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ABSTRACT OF THE DISSERTATION 

 

 

Estimating the Effects of Diabetes on Cardiovascular Events and Mortality: 

Causal Modeling and Machine Learning 

 

by 

 

Kosuke Inoue 

 

 

Doctor of Philosophy in Epidemiology 

University of California, Los Angeles, 2021 

Professor Beate R. Ritz, Chair 

 

 

In 2020, one in ten people had diabetes in the United States. Despite the recent advancement of 

medical therapies, the prevalence of diabetes is still increasing, and thus more research is needed 

about the causal impact of diabetes and its related factors such as exercise and mental health on 

cardiovascular disease (CVD) and mortality. Particularly, despite the recent substantial focus on 

the culturally tailored and targeted approaches to improve cardiovascular health, the evidence is 

still limited among older Mexican Americans, a large racial/ethnic group in the US with a high 

prevalence of diabetes. Moreover, although elevated glycated hemoglobin (HbA1c) levels are 

well known to be associated with worse health outcomes, it has been under debate whether 

relatively lower HbA1c levels are beneficial or harmful for the long-term health outcomes 
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among people without diabetes. Therefore, in this dissertation, I conducted the following three 

studies: 

 

First, using a longitudinal cohort of community-dwelling older Mexican Americans, along with 

causal mediation analysis, I found that diabetes mediated around 10% of the association of low 

physical activity with all-cause mortality and CVD events. Second, using the same cohort, I 

found that diabetes and subsequent depressive symptoms had a synergistic effect on the 

increased risk for cardiovascular mortality after adjusting for time-varying confounders with a 

marginal structural model. Third, using a nationally representative sample of US adults, along 

with ensemble machine learning algorithms within g-formula, I found that adults having low 

HbA1c levels without diabetes were at an increased risk of all-cause mortality. These findings 

highlight the importance of i) public health interventions targeting diabetes prevention and 

management among older Mexican Americans who have difficulties increasing physical activity 

levels, ii) mental health management for older Mexican Americans after a diagnosis of diabetes, 

and iii) careful monitoring of low HbA1c levels to prevent early death among US adults. 

 

I hope that this dissertation will contribute to not only better diabetes care but a better 

understanding of the usefulness of causal modeling to answer clinically important questions, and 

will encourage dialogue and an appreciation for data sciences by clinicians and epidemiologists 

in the dawn of the computational era. 
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CHAPTER I 

 

Overview of this dissertation 
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Diabetes is one of the main non-communicable diseases causing early death, affecting 

approximately 463 million adults in 2019, and imposes substantial health and economic burden 

on the global population. In response to these public health crises, as an essential part of the 

Sustainable Development Goals, the United Nations has proposed to reduce by one-

third premature mortality from non-communicable diseases including diabetes and 

cardiovascular disease (CVD), by 2030. To achieve this challenging goal, it is imperative to 

identify the upstream and downstream factors associated with increased CVD and mortality risks 

due to diabetes. This is particularly important for Mexican Americans because the evidence 

focusing on this large race/ethnic group in the US has been very limited while they have a nearly 

double prevalence of type 2 diabetes as Whites. Furthermore, due to the multifactorial complex 

interactions between glucose metabolism and its risk factors (e.g., socio-demographic 

characteristics, lifestyle, comorbidities, etc), it has been challenging to address the causal 

pathways from glucose metabolism to long-term adverse health outcomes among the general 

population, which requires more studies with flexible statistical modeling on this topic. 

 

This dissertation attempts to shed light on the following three research questions: 

- To what extent does diabetes mediate the association of physical inactivity with CVD 

events and death among older Mexican Americans? (CHAPTER II). 

- What is the influence of subsequent depressive symptoms after a diagnosis of diabetes on 

cardiovascular and all-cause death among older Mexican Americans? (CHAPTER III) 

- Is there a causal relationship between HbA1c, a major biomarker of glucose metabolism, 

and death among the U.S. general population? (CHAPTER IV) 
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To answer these causal questions using observational studies, we applied several advanced 

causal inference and statistical methods including causal mediation analysis (CHAPTER II), 

marginal structural modeling with inverse-probability weighting (CHAPTER III), and parametric 

g-formula with machine learning for survival analysis (CHAPTER IV).  

 

Figure 1.1 Conceptual framework of this dissertation 
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CHAPTER II 

 

Mediation of the associations of physical activity with cardiovascular 

events and mortality by diabetes among older Mexican Americans 

  



5 

2.1 Introduction 

Physical inactivity is widely recognized as an important public health problem that increases the 

risk of type 2 diabetes, cardiovascular disease (CVD), and mortality.1–5 Previous studies suggest 

that type 2 diabetes may be a mediator on the causal pathway from physical inactivity to these 

long-term adverse outcomes,6,7 but the evidence quantifying such pathway is lacking. The 

prevalence of physical inactivity is higher among older adults (42%) and Hispanics (40%) 

compared with younger adults (22-33%) and non-Hispanic whites (26%).8 Moreover, a prior 

study using three national surveys showed that older Hispanics reported lower levels of physical 

activity (PA) than older Non-Hispanic Whites,9 underscoring the importance of investigating the 

health burden of physical inactivity among this minority population. 

 

According to the 2020 Diabetes Statistics Report, one in ten people in the United States has 

diabetes, and the prevalence rises to 21.4% for those aged ≥65 years.10 While prescribing 

exercise is important for the management of type 2 diabetes and subsequent long-term adverse 

outcomes,11 initiating and maintaining active lifestyle interventions are challenging in older 

adults due to multiple barriers such as comorbidities, fatigue, pain, poor perceived health, and 

misconceptions about benefits of PA.12 In addition, a recent study from the National Health and 

Nutrition Examination Survey (NHANES) 2016-2017 reported that type 2 diabetes prevalence in 

Mexican Americans is nearly double compared with Non-Hispanic Whites.10,13 The long-term 

health outcomes from diabetes may also differ across race/ethnicity: e.g., prior studies reported 

that diabetes showed weaker associations with cardiovascular disease, but stronger associations 

with mortality among Hispanics compared to Non-Hispanic Whites.14,15 Therefore, 

understanding the causal pathway from PA to CVD and mortality through diabetes is crucial to 
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prevent such long-term adverse outcomes in older Mexican Americans and reduce health 

disparities by race/ethnicity.  

 

In the present study, using causal mediation analysis,16,17 we aimed to investigate whether 

associations between non-occupational PA and CVD (including stroke) or all-cause mortality are 

mediated by type 2 diabetes among older Mexican Americans. To address the potential role sex 

hormones may have in modifying the effects of PA on the cardiometabolic system,18,19 we also 

investigated the mediation effects stratified by sex. The distinction of direct and indirect effects 

provides valuable information about whether public health interventions targeting diabetes 

prevention and management are beneficial to mitigate the overall risk of long-term adverse 

health outcomes among older Mexican Americans who are physically inactive. 

