]Weight (%)
D. Adjusted for confounders and glucose



Cohort Name HR [95% CI]Weight (%)
E. Adjusted for confounders and blood pressure, cholesterol
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Cohort Name HR [95% CI]Weight (%)

F. Adjusted for confounders and blood pressure, glucose



Cohort Name HR [95% CI]Weight (%)
G. Adjusted for confounders and cholesterol, glucose



Cohort Name HR [95% CI]Weight (%)

H. Adjusted for confounders and blood pressure, cholesterol, glucose



 
 

Figure 1.S3: Cohort-specific hazard ratios (HRs) of stroke per 5 kg/m2 higher BMI 

 



Cohort Name HR [95% CI]Weight (%)
A. Adjusted for confounders



Cohort Name HR [95% CI]Weight (%)

B. Adjusted for confounders and blood pressure



Cohort Name HR [95% CI]Weight (%)
C. Adjusted for confounders and cholesterol



Cohort Name HR [95% CI]Weight (%)

D. Adjusted for confounders and glucose



Cohort Name HR [95% CI]Weight (%)

E. Adjusted for confounders and blood pressure, cholesterol



Cohort Name HR [95% CI]Weight (%)

F. Adjusted for confounders and blood pressure, glucose



Cohort Name HR [95% CI]Weight (%)
G. Adjusted for confounders and cholesterol, glucose



Cohort Name HR [95% CI]Weight (%)
H. Adjusted for confounders and blood pressure, cholesterol, glucose



 
 

Figure 1.S4: Cohort-specific hazard ratios (HRs) of CHD for overweight vs. normal weight. 
(Some cohorts that had BMI continuously did not have sufficient events in this BMI range for 

categorical analysis.) 



Cohort Name HR [95% CI]Weight (%)
A. Adjusted for confounders



Cohort Name HR [95% CI]Weight (%)
B. Adjusted for confounders and blood pressure



Cohort Name HR [95% CI]Weight (%)
C. Adjusted for confounders and cholesterol



Cohort Name HR [95% CI]Weight (%)
D. Adjusted for confounders and glucose



Cohort Name HR [95% CI]Weight (%)
E. Adjusted for confounders and blood pressure, cholesterol



Cohort Name HR [95% CI]Weight (%)
F. Adjusted for confounders and blood pressure, glucose



Cohort Name HR [95% CI]Weight (%)
G. Adjusted for confounders and cholesterol, glucose



Cohort Name HR [95% CI]Weight (%)
H. Adjusted for confounders and blood pressure, cholesterol, glucose



 
 

Figure 1.S5: Cohort-specific hazard ratios (HRs) of stroke for overweight vs. normal weight. 
(Some cohorts that had BMI continuously did not have sufficient events in this BMI range for 

categorical analysis.) 



Cohort Name HR [95% CI]Weight (%)
A. Adjusted for confounders



Cohort Name HR [95% CI]Weight (%)
B. Adjusted for confounders and blood pressure



Cohort Name HR [95% CI]Weight (%)
C. Adjusted for confounders and cholesterol



Cohort Name HR [95% CI]Weight (%)
D. Adjusted for confounders and glucose



Cohort Name HR [95% CI]Weight (%)
E. Adjusted for confounders and blood pressure, cholesterol



Cohort Name HR [95% CI]Weight (%)
F. Adjusted for confounders and blood pressure, glucose



Cohort Name HR [95% CI]Weight (%)
G. Adjusted for confounders and cholesterol, glucose



Cohort Name HR [95% CI]Weight (%)

H. Adjusted for confounders and blood pressure, cholesterol, glucose



 
 

Figure 1.S6: Cohort-specific hazard ratios (HRs) of CHD for obesity vs. normal weight. 
(Some cohorts that had BMI continuously did not have sufficient events in this BMI range for 

categorical analysis.) 



Cohort Name HR [95% CI]Weight (%)

A. Adjusted for confounders



Cohort Name HR [95% CI]Weight (%)
B. Adjusted for confounders and blood pressure



Cohort Name HR [95% CI]Weight (%)
C. Adjusted for confounders and cholesterol



Cohort Name HR [95% CI]Weight (%)
D. Adjusted for confounders and glucose



Cohort Name HR [95% CI]Weight (%)
E. Adjusted for confounders and blood pressure, cholesterol



Cohort Name HR [95% CI]Weight (%)
F. Adjusted for confounders and blood pressure, glucose



Cohort Name HR [95% CI]Weight (%)
G. Adjusted for confounders and cholesterol, glucose



Cohort Name HR [95% CI]Weight (%)
H. Adjusted for confounders and blood pressure, cholesterol, glucose



 
 

Figure 1.S7: Cohort-specific hazard ratios (HRs) of stroke for obesity vs. normal weight. 
(Some cohorts that had BMI continuously did not have sufficient events in this BMI range for 

categorical analysis.) 
  



Cohort Name HR [95% CI]Weight (%)
A. Adjusted for confounders



Cohort Name HR [95% CI]Weight (%)
B. Adjusted for confounders and blood pressure



Cohort Name HR [95% CI]Weight (%)
C. Adjusted for confounders and cholesterol



Cohort Name HR [95% CI]Weight (%)
D. Adjusted for confounders and glucose



Cohort Name HR [95% CI]Weight (%)

E. Adjusted for confounders and blood pressure, cholesterol



Cohort Name HR [95% CI]Weight (%)

F. Adjusted for confounders and blood pressure, glucose



Cohort Name HR [95% CI]Weight (%)
G. Adjusted for confounders and cholesterol, glucose



Cohort Name HR [95% CI]Weight (%)
H. Adjusted for confounders and blood pressure, cholesterol, glucose



 
 

Figure 1.S8: Stratified analyses of hazard ratios (HRs) of CHD per 5 kg/m2 higher BMI (P values 
were meta-regression P values between groups)



















Figure 1.S9: Stratified analyses of hazard ratios (HRs) of stroke per 5 kg/m2 higher BMI (P values 
were meta-regression P values between groups) 
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Abstract

Background: The prevalence of overweight and obesity is rising globally and together they 

constitute a major risk factor for coronary heart disease (CHD). Previous estimates of direct 

effects of high body mass index (BMI) on CHD did not consider an interaction between BMI and 

its mediators and did not include inflammatory biomarkers as potential mediators.  

Methods: We analyzed data from 9 prospective cohort studies with 58,322 participants and 

9,459 CHD events and decomposed the total effects into natural direct and indirect effects using 

a two-stage regression model approach. We examined overweight (BMI=25-29.9 kg/m2) 

separately. We pooled hazard ratios (HRs) using random-effects models and calculated the 

percentages of excess relative risk mediated by blood pressure, cholesterol, glucose, fibrinogen 

and high sensitive C-reactive protein (hs-CRP).  

Results: There was no interaction between BMI and its mediators in the multiplicative scale (p < 

0.05 for all). Blood pressure was the most important mediator. The percentage of excess relative 

risk of overweight (versus normal BMI, 20-24.9 kg/m2) mediated was 28% for blood pressure, 

10% for blood glucose and 14% for cholesterol. The same percentages for obesity were 37% for 

blood pressure, 17% for blood glucose and 6% for cholesterol. The percentage mediated through 

all three metabolic risk factors together was 47% (95% confidence interval = 33%-63%) for 

overweight and 52% (38%-68%) for obesity. Fibrinogen mediated 6% to 9% and hs-CRP 

mediated 6% to 8% of the excess relative risk for overweight and obese participants.  

Conclusions: Metabolic mediators explain about half of the adverse effects of high BMI on 

CHD. The role of inflammatory and prothrombotic biomarkers is much smaller than that of 

metabolic factors. 
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Introduction 

The prevalence of overweight and obesity, as measured by body mass index (BMI), is rising in 

most countries of the world.1, 2 Their associations with increased risk of cardiovascular disease 

(CVD) have been established in many prospective cohort studies.3-5 Various mechanisms linking 

high BMI with CVD have been proposed. High BMI increases blood pressure, and serum 

cholesterol, and it is a major risk factor for diabetes.6, 7 In addition, there is increasing evidence 

that adipose tissue acts as an active endocrine organ and releases pro-inflammatory cytokines, 

which may have an important role in endothelial dysfunction, may induce low-grade systemic 

inflammation, and may affect fibrinolysis.6, 7 A third explanation for the associations among BMI, 

cardiovascular risk factors and CVD is that they share common causes such as diet and physical 

activity8, which may not have been adequately controlled for in previous observational studies. 

Despite the rising levels of BMI, some individuals and populations have managed to control their 

blood pressure and serum cholesterol successfully.9-12 Effective anti-inflammatory therapies and 

interventions to improve coagulation are also available.13-15 Therefore, it is evident that we can 

partially control the harmful effects of BMI on CVD. However, it is not clear to what extent the 

effect of BMI on CVD operates through metabolic risk factors, inflammatory and coagulatory 

pathways, or other unknown mechanisms. 

 

In a previous meta-analysis, we used data from 97 prospective cohort studies to estimate the 

effects of high BMI on coronary heart disease (CHD) and stroke, with and without adjustment 

for metabolic mediators (blood pressure, serum cholesterol, and blood glucose).16 However, our 

models did not allow interactions between BMI and its mediators, and they did not include 

inflammatory and prothrombotic biomarkers as potential mediators. In addition, we did not have 



 

access to individual-level data for many cohorts; hence, we had limited ability to assess the 

required assumptions of no unmeasured confounding.17-19 Advanced methods for mediation 

analysis now allow assessment of an interaction between exposure and its mediators,20, 21 but to 

our knowledge these methods have not been applied to the BMI-CHD association. Sensitivity 

analysis techniques for mediation analysis have also been recently developed to evaluate the 

impact of unmeasured confounding and measurement error on direct and indirect effects.19  

 

Here we applied new analytical methods to individual-level data from 9 prospective cohort 

studies that have measurements of inflammatory and prothrombotic biomarkers. We quantified 

how much of the effects of overweight and obesity on CHD were mediated through blood 

pressure, cholesterol, and glucose, while assessing an interaction between BMI and mediators. 