 

2.2 Methods 

2.2.1 Study Design and Participants 

We included participants with PA information from the Sacramento Area Latino Study on Aging 

(SALSA), a cohort study of community-dwelling older Mexican Americans in the Sacramento 

area of California. Eligibility criteria included (1) being 60 years of age or older at time of 

enrollment in 1998–1999, (2) residing in a six-county area in the Sacramento Valley region 

(Sacramento, Yolo, Sutter, Solano, San Joaquin, and Placer counties), and (3) self-identification 

as Latino, Mexican, Central American, Mexican American. They were contacted in three stages: 

(i) by mail, (ii) by phone, and (iii) by door-to-door neighborhood enumeration. Participants who 

self-referred themselves were screened for eligibility, including residing in a targeted census 

tract, and household being on the sampling list. The overall response rate among those contacted 
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was 85%. A total of 1,789 participants were initially enrolled and they were followed with 

interviews and exams in their homes every 12–15 months for up to seven study visits by the end 

of 2007. Among the 1789 participants, 1,676 had PA information at baseline. More details about 

sampling and study procedures have been provided elsewhere.20 All procedures described here 

were approved by the Institutional Review Boards of the University of California San Francisco, 

Los Angeles, and Davis, the University of Michigan, and the University of North Carolina. 

 

2.2.2 Measurement of Variables 

2.2.2.1 Physical Activity (PA) 

At baseline, participants were asked to report the average number of hours they spent on 18 

different types of non-work-related activities that are common among older adults. Metabolic 

equivalents of task (MET) were assigned to each activity based on the Compendium of PA.21 

This value was multiplied by the reported time (hours/week) spent performing the activity 

(MET-hours/week). Cumulative PA measures were calculated to represent moderate-vigorous 

intensity PA levels by summing MET-hours/week values for nine activities that require a 

threefold or more increase over the metabolic rate achieved by sitting quietly (≥3 METs)22; i.e. 

taking walks, walking around the neighborhood, dancing, hunting or camping or boating, 

swimming or engaging in workouts, golfing or other moderate exercises, gardening or yard 

work, house repairs, and heavy housework.22,23 Then, participants were categorized into the 

following three groups according to their PA levels (MET-hours/week): low PA (<25th 

percentile), <20; medium PA (25th-75th percentile), 20-97; and high PA (≥75th percentile), >97. 
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2.2.2.2 Diabetes  

We classified diabetes based on fasting glucose level ≥126 mg/dL (≥7 mmol/L), antidiabetic 

medication use, or self-reports of a physician diagnosis at baseline as previous studies did.24 

Fasting glucose was measured with the Cobas Mira Chemistry Analyzer (Roche Diagnostics 

Corporation, Indianapolis, IN). Medication use was assessed by a medicine cabinet inventory of 

prescription medicines.  

 

2.2.2.3 Other Covariates 

At the baseline interview, participants reported their age, gender (male, female), education levels 

(0, 1-8, 9-12, ≥13 years), country of birth (US or not), marital status (single, married), smoking 

status (current, former, never), alcohol intake levels (frequent, moderate, occasional, 

rarely/never), activities of daily living (ADL), instrumental activities of daily living (IADL), 

current working status (yes, no), and type of lifetime occupation (non-manual, manual, others). 

According to previous literature,25,26 ADL limitation was defined based on whether they report 

difficulty in ≥1 activity or not. Similarly, IADL limitation was defined based on whether they 

report difficulty in ≥3 activities or not.25,26 Acculturation was assessed using the Geriatric 

Acculturation Ratings Scale for Mexican Americans (G-ARSMA), a modified version of 

Acculturation Ratings Scale for Mexican Americans-II for use in older Latinos that consisted of 

19 items assessing English and Spanish language and media use, childhood and current 

friendships, contact with Latin America, and dietary practices.27 Systolic and diastolic blood 

pressure measurements were taken while sitting with an automatic digital blood pressure monitor 

and two measurements within a 10-min interval were averaged. Hypertension was based on 

measured systolic blood pressure (≥140 mmHg), diastolic blood pressure (≥90 mmHg), self-
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report of physician diagnosis, and/or antihypertensive medication use.28 Low-density lipoprotein 

(LDL) cholesterol was measured from morning fasting serum samples using the LDL Direct 

Liquid Select (number 7120; Equal Diagnostics). Statin prescription was also self-reported. Body 

mass index (BMI, kg/m2) was calculated based on their measured height with a tape measure and 

weight on a Tanita scale. Waist circumference was measured at the level of maximum 

indentation over the abdomen with tape following a standard protocol. 

 

2.2.2.4 Outcomes ascertainment 

The primary outcome was all-cause mortality, with secondary outcomes being fatal and nonfatal 

CVD events (including stroke). Mortality data were ascertained through May 2010, using online 

obituary surveillance, a review of the Social Security Death Index and the National Death Index, 

a review of vital statistics data files from California, and interviews with family members. If a 

participant was not identified as dead, they were assumed to be alive and censored at the date of 

the last contact. Fatal CVD events were defined as death for which any of the following codes 

from the International Classification of Diseases, Tenth version (ICD–10) were mentioned 

anywhere on the death certificate; I20–I25, heart failure code I50, and stroke codes I63 or I64. 

Nonfatal CVD events were ascertained by self-report at each visit and phone call; i.e. they were 

asked whether a physician had diagnosed any of the following: myocardial infarction, angina, 

catheterization or coronary artery bypass grafting, stroke, heart failure, or atrial fibrillation. For 

analyses of nonfatal CVD events, 612 persons with a self-reported history of CVD at baseline 

were excluded to estimate the effects of PA on primary CVD events.  
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2.2.3 Statistical analyses 

Crude and multivariable Cox proportional hazards regression models were employed for 

estimating effects of PA categorical exposure (low, medium, high) on all-cause mortality, fatal 

CVD events, and nonfatal CVD events in separate models while adjusting for potential 

confounders. Missing data in each variable was replaced by multiple imputations algorithms 

which included all of the above-mentioned covariates in the model.29 We first adjusted for age, 

gender, education levels, country of birth, and marital status (Model 1). We further adjusted for 

G-ARSMA, smoking status, alcohol intake levels, ADL, IADL, current working status, and type 

of lifetime occupation in addition to Model 1 (Model 2). We also performed competing risk 

analysis with the method proposed by Fine and Gray considering the competing risks for fatal 

and nonfatal CVD events.30 In this competing risk analysis, we estimated the subdistribution 

hazard by constructing risk sets that include both individuals without any event and those who 

have had competing events such as cancer-related mortality.30,31 

 