We also estimated the mediated effects through inflammatory and prothrombotic biomarkers, 

separately and in combination with the metabolic mediators.  

 

Methods

Cohort identification and selection 

We obtained individual-level data from 9 cardiovascular cohort studies through the National 

Heart, Lung, and Blood Institute (NHLBI) in the United States 

(https://biolincc.nhlbi.nih.gov/studies/), with baseline years ranging from 1954 to 2001. Cohorts 

were selected for analysis if they satisfied the following selection criteria: (1) prospective design 

with at least 1 year of follow-up; (2) participants were not selected based on prior history of 

CHD; (3) height and weight were measured at baseline; (4) all three metabolic mediators (blood 

pressure, serum cholesterol, and blood glucose or diabetes) were measured at baseline; (5) fatal 



 

and/or non-fatal CHD were ascertained during follow-up (Table 2.S1). The study was approved 

by the institutional review board of the Harvard School of Public Health. 

 

Eligibility, exposure, mediators, and outcomes

In each cohort, we excluded individuals who were 18 years old or younger; had a history of CHD 

prior to enrolment; were missing data on age, sex, smoking status, height, or weight at baseline; 

had baseline BMI less than 20 kg/m2; and had no measurements for any of the selected 

mediators. 

 

We used BMI as the primary measure of adiposity because it was measured in all cohorts. We 

categorized BMI into overweight (BMI = 25 to 29.9 kg/m2), and obese (BMI  30 kg/m2) as 

compared with the reference category of normal weight (BMI = 20 to 24.9 kg/m2), and we used 

continuous BMI in a sensitivity analysis. Mean BMI among normal-weight participants was 

consistent across cohorts (ranging from 22.4 to 23.7 kg/m2). For mediators, we used systolic 

blood pressure and total serum cholesterol, as they were measured in all cohorts; and we used 

fasting plasma glucose as the primary measure of blood glucose, but used the available measures 

of casual plasma glucose in the Framingham Heart Study and post-prandial glucose in the 

Cardiovascular Health Study. We used fibrinogen as a marker for hypercoagulability and 

inflammation.22, 23 We also included high sensitive C-reactive protein (hs-CRP) as another 

marker for inflammation in 3 cohorts.  

 



 

Our outcome was the first occurrence of CHD that was defined as fatal or non-fatal ischemic 

heart disease, acute myocardial infarction, or angina pectoris. Each individual was followed until 

the first occurrence of CHD, death, or loss to follow-up, whichever occurred first.  

 

Potential confounders 

We considered age, sex, and smoking status as the minimum set of potential confounders of the 

BMI-CHD, BMI-mediator and mediator-CHD associations, and we adjusted for these variables 

in all cohorts. Additional confounding factors such as race and ethnicity, socioeconomic status, 

alcohol intake, physical activity and dietary factors were included if they were available (Table 

2.S1). These covariates were selected a-priori as common causes of BMI, mediators and CHD 

(Figure 2.1). We categorized race and ethnicity as non-Hispanic white, non-Hispanic black, 

Hispanic, and other. Socioeconomic variables included highest education level (less than high 

school, high school or equivalent, some college, more than college), marital status (single, 

married, divorced, widowed), and income (quartiles). Smoking status was categorized into never, 

former and current smoker. Alcohol intake was categorized into 4 groups based on its dose-

response relationship with CHD incidence and mortality: 0 to 2.4 grams/day, 2.5 to 23.9, 24 to 

59.9, and  60 grams/day.24 Physical activity was categorized by intensity and frequency (high, 

moderate, low, and no physical activity). For dietary intake, we considered 4 major food types or 

nutrients: fruits and vegetables, fiber and whole grain, red and processed meat, and fish (each 

food categorized into quartiles, based on the distribution in each cohort), which were measured 

either by a food frequency questionnaire or a dietary recall. We then calculated a dietary score 

based on the sum of quartiles for individual foods and divided the composite score into quartiles. 



 

Figure 2.1: Causal diagram of the relationship among BMI (A), metabolic risk factors, 
prothrombotic and inflammatory biomarkers (M), and CHD (Y) with measured confounders (C)* 

and unmeasured confounding for BMI, mediators and CHD (U). Measured confounders were 
pre-baseline variables. 

Age, sex, smoking status, 
race/ethnicity, SES, alcohol 
intake, physical activity, 
dietary intake (C) 

BMI (A) 

Blood pressure, serum 
cholesterol, blood glucose, 
fibrinogen, inflammatory 
biomarkers (M) 

CHD (Y) 

Unmeasured
confounding (U) 



 

Direct and indirect effects 

The definitions of direct and indirect effects within a counterfactual framework have been 

provided elsewhere (see Appendix 2.1 for a brief explanation).17, 18 We chose to estimate natural 

direct and indirect effects as opposed to controlled direct effects, as our aim was to decompose 

the total effect into direct and indirect effects, which cannot be done with controlled direct 

effects. The disadvantage of this approach is that the natural direct and indirect effects are harder 

to interpret. In our context, the natural direct effect hazard ratio (HRNDE) compares the CHD risk 

for overweight (or obese) with normal weight individuals if, in both actual and counterfactual 

scenarios, mediators were set to levels that would have been observed had the individuals been 

normal weight. The natural indirect effect hazard ratio (HRNIE), compares the CHD risk among 

overweight (or obese) persons with their actual levels of mediators versus a counterfactual risk 

where mediators were set to the levels that would have been observed had the overweight (or 

obese) persons been normal weight. 

 

Statistical analysis 

In each cohort, we used the two-stage regression method proposed by VanderWeele 20,25 to 

estimate the direct and indirect effects. 20,2520, 25 Provided that the outcome is relatively rare, and 

that there is no unmeasured confounding and no model misspecification, this approach provides 

valid estimates of the direct and indirect effects.19, 20, 26 Our outcome, CHD, was considered as 

relatively rare: cumulative incidence of CHD was about 15%. If the rare-outcome assumption is 

violated, then the proportional hazards model would underestimate the indirect effects of 

overweight and obesity.27 

 



 

First, we fit three linear regression models, one for each mediator (M), conditional on BMI 

categories (A) and confounders (C): 

0 1 2[ | , ]E M A C A C     (1) 

We assumed the three metabolic mediators were not causally related, and thus we did not 

incorporate their correlations in the analysis because time-varying data on mediators were not 

available in all cohorts. We then fit a Cox proportional hazards regression model for CHD risk 

on BMI categories (A), mediators (M), a BMI-by-mediator interaction term, and confounders (C) 

using age as the time scale:  

0 1 2 3 4( | , , ) ( )exp( )t A M C t A M AM C      (2) 

where 0(t) is the baseline hazard at age t for a normal weight participant when all the mediators 

and confounders are set to zero and 3 is the vector of coefficients for the interaction between 

overweight/obesity and its mediators. 

 

The natural direct and indirect effects were estimated using the coefficients of the above 

regressions and expression provided in the Appendix 2.1.20, 25 Following convention, we 

estimated the direct and indirect effects at the mean level of confounders in each cohort. We then 

pooled the direct and indirect effects across cohorts using random-effects models. Finally, we 

calculated a measure of “percentage of excess relative risk mediated” based on the pooled natural 

direct and indirect effects, using the formula (HRTE-HRNDE) / (HRTE -1), where HRTE is the total 

effect hazard ratio and is calculated as HRTE = HRNDE
 × HRNIE.28 This metric evaluates how 

much of the overall effect of overweight (or obesity) on CHD was due to the effect of 

overweight (or obesity) on the mediators. We used bootstrapping with 5,000 samples to calculate 



 

the uncertainty of the “percentage of excess relative risk mediated,” while incorporating the 

correlations between direct, indirect and total effects.  

 

We performed the main analyses for three classical metabolic risk factors (blood pressure, 

cholesterol and blood glucose) and fibrinogen. We used the baseline measurements of BMI, 

mediators and confounders. In sensitivity analyses, we included hs-CRP in the 3 these 

measurements. We conducted additional sensitivity analyses to examine the robustness of our 

results to the no-unmeasured-confounding assumptions. Specifically, we excluded the first 3 

years of follow-up to evaluate the influence of unmeasured confounding by pre-existing diseases. 

We also restricted the analysis to never smokers to better control for confounding by smoking. 

Third, we used measures of mediators from a subsequent visit (median 3.5 years after baseline) 

in 6 cohorts where the retention rate between the first and second visit was greater than 90%. 