In mediation analyses, we aimed to quantify the degree to which diabetes mediates the 

association between PA and long-term outcomes including all-cause mortality, fatal and nonfatal 

CVD events adjusting for potential confounders included in Model 2 (Figure 2.1). We employed 

a marginal structural approach based on the counterfactual framework to estimate the natural 

direct and indirect effects.32,33 The natural direct effect is the effect of PA on long-term outcomes 

via pathways that do not involve diabetes while diabetes status is allowed to vary according to 

determinants of diabetes except PA. The natural indirect effect represents the effect of PA on 

long-term outcomes due to effect that PA has on diabetes; i.e. we estimate the hazard ratios of 

the counterfactual outcomes given a physically ‘active’ status if diabetes status changed to what 
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it would be given a physically ‘inactive’ status. Robust 95% confidence intervals (CIs) were 

estimated by repeating the analysis on 10,000 bootstrapped samples. The mediated proportion 

was computed as the log of the natural indirect effect divided by the log of the total effect; 

log(IE)/log(TE). We included cross-product terms of exposure and mediator in the model, but 

there was no indication of an interaction. More detailed discussion and coding tutorials using R 

software are described elsewhere.16 

 

As previous studies have suggested that there is a difference in the effect of PA levels on long-

term adverse outcomes by sex,3,34,35 we also conducted stratum-specific analyses to estimate the 

causal mediation effects of diabetes on the pathway between PA and long-term adverse 

outcomes according to sex. P-values for the multiplicative interaction term between PA levels 

and sex for total effects on long-term adverse outcomes were also calculated. 

 

We performed several sensitivity analyses. First, we additionally adjusted for other metabolic 

factors such as BMI, waist circumference, hypertension, statin prescription, and LDL cholesterol 

levels which we did not include in the main model because we assume that they are more likely 

to be mediators rather than confounders in the pathway from physical inactivity to CVD and 

mortalities. Second, we reanalyzed the data using ≤8.3 MET-hours/week (i.e. 500 MET-

minute/week) as the cut-off of low physical activity levels based on the recommendation.22,36 

Finally, we fit Aalen’s additive hazard models which allow us to estimate hazard differences 

without the assumption of proportionality.17 Using this model, we can estimate the actual number 

of additional events that provide insight into the potential public health interventions. Effect 

estimates presented here may be considered statistically significant if the 95% confidence 
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interval did not include the null value. Statistical analyses were conducted using Stata version 15 

and R version 3.5.2.  

 

2.3 Results 

2.3.1 Demographic characteristics  

The mean age of participants was 70.3 years, and 41.7% were male (Table 2.1). PA levels were 

generally lower in participants with lower education levels, those with rare/never alcohol intake, 

but higher among those in non-manual occupations. The low PA group exhibited the highest 

prevalence of diabetes, hypertension, obesity, statin prescription, and history of CVD events. We 

found similar characteristics according to PA levels when we excluded participants with a 

history of CVD at baseline (Table S2.1). 

 

2.3.2 Association of low physical activity with all-cause mortality, fatal CVD events, and non-

fatal CVD events 

The median duration of follow-up for all-cause mortality was 7.7 (interquartile range, 4.7–8.4) 

years, during which 579 deaths were identified. A total of 263 fatal CVD events and 369 nonfatal 

CVD events were identified. All-cause mortality was higher in the low PA group compared with 

the high PA group (HR, 1.36; 95% CI, 1.06–1.75) with Model 2 adjustments (Table 2.2). The 

low PA group also experienced higher risks of both fatal CVD (HR, 2.05; 95% CI, 1.42–2.97) 

and nonfatal CVD events (HR, 1.67; 95% CI, 1.18–2.37) compared with the high PA group. The 

medium PA group showed higher risks of nonfatal CVD compared with the high PA group (HR, 

1.38; 95% CI, 1.03–1.85). The competing-risks survival regression model did not alter these 

results (Table 2.2, Table S2.2).  
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2.3.3 Mediation of the association of low physical activity with long-term adverse health 

outcomes by diabetes 

We estimated that diabetes mediates 11.0% of the effect of PA (low vs high) on all-cause 

mortality (Total effect [TE], 1.36; 95% CI, 1.02-1.81 and indirect effect [IE], 1.04; 95% CI, 

1.00-1.09) (Table 2.3). For fatal CVD events and nonfatal CVD events, we estimated that 

diabetes mediates 7.4% (TE, 2.05; 95% CI, 1.40-3.09 and IE, 1.05; 95% CI, 1.00-1.14) and 5.2% 

(TE, 1.67; 95% CI, 1.18-2.45 and IE, 1.03; 95% CI, 0.96-1.10), respectively. The mediation 

effects of diabetes on the association between PA (medium vs high) and these outcomes were 

small, and 95% CIs included the null. The results were qualitatively consistent when we 

additionally adjusted for metabolic factors (Table S2.3) and when we used the recommended 

physical activity levels as the cut-off point of low physical activity (Table S2.4). 

 

2.3.4 Stratum-specific analysis by sex 

In stratum-specific analyses, we estimated that diabetes mediates 55.8% of the effect of PA (low 

vs high) on all-cause mortality for males, but there was no evidence of mediation among females 

(Figure 2.2, Table S2.5). For fatal and nonfatal CVD events separately, we estimated that 

diabetes mediates 22.9% and 22.1% for males, but not females. 

 

2.3.4 Sensitivity analyses 

In Aalen’s additive hazard model, we estimated that diabetes mediates 7.0% of the effect of PA 

on all-cause mortality among participants with low vs. high PA (TE, 4184 additional cases per 

100,000 person-years; IE, 292 additional cases per 100,000 person-years) (Table S2.6). For fatal 

and nonfatal CVD events among those with low vs. high PA, we estimated that diabetes 
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mediates 4.3% (TE, 2744 additional cases per 100,000 person-years; IE, 118 additional cases per 

100,000 person-years) and 2.2% (TE, 2929 additional cases per 100,000 person-years; IE, 63 

additional cases per 100,000 person-years), respectively.  

 

2.4 Discussion 

In this population-based study of older Mexican Americans, diabetes mediated around 5-10% of 

the association of physical inactivity with all-cause mortality, fatal CVD events, and nonfatal 

CVD events. The mediation effects of diabetes on these outcomes were much more prominent 

among males than females.  