Fourth, we truncated the follow-up time to 15 years by considering all participants 

administratively censored afterwards. Further, we quantified the impact of unmeasured mediator-

outcome confounding on direct, indirect effects and the “percentage of excess relative risk 

mediated.”19 Specifically, we considered a binary unmeasured confounding variable U indicating 

a common cause of metabolic mediators and CHD (e.g. family history of CHD, genetic factors, 

or residual confounding due to measurement error in diet and physical activity). We examined 

the impact of unmeasured mediator-outcome confounding in two scenarios: (1) mild 

confounding, where we considered a genetic factor as an example and assumed it increased the 

hazard of CHD by a factor of 1.1 conditional on BMI and metabolic mediators,29 and its 

prevalence was 25% for normal weight and 20% for overweight/obesity conditional on mediators 

and covariates; (2) strong confounding, where we considered family history of CHD as an 



 

example and assumed it increased the hazard of CHD by a factor of 1.8 conditional on BMI and 

mediators,30, 31 and the prevalence was 45% for normal weight and 40% for overweight/obesity 

conditional on mediators and covariates. Note that after conditioning on the mediator level, the 

prevalence of the unmeasured mediator-outcome confounder is expected to be higher in the 

normal weight participants than those who are overweight or obese, because conditioning on a 

common effect (here the mediator) creates a negative correlation between the exposure and the 

unmeasured confounder. We also assessed the impact of measurement error in the mediators by 

calibrating the regression coefficients.32, 33 Assuming that one-time measurements for blood 

pressure, cholesterol, and blood glucose at baseline explain only 65% of their true variability (i.e. 

35% measurement error in each risk factor),34-36 we estimated the corrected direct, indirect 

effects and “percentage of excess relative risk mediated” after adjusting for measurement error in 

the mediators.  

Statistical analyses were conducted using Stata 12.0 (StataCorp, College Station, Texas) and R 

3.02 (The R Foundation for Statistical Computing). 

 

Results

A total of 58,322 participants with 9,459 CHD events from 9 prospective cohorts were included 

in the analysis for metabolic risk factors (Figure 2.2), and 19,572 participants with 2,884 CHD 

events from 3 prospective cohorts were included in the analysis for fibrinogen (Table 2.S1). All 

cohorts adjudicated CHD events using data from medical records, death certificates, autopsy 

reports, and medical examination.  
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We found no interaction between overweight/obesity and its mediators (Table 2.S2). Although 

this might suggest interactions on the additive scale, we dropped exposure-mediator interactions 

from the final models that are multiplicative. Estimated “percentage of excess relative risk 

mediated” decreased slightly when interaction terms were added (Table 2.S2 and Figure 2.S1).  

 

Being overweight, compared with normal weight, was associated with a HR of 1.22 (95% 

confidence interval [CI] = 1.14-1.30) for CHD (Table 2.1). Blood pressure was the most 

important mediator of the overweight-CHD association, with an indirect-effect HRs of 1.06 

(1.03-1.08). It was followed by cholesterol and blood glucose, which had an indirect effect HR 

of 1.03 (1.01-1.04) and 1.02 (1.01-1.03). When all three metabolic risk factors were combined, 

the indirect-effect HR increased to 1.09 (1.06-1.13). The association between obesity and CHD 

was stronger than that for overweight, with a total-effect HR of 1.42 (1.25-1.60) compared with 

normal weight. As the total effect increased, the indirect effects for blood pressure (1.13 [1.07-

1.19]) and blood glucose (1.05 [1.03-1.08]) also increased, but that of cholesterol did not (1.02 

[1.00-1.03]). All three metabolic risk factors combined had an indirect effect HR of 1.20 (1.12-

1.27) for obesity versus normal weight. 

 

For both overweight and obesity, blood pressure explained the largest percentage of excess 

relative risk of CHD (Figure 2.3). The “percentage of excess relative risk mediated” of 

overweight (versus normal BMI) was 28% (15%-44%) for blood pressure, 10% (5%-16%) for 

blood glucose and 14% (7%-21%) for cholesterol. The same percentages for obesity were 37% 

(21%-54%) for blood pressure, 17% (9%-28%) for blood glucose and 6% (1%-11%) for  

  



 

Table 2.1: Total, direct and indirect effects of overweight and obesity on CHD (compared with 
normal weight) for metabolic mediators, 9 NHLBI cohorts.

Mediators 
Total effect, 
HR (95% CI) 

Natural direct 
effect,  
HR (95% CI) 

Natural indirect 
effect,  
HR (95% CI) 

Overweight  
Blood pressure (per 10 mmHg) 

1.22 (1.14-1.30) 

1.16 (1.09-1.24) 1.06 (1.03-1.08) 
Cholesterol (per 1 mmol/L) 1.18 (1.13-1.24) 1.03 (1.01-1.04) 
Glucose (per 1 mmol/L) 1.20 (1.12-1.27) 1.02 (1.01-1.03) 
Blood pressure, cholesterol, 
glucose 1.12 (1.07-1.18) 1.09 (1.06-1.13) 

Obesity    
Blood pressure (per 10 mmHg) 

1.42 (1.25-1.60) 

1.28 (1.15-1.43) 1.13 (1.07-1.19) 
Cholesterol (per 1 mmol/L) 1.39 (1.24-1.55) 1.02 (1.00-1.03) 
Glucose (per 1 mmol/L) 1.34 (1.19-1.51) 1.05 (1.03-1.08) 
Blood pressure, cholesterol, 
glucose 1.22 (1.12-1.33) 1.20 (1.12-1.27) 

 
*These 9 cohorts included Atherosclerosis Risk in Communities Study (ARIC),Cardiovascular 
Health Study (CHS), Framingham Heart Study (FHS), Framingham Offspring Study (FHS-
Offspring), Honolulu Heart Program (HHP), Multi-Ethnic Study of Atherosclerosis  (MESA), 
Multiple risk factor intervention trial (MRFIT),Puerto Rico Heart Health Program (PRHHP) and 
Women's Health Initiative-Clinical Trial (WHI-CT). 

  



 

Figure 2.3: Percentage of excess relative risk mediated through metabolic risk factors in 9 
NHLBI cohorts, without interaction terms between BMI and its mediators. Vertical lines indicate 

95% confidence intervals.   



 

cholesterol. When the three metabolic mediators were combined, “percentage of excess relative 

risk mediated” was 47% (33%-63%) for overweight and 52% (38%-68%) for obesity. 

 

In the 3 cohorts that had measured fibrinogen, this mediator alone explained 10% (3%-38%) of 

the excess relative risk for overweight and 16% (4%-31%) for obesity (versus normal weight). 

Adding fibrinogen to the three metabolic risk factors increased the “percentage of excess relative 

risk mediated” by 6 percentage points in the overweight and 9 percentage points in the obese 

(Table 2.2 and Figure 2.4). 

Sensitivity analyses 

We analyzed 3 cohorts to examine hs-CRP as an inflammatory mediator (Table 2.S3 and Figure 

2.S2). Hs-CRP alone explained 6% (0%-48%) of the excess relative risk for overweight and 11% 

(4%-21%) for obesity. When hs-CRP and metabolic risk factors were combined, the “percentage 

of excess relative risk mediated” was 52% (30%-100%) for overweight and 64% (42%-100%) 

for obesity. After excluding the first 3 years of follow-up, the “percentage of excess relative risk 

mediated” by three metabolic mediators declined by 3 percentage points for overweight (44% 

[28%-64%]), and by 5 percentage points for obesity (47% [31%-67%]) compared with the main 

analysis. Restricting the study population to never smokers also reduced the “percentage of 

excess relative risk mediated” by 9 percentage points for overweight (38% [22%-66%] versus 47% 

[33%-63%] in the main analysis), and 4 percentage points for obesity (48% [30%-73%] versus 

52% [38%-68%] in the main analysis). Both introducing a lag time of at least one visit between 

BMI and its mediators and truncating the follow-up at 15 years reduced the “percentage of 

excess relative risk mediated” for overweight and obesity by fewer than 5 percentage points  



 

Table 2.2: Total, direct and indirect effects of overweight and obesity on CHD (compared with 
normal weight) for metabolic mediators, 3 NHLBI cohorts with fibrinogen measurements 

(ARIC, CHS and WHI-CT). 
 

Mediators Total effect, 
HR (95% CI) 

Natural direct 
effect,  
HR (95% CI) 

Natural
indirect effect,
HR (95% CI) 

Overweight  
Blood pressure (per 10 mmHg) 

1.23 (1.03-1.45) 

1.19 (1.01-1.40) 1.03 (1.02-1.04) 
Cholesterol (per 1 mmol/L) 1.20 (1.04-1.38) 1.03 (1.01-1.05) 
Glucose (per 1 mmol/L) 1.19 (1.00-1.41) 1.03 (1.02-1.04) 
Fibrinogen (per 50 mg/dL) 1.21 (1.03-1.42) 1.02 (1.01-1.03) 
Blood pressure, cholesterol, glucose 1.13 (0.97-1.32) 1.09 (1.06-1.12) 
Blood pressure, cholesterol, glucose 
and fibrinogen 1.12 (0.97-1.31) 1.11 (1.07-1.14) 

Obesity    
Blood pressure (per 10 mmHg) 

1.43 (1.18-1.72) 

1.35 (1.15-1.58) 1.06 (1.03-1.10) 
Cholesterol (per 1 mmol/L) 1.40 (1.20-1.65) 1.02 (0.99-1.04) 
Glucose (per 1 mmol/L) 1.29 (1.06-1.57) 1.10 (1.08-1.12) 
Fibrinogen (per 50 mg/dL) 1.37 (1.17-1.60) 1.05 (1.01-1.09) 
Blood pressure, cholesterol, glucose 1.23 (1.06-1.43) 1.17 (1.12-1.23) 
Blood pressure, cholesterol, glucose 
and fibrinogen 1.20 (1.05-1.38) 1.22 (1.13-1.31) 

 

  



 

Figure 2.4: Percentage of excess relative risk mediated through metabolic risk factors and 
fibrinogen in 3 cohorts (ARIC, CHS and WHI-CT), with fibrinogen measurements. 