 

To the best of our knowledge, this is the first study to quantify the extent to which diabetes 

mediates the association of PA with all-cause mortality and CVD events in older Mexican 

Americans. Given the high prevalence of type 2 diabetes in this population and challenges of 

prescribing exercise in older adults,12,13 our findings underscore the importance of public health 

interventions for the prevention of type 2 diabetes and its long-term sequela among physically 

inactive older Mexican Americans. While it is well known that PA influences the risk of type 2 

diabetes and CVD, including randomized controlled trials in older adults and meta-analyses,6,7,37–

40 to what extent type 2 diabetes mediates the association between PA and CVD has not yet been 

explored sufficiently. Previous studies suggesting that type 2 diabetes may mediate the 

association between PA and long-term adverse outcomes have approached this question by 

evaluating the change in estimate with and without adjusting for the potential mediators.6,7 

However, such an approach does not always validly assess mediation nor does it quantify this 
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effect.17,41 Here, we used more appropriate methods i.e. proportional and additive hazard models 

based on the counterfactual framework.16,32 

 

The underlying mechanisms through which diabetes may mediate the association between PA 

and long-term adverse outcomes include improved energy balance, reduction of adiposity, and 

reduction of inflammation through high PA.42,43 High PA also affects myosin phenotypic 

characteristics, increases mitochondrial activity and volume, and increases glucose transporter 

type 4 protein expression, which may reduce the risk of type 2 diabetes through improved insulin 

sensitivity and subsequently reduce the risk of CVD and mortality.44–46 

 

Consistent with prior studies,3,34,35 the estimated total effect of low PA on long-term outcomes 

was larger in females than males but interaction term for PA and sex was not statistically 

significant. In contrast, the proportion of the estimated effect of low PA on long-term adverse 

outcomes mediated by diabetes was larger in males than females. The San Antonio Heart Study, 

a cohort study of Mexican Americans ages 25-64 years, reported an association between low PA 

and type 2 diabetes incidence in males only.5 Biologically, higher PA is associated with lower 

levels of testosterone and estradiol in postmenopausal women but with higher testosterone levels 

in men.18,19 The Mexican Americans in SALSA are older (60-93 years) than the previous studies, 

and PA might affect pathways involved in long-term adverse outcomes other than type 2 

diabetes, e.g. endogenous levels of sex hormones, and these might have larger contributions to 

the overall effect of PA on adverse health outcomes in females than males. The observed sex 

discrepancy might also be associated with the PA health paradox; i.e. high leisure-time PA 

decreases risks of CVD outcomes but high occupational PA increases this risk due to sustained 
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inflammatory responses and 24-hour elevated heart rate.47 Because males are more likely to have 

manual occupations with higher PA demands than females, the benefits of engaging in non-

occupational PA for long-term adverse outcomes (especially the direct pathway that does not go 

through diabetes) might have been diluted by higher occupational PA levels even after 

controlling for current working status and type of occupation in males. Lastly, previous studies 

reported sex differences in type 2 diabetes due to obesity.42,48,49 In general, females have a 

stronger obesity-related diabetes risk due to abdominal adiposity than males, and the impact of 

physical inactivity on this type of obesity is greater.48,50,51 Thus, future studies are needed to 

estimate mediating effects of both obesity and type 2 diabetes from PA to long-term adverse 

outcomes prospectively to elucidate mechanisms underlying sex difference.52 

 

The population-based longitudinal design of this study is a major strength and enabled us to 

study the incidence of long-term adverse outcomes over 10 years in an understudied older ethnic 

minority population. However, our study also has several limitations. First, while there is some 

evidence showing that low PA increases type 2 diabetes incidence,34,49 and we assumed that self-

reported PA reflected participants’ long-term PA levels, we still have to consider the possibility 

of reverse causation (i.e. a diagnosis of diabetes might have affected PA levels). Those 

diagnosed with diabetes would be expected to be encouraged by their health care providers to 

increase their physical activity levels, thus, a reversal of temporality would be expected to induce 

a bias towards the null. Conversely, some diagnosed with diabetes a very long time ago may 

have become physically inactive due to complications of diabetes. Second, there is potential 

misclassification of the exposure, mediator, and outcomes. PA levels were estimated at baseline 

based on self-report, and there was no information collected regarding trends in PA levels over 
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the follow-up period. We classified the participants as having diabetes based on self-report, 

medication, and fasting glucose levels as previous studies10,24 but lacked information on 

hemoglobin A1c, oral glucose tolerance test, and diabetes-related antibodies (e.g., Glutamic acid 

decarboxylase antibodies) at baseline. Relying on self-report of nonfatal CVD events could have 

introduced potential outcome misclassification. Moreover, mortality surveillance might have 

been less accurate after active follow-up ended in 2008. Even though misclassification was likely 

non-differential with respect to exposure, the bias this may generate is not always toward the null 

in mediation analysis.17 Third, individuals had to survive at least to 60 years of age to participate 

in this study. Our estimates might have been affected by the non-enrollment of individuals with 

disability and mortality among people with diabetes before age 60. Forth, given that SALSA 

participants were residents from the Sacramento Area, our findings may not be generalizable to 

older Mexican Americans elsewhere. Further multi-regional studies with longitudinal measures 

of PA and diabetes are needed to overcome these limitations and to help better establish 

temporality.  

 

Our model is based on the assumption that there are no other unmeasured confounders and no 

mediator-outcome confounders affected by exposure.17 However, for example, metabolic factors 

(e.g., obesity, hypertension, and dyslipidemia) might be affected by PA and also affect both 

diabetes status and long-term health outcomes. Therefore, we may overestimate the indirect 

effect if we do not control for metabolic factors, and on the other hand, underestimate the direct 

effect when we control for metabolic factors (i.e. adjust for intermediate in the pathway not 

directly through diabetes). Moreover, if there is unmeasured confounding between metabolic 

factors and outcomes, controlling for such metabolic factors could induce collider-stratification 
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bias.53 However, we found qualitatively consistent results when we adjusted for metabolic 

factors, indicating that these potential biases do not change our main findings substantially. As 

mentioned above, more advanced mediation analysis with multiple mediators would be helpful 

to fully address this issue in the future but require larger sample sizes.52 

 

2.5 Conclusion 

The present study suggests diabetes mediates the estimated effects of physical inactivity on long-

term adverse outcomes among older Mexican Americans, particularly men. Given the rapidly 

growing older adult population with a high prevalence of diabetes and the challenges of 

prescribing exercise in older adults, our findings suggest that public health interventions 

targeting diabetes prevention and management (e.g. active diabetes screening programs focusing 

on older adults who are physically inactive) would be worthwhile strategies to prevent long-term 

adverse outcomes in older Mexican Americans. 
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2.6 Tables and Figures 

Table 2.1 Baseline clinical characteristics of SALSA participants according to physical activity 

(PA) levels  

 

Variable 
Total 

(N=1676) 

Low PA  

(<20 METs) 

(N=419) 