The direct, indirect and total effects were estimated for each bootstrap sample. The 95% 
confidence intervals for some results were greater than 100% or negative where the estimated 

direct or indirect effect were less than 1.0, possibly due to residual or unmeasured confounding. 
Therefore, we truncated CIs to 0%-100%.

  



 

(Table 2.S4). When all above changes were incorporated simultaneously, the “percentage of 

excess relative risk mediated” for three metabolic mediators was reduced by 12 percentage 

points for overweight and 9 percentage points for obesity (results not shown). 

 

The natural-indirect-effect HR (and therefore the “percentage of excess relative risk mediated”) 

was reduced when an unmeasured mediator-outcome confounder was introduced (Table 2.S5): in 

the strong-confounding scenario, the “percentage of excess relative risk mediated” was reduced 

by 15 percentage points for the overweight and 7 for the obese population. Conversely, 

correcting for potential measurement error in mediators increased the natural indirect effects and 

the “percentage of excess relative risk mediated”. Correcting for a presumed 35% measurement 

error in each metabolic risk factor increased the overall the “percentage of excess relative risk 

mediated” from 47% (33%-63%) to 69% (52%-87%) for overweight, and from 52% (38%-68%) 

to 73% (58%-88%) (Table 2.S6). Modeling BMI as a linear exposure did not materially change 

the results (Table 2.S7). 

Discussion 

Our results indicated that being overweight or obese is associated with increased risk of CHD, 

independent of metabolic risk factors, fibrinogen and hs-CRP. All three metabolic risk factors 

combined mediated about 47% of the excess relative risk of overweight and 52% of obesity, with 

blood pressure being the most important mediator. Fibrinogen and hs-CRP explained another 6% 

to 9% and 6% to 8% of the harmful effects of high BMI. We did not find significant interactions 

between BMI and its mediators in the multiplicative scale at P = 0.05. 

 



 

Our results for the three metabolic mediators are consistent with our previous pooled analysis of 

97 prospective cohorts that used a conventional analytic approach assuming no interaction 

between BMI and mediators. In that analysis, we reported that 44%-50% of excess relative risk 

of CHD was mediated through blood pressure, total cholesterol and blood glucose for overweight 

and obesity (versus normal weight),16 compared with 47%-52% in this analysis. In both analyses, 

blood pressure was the most important mediator, explaining 31% of the excess relative risk of 

CHD for both overweight and obesity in the previous analysis versus 28% for overweight and 

37% for obesity in the current analysis. The slight difference for “percentage of excess relative 

risk mediated” in this analysis may be because we did not have access to individual-level data 

from 25 Asian cohorts included in our previous meta-analysis.16  

 

Our findings of metabolic risk factors, fibrinogen and hs-CRP as mediators on the BMI-CHD 

relationship are consistent with evidence from experimental studies on humans and animal 

models. Adipose tissue is an active endocrine organ that synthesizes and releases a variety of 

compounds that influence pathways such as insulin resistance.6, 7 Furthermore, certain cytokines 

produced by adipocytes stimulate hs-CRP production in the liver and further induce low-grade 

inflammation, and these inflammatory cytokines may increase blood pressure, or lipids and 

induce glucose intolerance.6, 37 Furthermore, adipose tissue accumulation is associated with 

disturbances of hemostatic and fibrinolytic systems.38 All these pathways contribute to 

endothelial dysfunction and atherosclerosis. Our results also indicate that part of the association 

of adiposity with CHD is not mediated by the risk factors included in the current analysis. The 

remaining risks may be due to other pathways linking adiposity with CHD, such as increased 

heart rate, altered adipokine levels and higher oxidative stress.6  



 

 

To our knowledge, this is the first application of newly developed methods for mediation 

analysis to estimate the direct and indirect effects of BMI on CHD within a counterfactual 

framework. This approach offers several advantages over conventional methods. In particular, it 

can accommodate interactions between BMI and its mediators by incorporating interaction terms 

into the outcome model and using a separate regression model for each exposure-mediator 

association.39 In addition, conventional methods often overlook mediator-outcome confounders 

and this can introduce bias in the direct and indirect effect estimates.40 We adjusted for 

confounders for both BMI-CHD and mediator-CHD relationships in regressions that 

parameterize those associations and used sensitivity analyses to examine the impact of 

unmeasured mediator-outcome confounding. Finally, our analysis provided a quantitative 

assessment of the extent to which the total effect of overweight and obesity on CHD was 

mediated by inflammatory and prothrombotic biomarkers. Prior mediation analysis of BMI did 

not consider these mediators because measures of relevant biomarkers were not available.3, 16, 40  

 

Our study also has several limitations. Similar to any other observational study, the validity of 

our results relies on the assumption of no unmeasured confounding. To have valid estimates of 

natural direct and indirect effects, we assumed no unmeasured confounding for (i) BMI-CHD, 

(ii) mediator-CHD, (iii) BMI-mediator relationships, as well as (iv) no mediator-CHD 

confounders that are affected by BMI.17, 18 To limit the unmeasured confounding for BMI-CHD 

relationship due to undiagnosed chronic diseases, we excluded the first 3 years of follow-up and 

found that “percentage of excess relative risk mediated” by metabolic mediators did not change 

substantially. To assess assumption (ii), we examined the impact of unmeasured mediator-CHD 



 

confounding by calculating a bias factor, and found no substantial change in the estimates. To 

make assumption (iii) more reasonable, we included the major common causes of BMI and its 

mediators, i.e. diet and physical activity, smoking and alcohol use, in the mediator regressions. 

Finally assumption (iv) may be violated if, for example, physical activity is affected by obesity 

and is itself affecting both blood pressure and CHD. In that case, one has to either include 

physical activity as a new mediator (which will violate another assumption discussed below) or 

estimate the controlled direct effect using either marginal structural models or structural nested 

models, which does not allow decomposition of the total effect into direct and indirect effects.  

 

Furthermore, confounders may have been measured with error. For instance, smoking status is an 

imperfect proxy for smoking history and intensity of smoking, and socioeconomic status may not 

be fully captured by income, education and marital status. Our sensitivity analysis using data 

from never-smokers showed that the “percentage of excess relative risk mediated” through 

metabolic risk factors was 4 to 9 percentage points lower than in the main analyses. Confounders 

adjusted in the models differed across cohorts, but we have shown in our previous analyses of 97 

cohorts that the “percentage of excess relative risk mediated” was robust to different confounder 

adjustments.16 We used baseline measurements of BMI, mediators and confounders without 

accounting for the time-varying nature of these variables. Future work should consider an 

alternative estimation approach, (e.g. using the parametric g-formula41) that allows using 

longitudinal data on time-varying exposure, mediators and confounders. We used BMI as our 

measure of adiposity because it was measured at baseline in all cohorts. However, BMI is an 

imperfect measure of adiposity and does not distinguish fat mass from lean body mass,8 and 

other measures of abdominal obesity such as waist circumference and waist-to-hip ratio seem to 



 

have independent effects on CHD even after accounting for BMI.42 In our previous analysis, we 

have tested both waist circumference and waist-to-hip ratio as metrics of adiposity using cohorts 

that had measurements of both as well as BMI, and the results remained unchanged.16 We 

acknowledge that the causal effects of overweight and obesity on CHD may not be well-defined 

as there are multiple ways of gaining and losing weight 43 (e.g. changing caloric intake, 

increasing physical activity or even bariatric surgery) with potentially different impacts on the 

selected mediators. Our estimates of direct and indirect effects of overweight and obesity 

correspond to the impact of a combination of lifestyle changes and medical treatments that the 

participants in our selected cohorts indeed followed to change their body weight. Further, we had 

to assume that multiple metabolic mediators in the analysis were not causally related. This 

assumption may not hold, as diabetes may increase blood pressure through its effect on kidneys 

and may also affect serum cholesterol levels.44, 45 However, incorporating these causal pathways 

requires consistent time-varying data that are not available in all of the cohorts analysed here. 

More importantly, correlations in these pathways may lead to time-dependent confounding for 

path-specific effects, violating assumption (iv) above that is required for identification of natural 

direct and indirect effects. In these settings, one could estimate the controlled direct effects only 

by using marginal structure model or structural nested models.46, 47 

 

In conclusion, incorporating interaction between BMI and its mediators did not change the 

estimates of the direct and indirect effect of BMI on CHD. Fibrinogen and hs-CRP were found to 

partially mediate the effect of adiposity on CHD. However, their role was much smaller than the 

combination of blood pressure, cholesterol and glucose that together explained about half of the 

increased risk of CHD in overweight and obese individuals. Among metabolic risk factors, blood 



 

pressure was the most important mediators for overweight and obesity. Nearly half of the 

harmful effects of overweight and obesity on CHD remain unexplained by the selected risk 

factors. To fully control these harmful effects, we either need to discover and control novel 

mediators of the impact of obesity, or devise and implement effective strategies to prevent 

weight gain. 
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Appendix 2.1  

Definition and mediation analysis of natural direct and indirect effects 

Robins and Greenland have previously defined the natural direct and indirect effects within a 

counterfactual framework.1, 2 Let A, Y, M and C denote the exposure, outcome, mediator and a 

vector of confounders, respectively. Let  denote the counterfactual outcome of Y had 

exposure A been set to value a. Similarly, let  denote the counterfactual outcome of Y had 

exposure A been set to value  and mediator M been set to value ; and let  denote the 

counterfactual value of M had exposure A been set to value a. Our goal is to estimate the 

following two quantities. A natural direct effect (NDE) on the hazard ratio (HR) scale defined as 

*

**

( | )
( | )

a

a

aMNDE

a M

t C c
HR

t C c
, that is the effect of exposure comparing A a versus *A a  

conditioning on confounding C if the mediators were set to what they have been when *A a . 

Here we estimated the pure direct effect as opposed to total direct effect by setting mediators M 

to what they have been when *A a , because this would allow us to estimate the effect of 

reducing the mediators via interventions which would also imply removing the mediated 

interactive effect.3 Similarly, a natural indirect effect (NIE) on the HR scale was defined as 

*

( | )
( | )

a

a

aMNIE

aM

t C c
HR

t C c
, that is the effect on the outcome when exposure A a if mediators were 

set to what they have been when A a  versus when *A a .  Natural direct and indirect effects 

are useful for decomposing the total effect of exposure because the total effect of BMI on CHD 

risk could be expressed as the product of the natural direct and indirect effects.  

 



 

We used methods provided elsewhere to calculate direct and indirect effects.4, 5 Take the analysis 

for metabolic risk factors for example. To estimate direct and indirect effects for a single 

mediator, we first fit a linear regression models for the mediator (m) conditional on BMI 

categories (a) and the set of confounders (c). In this analysis, we compared overweight or obese 

with normal weight, so BMI categories (a) has 3 levels, denoted as a0 (normal weight, reference 

group), a1(overweight), and a2(obese). 

2
0 1, 21

[ | , ] k kk
E m a c a c         (1) 

Then, we fit a Cox proportional hazards regression model for CHD risk on BMI categories (a), 

mediators (m), a BMI-by-mediator interaction term and the confounders (c):  

2 2
0 1, 2 3, 41 1

( | , , ) ( )exp( )k k k kk k
t a m c t a m a m c          (2) 

where 0(t) is the baseline hazard at age t for normal weight when all the mediators and 

confounders were set to zero. The natural direct and indirect effects for a single mediator were 

estimated using regression coefficients of the above regressions by: 

1, 2 3,exp{ ( )}; 1, 2.NIE
k kHR k  

2 2 2
1, 3, 0 2 2 3,exp{ ( ) 0.5 }NDE

k k kHR c , where 2 is the variance of error term in the 

mediator regression model and k=1, 2. 

2 2 2
1, 3, 0 2 2 3, 2 1, 3, 1,

2 2 2
1, 2 1, 3, 0 1, 2 2 3,

* exp{ ( ) 0.5 }*exp{ }

exp{ ( ) 0.5 }; 1,2.

TE NDE NIE
k k k k k k

k k k k k

HR HR HR c

c k
 

When there is no exposure-mediator interaction, all 3,k  are assumed to be zero and the 

equations of total, direct and indirect effects can be simplified.  



 

To estimate direct and indirect effects for all three metabolic mediators combined, we fit 3 

separate linear regressions one for each mediator (m) conditional on BMI categories (a) and the 

set of confounders (c): 

2
1 0 1, 21

[ | , ] k kk
E m a c a c         (4) 

2
2 0 1, 21

[ | , ] k kk
E m a c a c        (5) 

2
3 0 1, 21

[ | , ] k kk
E m a c a c          (6) 

The proportional hazard outcome model was also revised to incorporate all three mediators and 

their interactions with BMI categories. 

1 2 3
2 2 2 2

0 1, 2 1 3 2 4 3 5, 1 6, 2 7, 3 81 1 1 1

( | , , , , )

( ) exp( )k k k k k k k kk k k k

t a m m m c

t a m m m a m a m a m c
(7) 

The natural direct and indirect effects for all three mediators combined were estimated using 

regression coefficients of the above regressions by: 

1, 2 5, 1, 3 6, 1, 4 7,exp{ ( ) ( ) ( )}; 1, 2.NIE
k k k k k kHR k  

2 2 2
1. 5, 0 2 2 1 6, 0 2 3 2 7, 0 2 4 3

2 2 2 2 2 2
5, 1 6, 2 7, 3

exp{ ( ' ) ( ) ( )

0.5( )}

NDE
k k k k

k k k

HR c c c
 

, where 1
2 , 2

2 , 3
2 are the variance of error term in the mediator regression models (4), (5) and 

(6), k=1,2. 

2 2 2
1, 5, 0 2 2 1 6, 0 2 3 2 7, 0 2 4 3

2 2 2 2 2 2
5, 1 6, 2 7, 3 2 1, 5, 1, 3 1, 6, 1, 4 1, 7, 1,

1, 2 1, 3 1, 4 1,

*
exp{ ( ' ) ( ) ( )

0.5( )}exp{ }

exp{

TE NDE NIE

k k k k

k k k k k k k k k k k k

k k k k

HR HR HR
c c c

2 2
5, 0 1, 2 2 1 6, 0 1, 2 3 2

2 2 2 2 2 2 2
7, 0 1, 2 4 3 5, 1 6, 2 7, 3

( ) ( )

( ) 0.5( )}; 1,2.
k k k k

k k k k k

c c

c k

 



 

When there is no exposure-mediator interaction, 5, 6, 7,, ,k k k  are set to zero and the equations of 

total, direct and indirect effects can be simplified.  

 

To estimate the uncertainty of total, direct and indirect effects for each cohort, we applied the 

bootstrap method. We first randomly drew a bootstrap sample of size N with replacement from a 

selected cohort of the size N, and then fitted Cox proportional hazard models to obtain bootstrap 

estimate of HRTE, HRNIE and HRNDE. The process was repeated 500 times. The confidence 

intervals were calculated as the 2.5th and 97.5th percentile of the 500 bootstrap estimates. 
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Figure 2.S1: Percentage of excess relative risk mediated (PERM, %) through metabolic risk 
factors in 9 NHLBI cohorts* accounting for interaction between BMI and its mediators 

*These 9 cohorts included ARIC, CHS, FHS-Cohort, FHS-Offspring, HHP, MESA, MRFIT, 
PRHHP, and WHI-CT. 



 

Figure 2.S2: Percentage of excess relative risk mediated (PERM, %) through metabolic risk 
factors and high sensitive C-reactive protein (hs-CRP) in 3 cohorts* with hs-CRP measurements 

*These three cohorts included CHS, FHS-Offspring, and MESA. 
†The direct, indirect and total effects were estimated for each bootstrap resample. The 95% 
confidence intervals for some PERMs were greater than 100% or negative where the estimated 
direct or indirect effect were less than 1.0. This may be due to residual and unmeasured 
confounding. Therefore, we truncated the PERMs to 0-100%.
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Abstract 

Background: Coronary heart disease (CHD) is the leading cause of death in the United 

States (US), with substantially higher death rates among blacks than whites. We estimated the 

total as well as disparity impacts of different population-wide and targeted interventions on 

10-year risk of fatal CHD in the US population.  

Methods: A risk prediction model was developed using data from 8 prospective cohorts in 

the US and included age, sex, systolic blood pressure, serum cholesterol, diabetes and 

smoking.  We used data on individuals aged 50 to 69 years, who were black or white and free 

of CHD, from 7 rounds of the National Health and Nutrition Examination Survey 1999-2012. 

We estimated the 10-year risk of fatal CHD under current risk factor levels as well as under 

different scenarios of population-wide and targeted preventive interventions.   

Results: 18% (15-21) of black men were at ≥ 6.67% risk of total CHD (equivalent to 20% 

risk of fatal or nonfatal CHD risk per AHA/ACC guidelines) compared with only 8% (7-9) of 

white men. The prevalences for women were 8% (6-9) for blacks compared with 2% (1-3) for 

whites. Population-wide and single-risk-factor based interventions reduced black-white 

difference in prevalence of high-risk (CHD risk ≥ 6.67%) by less than 1 percentage point. 

Only an intervention that targeted individuals with high CHD risk and treated several risk 

factors simultaneously could reduce black-white difference from 10 to 8 percentage points for 

men and from 6 to 3 percentage points for women.  

Conclusions: The distribution of 10-year CHD risk was shifted to the right among blacks 

compared to whites and had a heavier tail, leading to a substantially larger proportion of 

blacks in the high-risk group. A risk-based intervention that identifies and treats these 

individuals could substantially reduce both the overall risk of CHD and its racial disparities in 

the US.  
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Introduction 

Coronary heart disease (CHD) is the leading cause of death in the United States (US), with 

substantially higher death rates among blacks than whites.1, 2 Previous research has shown 

that up to three quarters of disparities between blacks and whites in CHD mortality may be 

due to differences in classic risk factors such as raised blood pressure and serum cholesterol, 

diabetes, obesity, and smoking.3, 4 Therefore, interventions that reduce these risk factors 

could reduce disparities depending on how much they reduce risk factors in blacks versus 

whites.  

 

Population-wide interventions can have large impacts on overall disease burden,5 but their 

impact on disparities depend on how they change risk factors in different population 

subgroups. For example, health education may reduce or widen disparities depending on how 

it is delivered.6-8 Interventions that target high-risk individuals (identified using a single risk 

factor or a combination of risk factors) may have lower impact on overall disease burden 

compared with population-wide interventions, and their impact on health disparities will 

depend on whether the worse-off group has substantially more high-risk individuals. 

 

Some studies have qualitatively or quantitatively assessed the impacts of current risk factor 

exposures or scenarios of reducing risk factors on disparities in CHD or total mortality.3, 4, 9-14 

Most of these studies have considered hypothetical risk factor reductions as opposed to 

specific interventions that could be used in practice. There have also been some inconsistent 

uses of risk factor exposure and mortality data and methods for calculating mortality effects 

across different risk factors, therefore reducing comparability. Furthermore, no study has 

assessed the disparity impact of treating multiple CHD risk factors based on absolute risk that 

is recommended by clinical guidelines based on their total benefits.15, 16 In this paper, we 



 
 

analyzed the total as well as disparity impacts of a range of population-wide and targeted 

interventions on the 10-year risk of fatal CHD using consistent methods and data. We used 

national data on CHD risk factors and mortality, and intervention effects from systematic 

reviews and meta-analyses of randomized trials and observational studies. 