Medium PA  

(20-97 METs) 

(N=838) 

High PA 

(≥97 METs) 

(N=419) 

 N % N % N % N % 

Male, N (%) 699 41.7 127 30.3  356 42.5  216 51.4  

Age (years old) a 70.3 ± 6.8 71.4 ± 7.6 70.1 ± 6.6 69.8 ± 5.9 

US born, N (%) 823 49.1 201 48.0  411 49.1  211 50.4  

Education years, N (%)         

   0 216 13.9 62 14.8  107 12.8  47 11.2  

   1-8 794 47.4 219 52.3  392 46.8  183 43.7  

   9-12 385 23 91 21.7  193 23.0  101 24.1  

   13-32 (college +) 281 16.8 47 11.2  146 17.4  88 21.0  

Married, N (%) 979 58.4 223 53.2  492 58.7  264 63.0  

Acculturation score b 22.0 ± 13.0 20.7 ± 12.7 21.9 ± 13.1 23.4 ± 12.9 

Smoking, N (%)         

   Current 187 11.2 48 11.5  92 11.0  47 11.2  

   Former 713 42.5 168 40.1  367 43.8  178 42.5  

   Never 776 46.3 203 48.4  379 45.2  194 46.3  

Alcohol, N (%)         

   Frequent (daily) 147 8.8 27 6.5  73 8.7  47 11.2  

   Moderate (weekly) 181 10.8 25 6.0  89 10.6  67 16  

   Occasional (monthly) 153 9.1 24 5.7  86 10.3  43 10.3  

   Yearly/rarely/never 1195 71.3 343 81.8  590 70.4  262 62.5  

ADL difficulty, c N (%) 200 11.9 112 26.7  66 7.9  22 5.3  

IADL difficulty, d N(%) 788 47 266 63.6  383 45.7  139 33.2  

Lifetime Occupation         

   Non-manual 362 21.6 68 16.2  194 23.2  100 23.8  

   Manual 1000 59.7 241 57.5  496 59.2  263 62.8  

   Others 314 18.7 110 26.3  148 17.7  56 13.4  

Currently working, N (%) 285 17 70 16.7  152 18.1  63 15.0  

Statin, N (%) 141 8.4 41 9.8  68 8.1  32 7.6  

LDL Cholesterol (mmol/L) a 3.2 ± 0.9 3.0 ± 0.9 3.2 ± 0.9 3.2 ± 0.9 

Diabetes, N (%) 542 32.3 166 39.6  256 30.6  120 28.6  

Hypertension, N (%) 1136 67.8 309 73.8  547 65.3  280 66.8  

BMI, kg/m2, N (%) e         

   <25 324 19.3 83 19.8  158 18.9  83 19.8  

   25-30 628 37.5 135 32.2  326 38.9  167 39.9  

   ≥30 724 43.2 201 48.0  354 42.2  169 40.3  

Waist circumference (cm) a 97.0 ± 13.3 98.9 ± 13.8 96.4 ± 13.4 96.2 ± 12.5 

Cardiovascular diseases, N 

(%) 612 36.5 187 44.6  300 35.8  125 29.8  
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PA, physical activity; METs, metabolic equivalents; ADL, activities of daily living; IADL, instrumental 

activities of daily living; LDL, low-density lipoprotein; BMI, body mass index. 
a Values are expressed as mean (standard deviation). 
b Acculturation was estimated using the Geriatric Acculturation Ratings Scale for Mexican Americans. 

The score ranges 0-56 and the lower score means less acculturated (i.e. Mexican-oriented). 
c Participants were asked about the following difficulty to estimate ADL levels; walking, bathing, 

brushing hair and teeth, eating, putting clothes on, and moving from bed to chair. Difficulty of ADL was 

defined based on whether they report difficulty in ≥1 activity or not.  
d Participants were asked about the following difficulty to estimate IADL: pushing objects, kneeling, 

lifting weights over 10 pounds, arms above shoulders, getting up from kneeling, standing up from chair, 

walking up stairs, writing, walking 0.25 mile, walking 10 steps, telephone, managing money, cooking, 

housework, and shopping. Difficulty of IADL was defined based on whether they report difficulty in ≥3 

activities or not. 
e BMI was calculated by weight (kg)/height (m)2 
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Table 2.2 Physical activity levels and the incidence of all-cause mortality, fatal and nonfatal 

CVD events 

Physical Activity 

(METs) 

Incident 

cases 

Total 

cases 

Unadjusted Model 1 a Model 2 b 

HR 95% CI HR 95% CI HR 95% CI 

All-cause mortality         

   High 115 419 1 Referent 1 Referent 1 Referent 

   Medium  262 838 1.21  (0.97-1.51) 1.25  (1.00-1.56) 1.13  (0.90-1.41) 

   Low  202 419 1.90  (1.50-2.39) 1.85  (1.46-2.34) 1.36  (1.06-1.75) 

P for trend c   <0.001 <0.001 0.03 

Fatal CVD event         

   High  46 419 1 Referent 1 Referent 1 Referent 

   Medium  111 838 1.25  (0.89-1.77) 1.25  (0.89-1.77) 1.07  (0.75-1.52) 

   Low  106 419 2.88  (2.03-4.06) 2.75  (1.93-3.91) 2.05  (1.42-2.97) 

P for trend    <0.001 <0.001 0.001 

Nonfatal CVD 

event 

        

   High  84 294 1 Referent 1 Referent 1 Referent 

   Medium  192 538 1.52  (1.15-2.02) 1.51  (1.13-2.00) 1.38  (1.03-1.85) 

   Low  93 232 1.97  (1.42-2.74) 1.89  (1.35-2.64) 1.67  (1.18-2.37) 

P for trend    <0.001 0.001 0.004 

METs, metabolic equivalents; CVD, cardiovascular disease; ADL, activities of daily living; IADL, 

instrumental activities of daily living. 
a Adjusted for age, gender, education levels, country of birth, and marital status.  
b Adjusted for acculturation, smoking, alcohol intake levels, ADL, IADL, current working status, type of 

occupation in addition to Model 1.  
c Assigned median value of METs for each physical activity category (low, 7; median, 48.5; and high, 

147.5)  
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Table 2.3 Direct and Indirect effects (Hazard ratio scale [95%CI]) of physical activity level on 

the incidence of all-cause mortality, fatal and nonfatal CVD events via diabetes. a  

 Total effect  

(TE) 

Direct effect 

(DE) 

Indirect effect 

(IE) %mediated b 
 HR 95% CI HR 95% CI HR 95% CI 

All-cause mortality     

  Medium vs High 1.13  (0.89-1.42) 1.13  (0.87-1.42) 1.00  (0.97-1.05) 2.6 

  Low vs High 1.36  (1.02-1.81) 1.32  (0.99-1.77) 1.04  (1.00-1.09) 11.0 

Fatal CVD events        

  Medium vs High 1.07  (0.75-1.58) 1.06  (0.75-1.56) 1.00  (0.95-1.07) 6.9 

  Low vs High 2.05  (1.40-3.09) 1.94  (1.34-2.96) 1.05  (1.00-1.14) 7.4 

Nonfatal CVD events        

  Medium vs High 1.38  (1.02-1.91) 1.38  (1.03-1.92) 1.00  (0.97-1.03) 0.0 

  Low vs High 1.67  (1.18-2.45) 1.63  (1.17-2.41) 1.03  (0.96-1.10) 5.2 

CVD, cardiovascular disease; ADL, activities of daily living; IADL, instrumental activities of daily 

living. 
aAdjusted for age, gender, education levels, country of birth, marital status, acculturation, smoking, 

alcohol intake levels, ADL, IADL, current working status, type of occupation. Bootstrapping was 

performed to estimate 95% confidence interval.  
b %mediated was calculated by log(IE)/log(TE), and therefore, depends on both total and indirect effect. 
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Figure 2.1 Causal diagrams illustrating causal structures under investigation. 
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Figure 2.2 Decomposition of physical activity level (low vs high) on the incidence of all-cause 

mortality, fatal and nonfatal cardiovascular disease (CVD) events via diabetes according to sex 

(A: Male, B: Female): the Sacramento Area Latino Study on Aging (1998-2007). 

 

Adjusted for age, gender, education levels, country of birth, marital status, acculturation, smoking, 

alcohol intake levels, activities of daily living (ADL), instrumental activities of daily living (IADL), 

current working status, type of occupation. Bootstrapping was performed to estimate 95% confidence 

interval (CI) of total effect (TE) and indirect effect (IE). The x-axis is shown in log-scale. %mediated was 

calculated by log(IE)/log(TE). 

TE, total effect; IE, indirect effect (through diabetes); HR, hazard ratio 
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Table S2.1 Clinical Characteristics of SALSA participants excluding those with CVD at baseline 

according to physical activity levels 

Variable Total 

Physical 

activity 

Low (<25th) 

Physical activity 

Medium (25-75th) 

Physical activity 

High (≥75th) 

N 1064 294 538 232 

METs per week  <20 20-97 ≥97 

Male, N (%) 464 (43.6) 78 (33.6) 234 (43.5) 152 (51.7) 

Age (years old) a 69.9 ± 6.6 70.9 ± 7.7 69.7 ± 6.5 69.7 ± 5.9 

US born, N (%) 520 (48.9) 111 (47.8) 267 (49.6) 142 (48.3) 

Education years, N (%)     

   0 127 (11.9) 36 (15.5) 57 (10.6) 34 (11.6) 

   1-8 481 (45.2) 113 (48.7) 253 (47.0) 115 (39.1) 

   9-12 262 (24.6) 54 (23.3) 130 (24.2) 78 (26.5) 

   13- 194 (18.2) 29 (12.5) 98 (18.2) 67 (22.8) 
Married, N (%) 631 (59.3) 127 (54.7) 317 (58.9) 187 (63.6) 

Acculturation score b 22.5 ± 

13.0 

21.4 ± 12.9 22.5 ± 13.1 23.4 ± 13.0 

Smoking, N (%)     

   Current 125 (11.8) 32 (13.8) 58 (10.8) 35 (11.9) 

   Former 421 (39.6) 83 (35.8) 225 (41.8) 113 (38.4) 

   Never 518 (48.7) 117 (50.4) 255 (47.4) 146 (49.7) 

Alcohol, N (%)     

   Frequent (daily) 104 (9.8) 19 (8.2) 51 (9.5) 34 (11.6) 

   Moderate (weekly) 129 (12.1) 16 (6.9) 60 (11.2) 53 (18) 

   Occasional (monthly) 104 (9.8) 13 (5.6) 59 (11) 32 (10.9) 

   Yearly/rarely/never 726 (68.3) 183 (79.2) 368 (68.4) 175 (59.5) 

ADL difficulty, c N (%) 86 (8.1) 47 (20.3) 29 (5.4) 10 (3.4) 

IADL difficulty, d N(%) 418 (39.3) 131 (56.5) 210 (39.0) 77 (26.2) 

Lifetime occupation     

   Nonmanual 234 (22.0) 35 (15.1) 125 (23.2) 74 (25.1) 

   Manual 648 (60.9) 140 (60.3) 320 (59.5) 188 (64.0) 

   Others 182 (17.1) 57 (24.6) 93 (17.3) 32 (10.9) 

Currently working, 

N(%) 216 (20.3) 53 (22.8) 111 (20.6) 52 (17.7) 

Statin, N (%) 56 (5.3) 11 (4.7) 31 (5.8) 14 (4.8) 
LDL Cholesterol (mg/dL) 

a 
125 ± 34 120 ± 35 126 ± 33 127 ± 35 

Diabetes, N (%) 278 (26.1) 75 (32.3) 135 (25.1) 68 (23.1) 

Hypertension, N (%) 660 (62.0) 158 (68.1) 322 (59.9) 180 (61.2) 

BMI, kg/m2, N (%) e     

   <25 kg/m2 213 (20.0) 56 (24.1) 95 (17.7) 62 (21.1) 

   25-30 410 (38.5) 77 (33.2) 219 (40.7) 114 (38.8) 

   ≥30 441 (41.5) 99 (42.7) 224 (41.6) 118 (40.1) 

Waist circumference 
(cm) a 

96.3 ± 

13.0 

96.9 ± 14.0 96.3 ± 12.9 95.8 ± 12.3 
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ADL, activities of daily living; IADL, instrumental activities of daily living; LDL, low-density 

lipoprotein.  
a mean ± standard deviation for variables with normal distribution  
b Acculturation was estimated using the Geriatric Acculturation Ratings Scale for Mexican Americans. The 

score ranges 0-56 and the lower score means less acculturated (i.e. Mexican-oriented). 
c Participants were asked about the following difficulty to estimate ADL levels; walking, bathing, brushing 

hair and teeth, eating, putting clothes on, and moving from bed to chair. Difficulty of ADL was defined based 

on whether they report difficulty in ≥1 activity or not.  
d Participants were asked about the following difficulty to estimate IADL: pushing objects, kneeling, lifting 

weights over 10 pounds, arms above shoulders, getting up from kneeling, standing up from chair, walking up 

stairs, writing, walking 0.25 mile, walking 10 steps, telephone, managing money, cooking, housework, and 

shopping. Difficulty of IADL was defined based on whether they report difficulty in ≥3 activities or not. 
e BMI was calculated by weight (kg)/height (m)2   
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Table S2.2 Competing-risks survival regression analysis for physical activity levels and 

incidence of fatal and non-fatal CVD events a 

Physical Activity 

(METs) 
Unadjusted Model 1 b Model 2 c 

A) Fatal CVD events    

   High  Ref Ref Ref 

   Medium  1.26 (0.89-1.77) 1.27 (0.90-1.81) 1.13 (0.80-1.60) 