 

Methods 

Overview 

We estimated the effects of three types of interventions on CHD risk as well as its disparities 

between blacks and whites: (1) population-wide interventions to lower a risk factor level for 

the whole population by shifting its distribution;5 (2) interventions to lower risk factor level 

among individuals with high levels for a single risk factor; and (3) a risk-based intervention 

that targeted individuals with high predicted 10-year CHD risk and treated several risk factors 

simultaneously (Table 3.1). We first estimated the 10-year risk of fatal CHD for a 

representative sample of blacks and whites in the US. CHD risk was predicted based on 

systolic blood pressure (SBP), serum total cholesterol (TC), diabetes and smoking, using a 

risk prediction equation that was re-calibrated to each age-sex-race group.17  

 

Data on Risk factors 

We used data on risk factors from 7 rounds of the National Health and Nutrition Examination 

Survey (NHANES) 1999-2012; we pooled 7 rounds to have stable estimates for each age-

sex-race subgroup. NHANES uses a multi-stage, stratified, clustered probability sampling 

design and provides a representative sample of the non-institutionalized US population.18 We 

included black or white participants who were 50 to 69 years old and did not have a history of 

CHD. We excluded participants older than 70 years of age to focus on the age range 

commonly considered for premature event and mortality. 



 
 

Table 3.1: Selected risk factors, their exposure metrics, and examples of population-wide, 
single raised risk factor and risk-based interventions 

 

Risk 
factors 

Exposure 
metric 
(unit) 

Population-wide 
interventions 

Single raised risk 
factor interventions 

Risk-based 
intervention 

High blood 
pressure 

Systolic 
blood 

pressure 
(SBP, 

mmHg) 

Reducing salt intake in 
packaged and prepared 

food a 

Two antihypertensive 
drugs at standard dose 
if diabetic, or SBP ≥ 
140 mmHg for non-
diabetic adults aged 
<60, or SBP ≥ 150 

mmHg for non-diabetic 
adults aged ≥ 60 e Multiple risk 

factor 
intervention 

(blood pressure 
and lipid control, 

smoking 
cessation and 

life-style 
modification) if 
10-year risk of 
fatal CHD ≥ 

2.5% i 

High serum 
cholesterol 

Serum total 
cholesterol 

(TC, 
mmol/L) 

Community-based 
dietary improvement to 

reduce diary fat and 
replace saturated with 
unsaturated fats, and 

increase vegetable and 
fruit consumption b 

Full dose of a statin if 
LDL cholesterol ≥ 4.1 

mmol/L 
(approximately 

corresponds to TC ≥ 
6.2 mmol/L) f 

Tobacco 
smoking 

Current 
smoker 

prevalence 
(percentage) 

Tobacco control 
package to ban smoking 

in indoor workplace, 
offer cessation treatment 

in general store, put 
warning on package, 

ban advertisements, and 
increase tobacco tax c 

Referral to smoking 
cessation intervention 

such as group 
behavioral therapy g 

Diabetes 
Diabetes 

prevalence 
(percentage) 

Increase in price of 
sugar-sweetened 

beverages d 

Intensive lifestyle-
modification 

intervention if diabetic 
h 

 
a. We assumed a moderate salt reduction of about 1.4 g/day based on the United Kingdom’s 

successful experience in reducing salt intake at the population level.19 The effects of modest 
sodium reduction on blood pressure vary significantly by age, race and hypertensive status. We 
calculated the SBP reduction using coefficients from a large meta-analysis of more than 100 
randomized controlled trials.20  

b. The dietary improvement intervention is based on the success of the North Karelia Project in 
Finland, which includes substituting vegetable oil margarine for butter, non-fat or low-fat milk for 
fatty milk, lean meat for meat high in saturated fat, using vegetable oil for cooking, and increasing 
vegetable and fruit consumption. We assumed such an intervention would reduce the population 
mean TC by 0.5 mmol/L, the average decline over 5 years in Finland.21, 22 Similar dietary 
intervention was also found to improve population mean TC level in New Zealand.23 

c. The tobacco control package is based on the WHO MPOWER tobacco control policies, which 
include banning smoking in all indoor workplaces, providing NRT and bupropion in general store 
or pharmacy with prescription, putting bold and graphic warning to cover at least 50% of the 
package, banning all direct advertisements, and increasing 10% in the retail price of cigarette due 
to tax. We assumed a 11% reduction in smoking prevalence based on the previous policy 
evaluation reports.24   



 
 

d. We modelled a 50% increase in price of sugar-sweetened beverages, which would reduce its 
consumption by 0.5 serving/day.25 Evidence shows that 1-2 servings/day sugar-sweetened 
beverage consumption compared to none or <1 serving/month is associated with 26% increased 
risk of type 2 diabetes.26 Therefore, 50% increase in price of sugar-sweetened beverages is 
associated with about 12% decreased risk of type 2 diabetes with a linear effect on log scale. 

e. This intervention is based on the clinical guideline from the Eighth Joint National Committee 
(JNC 8).27 We calculated the SBP reduction by 0.09*P-5.67, where P is the pre-treatment SBP 
value (mmHg).28 

f. We used atorvastatin 80 mg/d and calculated its effect on LDL cholesterol by 55%*P, where P is 
the pre-treatment LDL cholesterol level.29  We used the same proportion of reduction for total 
cholesterol because the effects of statin on HDL cholesterol improvement and triglycerides 
reduction could be approximately canceled in the relationship of total, LDL, HDL cholesterol and 
triglycerides.30, 31  

g. Evidence suggested that group behavioral therapy is one of the most effective strategies for 
smoking cessation with a risk ratio of 2.71, which translates into 13% reduction in smoking 
prevalence.32, 33 

h. The lifestyle-modification intervention included a healthy low-calorie, low-fat diet and physical 
activity of moderate intensity, such as brisk walking, for at least 150 minutes per week. The effect 
of lifestyle intervention is based on the Diabetes Prevention Intervention,34 which reduces the 
diabetes incidence by 58%.  

i. The multiple risk factor intervention included two antihypertensive drugs at standard dose, 
atorvastatin 80 mg/d, referral to smoking cessation intervention and lifestyle-modification 
intervention if the 10-year risk of fatal CHD ≥ 2.5%. This risk group approximately equals to ≥ 
7.5% for fatal and non-fatal CHD given one third of CHD events are fatal in the US.35 
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We accounted for complex survey design by incorporating sample weights. We used TC as 

opposed to LDL-cholesterol because LDL-cholesterol was only measured in half of the 

participants in NHANES. SBP was measured 3 times; we dropped the first measurement due 

to systematically higher values and used the mean of the remaining measurements. Diabetes 

was defined as having a fasting plasma glucose (FPG) ≥126 mg/dL, hemoglobin A1c (HbA1c) 

≥ 6.5%, history of diagnosis by a health professional, or use of insulin or oral hypoglycemic 

agents.36  

 

Data on CHD mortality 

We used fatal CHD as the primary outcome because data on non-fatal CHD incidence is not 

available for the national US population. We utilized mortality data from the National Center 

for Health Statistics (NCHS), which has records for all deaths in the US, to estimate the CHD 

death rates in 2011. We defined CHD death as death from ischemic heart disease or sudden 

cardiac death (I20-I25 codes in the 10th revision of the International Classification of 

Diseases, ICD-10).  

 

Effect sizes for interventions 

We obtained the magnitudes of the effects on blood pressure and TC of salt reduction, 

antihypertensive drugs and statins from meta-analyses of randomized controlled trials (Table 

3.1).20, 28, 29 We obtained the effect of tobacco control and smoking cessation interventions on 

smoking prevalence from meta-analyses of observational studies or policy evaluation 

analyses.24, 32, 33 We used the effect of lifestyle modification on diabetes from the Diabetes 

Prevention Program,34 and the effect of increasing price of sugar-sweetened beverages from a 

meta-analysis of 21 studies.25 We used a larger effect size for the impact of salt reduction on 

blood pressure among blacks compared with whites based on the epidemiological evidence,20 



 
 

but used the same effect size between blacks and whites for all other interventions because 

previous studies had not found significant differences in proportional effects by race.37-40  

 

Statistical Analysis 

We used a risk prediction equation (or risk score) developed from 8 prospective cohorts in 

the US, as described in detail elsewhere.17 Briefly, the model uses four inputs to estimate 

individual-level 10-year risk: (1) the participants’ risk factor levels; (2) coefficients (or log 

hazard ratios) for each risk factor estimated from the cohorts; (3) mean risk factor level for 

the same age-sex-race subgroup as the index participant; (4) average 10-year risk of CHD 

death for the same age-sex-race subgroup. The risk factors in the model were SBP, TC, 

diabetes and smoking. We used this risk score instead of other CHD risk scores because it 

uses data from multiple high-quality cohorts and using consistent models; it allows a 

straightforward recalibration by sex and race by setting the 3rd and 4nd inputs to the 

corresponding values in the groups to which it is applied; allows the age pattern of CHD risk 

to vary across race-sex subgroups; and includes age and sex interactions with selected risk 

factors to account for the fact that the proportional effects of some risk factors on CHD are 

themselves associated with age and sex.41-45 We modified the risk score to separate current 

from former smokers. The coefficients of the risk score are presented in Table 3.S1. We 

validated the risk score in the US general population using the first round of NHANES III 

(1988-1991) with linked mortality data in 2006. In particular, we used Harrell’s C statistic to 

assess the ability of the risk score to predict shorter versus longer survival times,46 and used 

the Hosmer-Lemeshow Chi-square test to compare the predicted and observed number of 

events over 10 years by deciles of risk. We also used the same proportional effects of risk 

factors on CHD for blacks and whites based on previous evidence.37-40 We relaxed this 

assumption in a sensitivity analysis (Table 3.S2). 