   Low  2.70 (1.91-3.81) 2.51 (1.75-3.61) 1.89 (1.29-2.76) 

    

B) Non-fatal CVD 

events 

   

   High  Ref Ref Ref 

   Medium  1.49 (1.12-1.98) 1.47 (1.10-1.95) 1.36 (1.01-1.82) 

   Low  1.83 (1.13-2.55) 1.74 (1.24-2.44) 1.54 (1.07-2.20) 

a The estimated effect was interpreted as the relative change in the instantaneous rate of the occurrence of 

the event in those subjects who have not yet experienced the event of interest (but who may have 

experienced a competing event).  
b Adjusted for age, gender, education levels, country of birth, and marital status.  
c Adjusted for acculturation, smoking, alcohol intake levels, ADL, IADL, current working status, type of 

occupation in addition to Model 1.  
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Table S2.3 Sensitivity analysis additionally adjusted for metabolic factors. a  

A) All-cause mortality 
Total effect  

(TE) 

Direct effect 

(DE) 

Indirect effect 

(IE) 
%mediated b 

  Medium vs High 1.15 (0.88-1.45) 1.14 (0.87-1.45) 1.01 (0.97-1.04) 3.7 

  Low vs High 1.38 (1.04-1.81) 1.35 (1.02-1.78) 1.02 (0.98-1.08) 7.5 

     

B) Fatal CVD events 
Total effect  

(TE) 

Direct effect 

(DE) 

Indirect effect 

(IE) 
%mediated 

  Medium vs High 1.07 (0.75-1.60) 1.07 (0.75-1.58) 1.01 (0.96-1.07) 9.8 

  Low vs High 1.93 (1.32-2.92) 1.87 (1.28-2.83) 1.03 (0.98-1.10) 4.6 

     

C) Non-fatal CVD events 
Total effect  

(TE) 

Direct effect 

(DE) 

Indirect effect 

(IE) 
%mediated 

  Medium vs High 1.39 (1.03-1.93) 1.39 (1.04-1.94) 1.00 (0.97-1.03) 0.0 

  Low vs High 1.60 (1.14-2.41) 1.58 (1.12-2.34) 1.01 (0.96-1.08) 2.9 

a Adjusted for age, gender, education levels, country of birth, marital status, acculturation, smoking, 

alcohol intake levels, ADL, IADL, current working status, type of occupation, BMI, waist circumference 

at baseline, hypertension, statin prescription, and LDL cholesterol.  
b %mediated was calculated by log(IE)/log(TE). 
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Table S2.4 Sensitivity analysis setting ≤8.3 MET-hour/week as a cut-off of low physical activity 

levels. a  

A) All-cause mortality 
Total effect 

(TE) 

Direct effect 

(DE) 

Indirect effect 

(IE) 
%mediated b 

  Low vs High 1.30 (0.89-1.81) 1.28 (0.87-1.76) 1.02 (0.97-1.08) 7.2 

     

B) Fatal CVD events 
Total effect 

(TE) 

Direct effect 

(DE) 

Indirect effect 

(IE) 
%mediated 

  Low vs High 2.13 (1.42-3.25) 2.05 (1.36-3.13) 1.04 (0.94-1.15) 5.0 

     

C) Non-fatal CVD events 
Total effect 

(TE) 

Direct effect 

(DE) 

Indirect effect 

(IE) 
%mediated 

  Low vs High 1.90 (1.32-3.07) 1.86 (1.29-3.05) 1.02 (0.95-1.10) 3.2 

a Adjusted for age, gender, education levels, country of birth, marital status, acculturation, smoking, 

alcohol intake levels, ADL, IADL, current working status, and type of occupation.  
b %mediated was calculated by log(IE)/log(TE). 
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Table S2.5 Direct and Indirect effects (Hazard ratio scale [95%CI]) of physical activity level on 

incidence of all-cause mortality, fatal and non-fatal CVD events via diabetes stratified by sex a,b 

Male       

A) All-cause mortality Incident cases Total effect (TE) Direct effect (DE) Indirect effect (IE) %mediated c 

   High 67/216 ref ref ref - 

   Medium  139/356 1.08 (0.79-1.45) 1.07 (0.78-1.44) 1.01 (0.97-1.07) 15.4 

   Low  67/127 1.21 (0.80-1.87) 1.09 (0.72-1.69) 1.11 (1.01-1.27) 55.8 

      

B) Fatal CVD events Incident cases Total effect (TE) Direct effect (DE) Indirect effect (IE) %mediated 

   High 29/216 ref ref ref - 

   Medium  67/356 1.13 (0.74-1.89) 1.11 (0.73-1.85) 1.02 (0.96-1.10) 14.2 

   Low  37/127 1.80 (1.05-3.47) 1.58 (0.94-3.06) 1.14 (1.00-1.36) 22.9 

      

C) Non-fatal CVD events Incident cases Total effect (TE) Direct effect (DE) Indirect effect (IE) %mediated 

   High 46/152 ref ref ref - 

   Medium  87/234 1.20 (0.75-1.94) 1.20 (0.76-1.94) 1.00 (0.97-1.03) 0.2 

   Low  34/78 1.56 (0.84-2.93) 1.41 (0.77-2.71) 1.10 (0.98-1.27) 22.1 

      

Female       

A) All-cause mortality Incident cases Total effect (TE) Direct effect (DE) Indirect effect (IE) %mediated 

   High 48/203 ref ref ref - 

   Medium 123/482 1.21 (0.84-1.77) 1.23 (0.85-1.80) 0.99 (0.93-1.06) NA d 

   Low 135/292 1.66 (1.13-2.62) 1.65 (1.12-2.61) 1.01 (0.98-1.05) 1.7 

      

B) Fatal CVD events Incident cases Total effect (TE) Direct effect (DE) Indirect effect (IE) %mediated 

   High 17/203 ref ref ref - 

   Medium  44/482 1.09 (0.59-2.31) 1.10 (0.61-2.33) 0.99 (0.90-1.10) NA d 

   Low  69/292 2.38 (1.40-5.05) 2.34 (1.37-5.02) 1.02 (0.96-1.09) 2.0 

      

C) Non-fatal CVD events Incident cases Total effect (TE) Direct effect (DE) Indirect effect (IE) %mediated 