 
 

 

To estimate the 10-year risk of CHD for each individual, we first recalibrated the risk score 

by replacing the CHD death rate and mean risk factor levels with the observed age-sex-race-

specific rates/levels in the US population. We then used the recalibrated risk score and 

individual-level data from NHANES to estimate the 10-year risk of fatal CHD under the 

current risk factor levels as well as under different population-wide and targeted interventions 

that are expected to modify risk factor levels. We report the prevalence of fatal CHD risk ≥ 

2.5%, hereafter referred to as ‘moderate-risk’ and ≥ 6.67%, hereafter referred to as ‘high-risk’. 

As one-third of CHD events are fatal in the US,35 these risk thresholds approximately 

correspond to ≥ 7.5% risk of fatal and non-fatal CHD (based on the recent AHA/ACC 

guideline15) and ≥ 20% (based on ATP-III guideline).16 If case-fatality is higher, e.g. in 

blacks due to limited access to treatment, the fatal CHD risk thresholds correspond to lower 

risk of fatal and non-fatal CHD. We quantified uncertainty by sampling repeated draws of 

different inputs to analysis, as described in the Appendix 3.1.  

 

All analyses were conducted using Stata 12.0 (StataCorp, College Station, Texas) and R 3.02. 

The study was approved by the institutional review board of the Harvard School of Public 

Health (Boston, MA, USA). 

 

Results 

Our fatal CHD risk score performed well in the US general population. The Harrell’s C 

statistic was 81% (95% confidence interval 78-83) and the calibration Chi-square statistic 

was 16.4 (Table 3.S3). 

 

Disparities in cardiovascular risk factors between blacks and whites 



 
 

A total of 6,154 blacks and whites were included in the analysis (Figure 3.1). About half of 

the eligible participants were women and a third were black. TC levels were similar between 

blacks and whites, but all other cardiovascular risk factors were higher in blacks than whites 

(Table 3.2).  

 

Disparities in 10-year risk of CHD between blacks and whites 

The distribution of 10-year CHD risk was not only shifted to the right among blacks 

compared to whites, but also more skewed and had a heavy tail of high-risk individuals 

(Figure 3.2A). As a consequence, a substantially larger proportion of black men and women 

were at high-risk than their white counterparts (Figure 3.2B). Specifically, 18% (15-21) of 

black men were at high-risk (≥ 6.67% risk of fatal CHD in 10 year) compared with only 8% 

(7-9) of white men. The proportions for women were 8% (6-9) for blacks compared with 2% 

(1-3) for whites. Similarly, 61% (57-65) of black men and 29% (26-32) of black women were 

at moderate-risk (≥ 2.5% risk of fatal CHD in 10 year) compared with 44% (41-47) of white 

men and 11% (10-13) of white women (Table 3.3).  

 

Effects of interventions on total CHD risk and disparities  

Population-wide and targeted interventions on single risk factors reduced the prevalence of 

high-risk group (≥ 6.67% risk of fatal CHD in 10 years) by less than 3 percentage points for 

men and 1 percentage point for women (Figure 3.3). On the other hand, the risk-based 

intervention, which targets individuals with high or moderate CHD risk and lowers several 

risk factors simultaneously, reduced the prevalence of high-risk group by 5-7 percentage 

points for men and 3 percentage points for women. For moderate-risk group (≥ 2.5% risk of 

fatal CHD in 10 years), risk-based intervention reduced the prevalence by 12 percentage 

points for men and at most 9 percentage points for women across age groups (Figure 3.4).  



Figure 3.1: Flowchart for selecting study population in the National Health and Nutrition Examination 
Survey (NHANES) 1999-2012 

11,206 adult participants aged 50-69 in 
NHANES 1999-2012

629 participants excluded 
because of prior CHD

3,448 participants excluded because they 
were neither white nor black of race

10,577 participants aged 50-69, free of CHD

7,129 white or black participants aged 50-69,
free of CHD

975 participants excluded because of missing at 
least one of age, sex, blood pressure, serum 

cholesterol, smoking and diabetes status

6,154 white or black participants aged 50-69,
free of CHD included in the analysis



 
 

Table 3.2: Age-standardized mean or prevalence (standard deviation) of systolic blood 
pressure, total cholesterol, diabetes and smoking by sex and race * 

 

 
Systolic blood 
pressure 
(mmHg) 

Total 
cholesterol 
(mmol/L) 

Diabetes (%) 
Former 
smoker 
(%) 

Current 
smoker (%) 

Men 
White 126.5 (16.1) 5.3 (1.1) 16.1 (0.8) 41.4 (1.2) 21.2 (1.0) 
Black 132.9 (19.9) 5.1 (1.0) 28.4 (1.5) 31.6 (1.8) 33.1 (1.8) 
Women 
White 126.0 (18.3) 5.6 (1.0) 11.0 (0.8) 31.0 (1.5) 16.6 (1.0) 
Black 133.3 (21.9) 5.4 (1.1) 28.4 (1.7) 21.4 (1.6) 20.7 (1.6) 
 

* The estimates are age-standardized to the 2010 US population.\ 

  



 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Distribution of predicted 10-year risk of fatal CHD by sex and race (A) 
probability density distribution (B) cumulative density distribution 
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Table 3.3: Prevalence of high fatal CHD risk by sex and race 

 CHD risk ≥ 2.5% † Predicted risk ≥ 6.67% † 
Men 
White  44 (41-47) 8 (7-9) 
Black  61 (57-65) 18 (15-21) 
Women 
White  11 (10-13) 2 (1-3) 
Black  29 (26-32) 8 (6-9) 

 

† These risk groups approximately equal to ≥ 7.5% (the ATP-III threshold16) and ≥ 20% (the 
AHA/ACC threshold15)for fatal and non-fatal CHD as one third of CHD events are fatal in 
the US.35 
  



 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Impact of population-wide, single raised risk factor, and risk-based interventions 
on the prevalence of fatal CHD risk ≥ 6.67%† 

† This risk approximately equals to ≥ 20% for fatal and non-fatal CHD given one third of 
CHD events are fatal in the US.35 
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Figure 3.4: Impact of population-wide, single raised risk factor, and risk-based interventions 
on the prevalence of fatal CHD risk ≥ 2.5%† 

† This risk approximately equals to ≥ 7.5% for fatal and non-fatal CHD given one third of 
CHD events are fatal in the US.35 

 

 



●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

Yuan Lu
打字机文本
Figure 3.4 (Continued)



 
 

These were more than two times larger than the impacts of population-wide and targeted 

interventions on single risk factors, which only reduced the prevalence of moderate-risk 

group by at most 3 percentage points for men and 4 percentage points for women. 

  

In terms of the disparity impacts, population-wide and targeted interventions on single risk 

factors reduced the black-white difference in prevalence of high-risk group (≥ 6.67% risk of 

fatal CHD in 10 years) by less than 1 percentage point in both men and women, and in 

prevalence of moderate-risk group (≥ 2.5% risk of fatal CHD in 10 years) in women by 3 

percentage points (Figure 3.3). These interventions had no impact on the black-white 

difference in prevalence of moderate-risk groups among men. In contrast, the risk-based 

intervention reduced the difference in prevalence of high-risk between blacks and whites 

from 10 to 8 percentage points for men and from 6 to 3 percentage points for women. For 

moderate-risk, risk-based intervention reduced the difference in prevalence between blacks 

and whites from 18 to 12 percentage points for women, but it had no impact for men because 

the disparity in prevalence was mostly due to higher average CHD death rates in black men 

(Figure 3.4). Our sensitivity analysis using race-specific risk scores showed similar results 

(Figure 2.S1 and Figure 3.S2). 

 

Discussion 

In this national analysis, we found that the distribution of 10-year CHD risk was shifted to the 

right among blacks compared to whites and had a heavier tail, leading to a substantially larger 

proportion of blacks at high risk. Population-wide and targeted interventions on single risk 

factors had a negligible impact on reducing black-white disparities in CHD risk, whereas an 

intervention identifying high-risk individuals based on their race in addition to age, sex, and 

classical cardiovascular risk factors, and addressing multiple risk factors in this sub-



 
 

population, could both deliver large total benefits and substantially reduce black-white 

difference in prevalence of high CHD risk. 

 

Our results on the disparities in risk factor exposure, and in their role as a cause of racial 

disparities in CHD outcome, are consistent with previous analyses.1, 3, 4, 9, 11, 13 A previous 

study by Capewell et al. argued that population-wide interventions have a larger effect on 

health disparities than interventions that target individuals exceeding a risk threshold of CVD, 

but the two scenarios were only qualitatively compared.10 Other studies quantified the effects 

of hypothetical risk factor reductions on disparity in mortality without considering specific 

interventions.3, 4, 9, 11, 13 We systematically quantified the effects of a range of population-wide 

and targeted interventions, including those recommended by clinical guidelines, on reducing 

black-white difference in CHD risk. In addition, previous studies often used a single risk 

factor to identify high-risk individuals and considered interventions on one risk factor at a 

time.11, 47 We included multiple risk factors to assess CHD risk and compared the 

interventions on a single risk factor versus combined interventions on multiple risk factors.  

 

A key strength of our analysis is that we compared the total and disparity implications of a 

wide range of population-wide and targeted interventions using consistent methods and data. 

Risk factor exposures and mortality were derived from nationally representative surveys and 

vital registration system, and effect sizes for interventions were obtained from large meta-

analyses of either randomized trials or observational studies that had adjusted for important 

confounders. In addition, we calculated the high-risk status for each individual based on 

multiple risk factors, while accounting for the correlations between risk factors that may vary 

by sex and race. We also systematically quantified the uncertainty of prevalence of high CHD 



 
 

risk as a result of the sampling variability in the national surveys and in the coefficients from 

the risk prediction equation. 

 

Our study also has some limitations. First, we estimated the risk distribution for fatal CHD 

but not for fatal and nonfatal CHD combined due to the lack of reliable national data on CHD 

incidence. Current data shows that blacks have both higher CHD incidence and worse 

survival than whites,1, 4, 35 with the survival component amenable to interventions that can 

reduce disparities. Second, our analysis focused on the primary prevention of CHD. However, 

patients with history of CHD have a high risk of subsequent cardiovascular events and should 

receive treatments. In the US, 3% of blacks and 4% of whites aged 50-69 in the 2011-2012 

NHANES survey had a history of CHD. Were these proportions to be added to our estimates 

of prevalence of high-risk status, disparities would be slightly smaller than our estimates. Our 

analysis did not include these patients because existing risk scores for patients with CHD 

require data on predictors such as ECG results, coronary imaging and certain biomarkers that 

are not measured in NHANES.48, 49 Finally, our analysis assumed that compliance with 

interventions would be similar to those observed in the randomized trials and observational 

studies used to generate the intervention effects. Although the compliance may vary by race, 

differential compliance is difficult to quantify and formally incorporate in the effect of 

interventions. In addition, prior work suggested that non-compliance is likely due to financial 

and physical barriers of access to health care and poor healthcare quality that affect every 

individual in the population.50-52 If the coverage of health insurance and quality of primary 

care were similar across races, it is unlikely that compliance would differ substantially 

between blacks and whites, as has also been seen for antiretroviral therapy.53  

 



 
 

Although prevention and treatment have helped reduce CHD mortality over the past few 

decades in the US and other high-income countries, CHD mortality and most of its risk 

factors remain higher in blacks than whites.1, 2, 35 Eliminating racial disparities in health 

remains one of the overarching goals of the Healthy People 2020 agenda.54  As disparities in 

CHD are caused by disparities in broader social, economic and environmental determinants, 

policies and strategies are needed to address these factors and to facilitate healthy life-style 

and environment that would further reduce the burden of CHD. Meanwhile, our findings 

suggest a much larger proportion of blacks at high CHD risk than whites. Therefore, we 

should pay particular attention to interventions that reduce disease risk in this sick sub-

population with combination therapy based on absolute risk as an effective intervention. 

While such approach has been advocated for the US population as a whole,15 achieving its 

potential as a means to reduce CHD disparity will require increasing health insurance 

coverage and a strong primary care network that provides low-cost essential drugs and is 

equipped with well-trained health workers and appropriate infrastructure. Previous research 

has shown that universal health insurance over age 65 in the US is associated with lower 

racial differences in cardiovascular risk factors.55 An accessible and high-quality primary care 

program has also been successfully reducing cardiovascular health inequality in other 

countries.56 The window of opportunity for addressing cardiovascular health disparity lies in 

the Affordable Care Act of 201057 that commits to eliminate barriers to health for 

disadvantaged communities, along with the new guideline for risk-based multidrug treatment 

for CVD.15 Their intersection could help identify important opportunities to improve the 

access and affordability of risk-based treatment for CVD in underserved population, and 

finally improve cardiovascular health for all. 
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Appendix 3.1: Quantifying the uncertainty of prevalence of high CHD risk

There were two sources of uncertainty in predicted prevalence of high CHD risk, which 

include 1) the sampling uncertainty in NHANES; and 2) the uncertainty of the regression 

coefficients from the risk prediction equation. 

To capture the sampling uncertainty, we first calculated the effective sample size (ESS) for 

NHANES. ESS is different from the actual sample size because sampled individuals are from 

clusters that do not cover the whole country, thus they contain less information than they 

would from a random sample of the population. We systematically quantified the uncertainty 

of prevalence of high CHD risk using a simulation approach.  In each of the 1000 simulation 

iteration, we randomly drew

1. N observations from NHANES (N = ESS), sampling with replacement and with each 

observation having the probability of being selected proportional to its sample weight. 

These N observations from the survey could be treated as simple random sample in 

terms of their representativeness and their true information content measured by ESS. 

2. A set of regression coefficients from their corresponding uncertainty distributions 

while accounting for their correlations;  

For each set of draw, we predicted the 10-year risk for each individual in the sample, and 

calculated the prevalence of high fatal CHD risk under current risk factor levels as well as 

under different population-based and targeted prevention programs. We repeated this process 

1000 times and quantified the variability across all 1000 simulation estimates. We used the 

median of these 1000 estimates as the point estimate of the quantities of interest, and its 2.5th 

and 97.5th percentiles as the 95% confidence interval. 



 

 

Table 3.S1: Coefficients of the fatal CHD risk function and corresponding hazard ratios 

Variable
Coefficient (LogHR)

HR (95% CI) †Main term (p) Age interaction 
term (p)

Systolic blood pressure (per 10 mmHg) 0.280 (<0.001) -0.002 (0.046) 1.18 (1.16-1.20)
Total cholesterol (per 1 mmol/L) 0.695 (<0.001) -0.007 (<0.001) 1.23 (1.18-1.29)

Diabetes 1.465 (<0.001) -0.009 (0.099) 2.41 (2.09-2.78)
Former smoker -0.450 (0.250) 0.008 (0.138) 1.08 (0.94-1.24)
Current smoker 1.541 (<0.001) -0.012 (0.045) 2.06 (1.81-2.34)
Diabetes*sex †† 0.481 (<0.001) - 1.62 (1.24-2.11)

† Hazard ratios for systolic blood pressure, total cholesterol, diabetes, and smoking calculated 
at median age of event, which is 66 years. Hazard ratio for diabetes is for men, and its 
interaction with sex shows the additional risk among women. 
†† We included an interaction for sex with diabetes based on evidence from meta-analyses of 
prospective cohorts.1 Hajifathalian et al2 also had interaction for sex with smoking, but we 
did not include here as the risk score has separated current from former smokers and the 
interactions were no longer consistently significant. 

 



 

 

Table 3.S2: Coefficients of the race-specific fatal CHD risk function and validation results 

Race Variable
Coefficient

HR (95% CI) †Main component 
(p)

Age interaction 
(p)

White

SBP (per 10 
mmHg) 0.138 (0.068) -0.0001 (0.953) 1.14 (1.11-1.18)

TC (per 1 mmol/L) 0.745 (<0.001) -0.009 (<0.001) 1.20 (1.13-1.27)
Diabetes 0.627 (<0.001) - 1.87 (1.51-2.32)

Former smoker -0.091 (0.289) - 1.10 (0.93-1.30)
Current smoker 0.766 (<0.001) - 2.15 (1.82-2.55)
Diabetes*sex 0.527 (0.002) - 1.69 (1.21-2.38)

Black

SBP (per 10 
mmHg) 0.784 (<0.001) -0.009 ((<0.001) 1.24 (1.19-1.30)

TC (per 1 mmol/L) 0.151 (0.003) - 1.16 (1.05-1.28)
Diabetes 1.072 (<0.001) - 2.92 (1.09-4.07)

Former smoker 0.118 (0.412) - 1.13 (0.85-1.49)
Current smoker 0.907 (<0.001) - 2.48 (1.87-3.29)
Diabetes*sex 0.426 (0.076) - 1.53 (0.96-2.45)

Validation

Race Sex Chi2 for Hosmer 
Lemeshow test Harrell’s C

White Men 14.5 64(60-67)
Women 13.1 70(64-75)

Black Men 4.3 76(69-82)
Women 8.6 87(83-91)

† Hazard ratios for systolic blood pressure and total cholesterol (for white only) calculated at 
median age of event, which is 66 years. Hazard ratio for diabetes is for men, and its 
interaction with sex shows the additional risk among women. 

  



 

 

Table 3.S3: External validation of the risk score using the National Health and Nutrition 
Examination Survey III in 1988-1991 with linked mortality data in 2006

Deciles of risk Predicted number of events Observed number of events
1 4 3
2 9 14
3 15 13
4 26 21
5 40 32
6 59 38
7 85 58
8 120 66
9 170 88
10 304 119

Chi square for Hosmer Lemeshow test 16.4
Harrell’s C statistics 81(78-83)

 



 

 

  

 

 

 

 

 

 

 

 

 

Figure 3.S1: Impact of population-wide, single raised risk factor, and risk-based 
interventions on the prevalence of fatal CHD risk ≥ 6.67% using race-specific risk scores † 

† This risk approximately equals to ≥ 20% for fatal and non-fatal CHD given one third of 
CHD events are fatal in the US.3 
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Figure 3.S2: Impact of population-wide, single raised risk factor, and risk-based 
interventions on the prevalence of fatal CHD risk ≥ 2.5% using race-specific risk scores † 

† This risk approximately equals to ≥ 7.5% for fatal and non-fatal CHD given one third of 
CHD events are fatal in the US.3 
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