   High 38/142 ref ref ref - 

   Medium  105/304 1.59 (1.06-2.49) 1.60 (1.07-2.44) 0.99 (0.94-1.06) NA d 

   Low  59/154 1.92 (1.23-3.17) 1.92 (1.25-3.23) 1.00 (0.92-1.07) 0.1 

a Adjusted for age, gender, education levels, country of birth, marital status, acculturation, smoking, 

alcohol intake levels, ADL, IADL, current working status, type of occupation. 
b P-value of multiplicative interaction between PA levels (medium vs high) and sex for total effects on all-

cause mortality, fatal CVD events, and non-fatal CVD events were 0.81, 0.99, and 0.51, respectively. P-

value of multiplicative interaction between PA levels (low vs high) and sex for total effects on all-cause 

mortality, fatal CVD events, and non-fatal CVD events were 0.14, 0.21, and 0.88, respectively. 
c %mediated was calculated by log(IE)/log(TE). 
d Not applicable due to the negative value of the indirect effect.  
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Table S2.6 Rate difference in additional cardiovascular events or all-cause deaths per 100,000 

person-years by physical activity, separated into direct and indirect effects via diabetes a 

A) All-cause mortality Total effect (TE) Direct effect (DE) Indirect effect (IE) %mediated b 

  Medium vs High 
2500  

(1249 to 3751) 

2535  

(1289 to 3781) 

-35  

(-102 to 33) 
NA c 

  Low vs High 
4184  

(2566 to 5802) 

3892  

(2286 to 5499) 

292  

(207 to 376) 
7.0 

     

B) Fatal CVD events Total effect (TE) Direct effect (DE) Indirect effect (IE) %mediated 

  Medium vs High 
1055  

(218 to 1891) 

1054  

(227 to 1881) 

1  

(-8 to 10) 
0.0 

  Low vs High 
2744  

(1616 to 3871) 

2625  

(1494 to 3756) 

118  

(66 to 171) 
4.3 

     

C) Non-Fatal CVD 

events 
Total effect (TE) Direct effect (DE) Indirect effect (IE) %mediated 

  Medium vs High 
1894  

(397 to 3391) 

1818  

(319 to 3317) 

76  

(16 to 136) 
4.0 

  Low vs High 
2929  

(698 to 5159) 

2790  

(594 to 4986) 

63  

(-16 to 141) 
2.2 

a Adjusted for age, gender, education levels, country of birth, marital status, acculturation, smoking, 

alcohol intake levels, ADL, IADL, current working status, type of occupation. 
b %mediated was calculated by log(IE)/log(TE) 
c Not applicable due to the negative value of the indirect effect. 
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CHAPTER III 

 

The joint association of diabetes and subsequent depressive symptoms  

with cardiovascular mortality among older Mexican Americans 
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3.1 Introduction 

The public health burden of cardiovascular disease (CVD) and its risk factors in Hispanics have 

received substantial attention in the US. In 2014, the American Heart Association published a 

statement calling for the development of culturally tailored and targeted approaches to improve 

cardiovascular health and reduce CVD events among this population.54 Diabetes is one of the 

major causes of CVD, affecting 14.3 million, or more than one in four US adults older than 64 

years in 2018.10 Importantly, the prevalence of diabetes varies by race/ethnicity, with nearly 

double the prevalence of diabetes among Hispanics compared with non-Hispanic whites.10,13 

Furthermore, diabetes is the fifth leading cause of death with 145.4 cases per 100,000 population 

among Hispanics ages 65 and older, while it is the seventh leading cause of death with 103.5 

cases per 100,000 population among older non-Hispanic whites.10,55 Racial/ethnic disparities in 

access to care and differences in adherence to treatment 14,15,56 may contribute to the higher 

prevalence of diabetes and its complications among Hispanics in the US. However, to design 

effective policy and clinical interventions that reduce racial health disparities, greater insight into 

factors that act as mediators and/or effect measure modifiers on the causal pathway from diabetes 

to CVD and death—particularly among older Hispanics, a large but understudied racial/ethnic 

group in the US—are needed. 

 

Depression is a well-known factor closely associated with diabetes and CVD.57–60 The 

prevalence of depression in people with type 2 diabetes is almost double that of people without 

diabetes.61 In addition, a previous large case-control study revealed that after lipids and smoking, 

psychosocial stress, including depression, was the third factor contributing greatly to the 

attributable risk of acute myocardial infarction (approximately 30%).62 A recent meta-analysis 
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showed that depression was associated with increased risk of CVD events among people with 

type 2 diabetes, and the association was robust to potential uncontrolled confounding such as 

employment status.63 However, most previous studies based on conventional regression analyses 

have not provided sufficient insight into (i) the temporal ordering between diabetes and 

depression and (ii) time-varying confounders between these conditions and CVD (e.g., 

hypertension, obesity, and dyslipidemia). Given that depression can be both a cause or effect of 

diabetes57,58,64 and they are closely interrelated with other metabolic disorders, further evidence 

from longitudinal studies with clear time-ordering of these diseases is warranted to evaluate the 

potential synergistic impact of diabetes and depression on CVD and death. 

 

Therefore, using a longitudinal cohort of community-dwelling older Mexican Americans, along 

with marginal structural models (MSMs), we investigated the joint association of diabetes and 

subsequent depressive symptoms after a diagnosis of diabetes with cardiovascular and all-cause 

mortality. Fitting MSMs allows us to estimate the joint effect of two exposures at different time 

points (i.e. diabetes at enrollment and subsequent depressive symptoms a year after the 

enrollment) on outcomes (i.e. cardiovascular and all-cause mortality) in the presence of time-

varying covariates that are simultaneously confounders and intermediate variables.65 

 

3.2 Methods 

3.2.1 Study Design and Participants 

All study participants were enrolled in the Sacramento Area Latino Study on Aging (SALSA), a 

population-based prospective cohort of Mexican Americans aged 60 years and older. Details can 

be found in the previous chapter 2.2.1 or elsewhere.20 Among 1,789 participants enrolled in 
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SALSA, a total of 1,495 participants (84%) with complete data on the covariates at enrollment 

(mentioned below) were included in this study (Figure 3.1). All procedures described here were 

approved by the Institutional Review Boards of the University of California San Francisco, Los 

Angeles, and Davis, the University of Michigan, and the University of North Carolina. 

 

3.2.2 Measurement of Variables 

3.2.2.1 Diabetes  

Diabetes was classified based on fasting glucose level ≥126 mg/dL (≥7 mmol/L), antidiabetic 

medication use, or self-report of a physician diagnosis at enrollment using the same definition in 

previous studies.24,66 Fasting glucose was measured with the Cobas Mira Chemistry Analyzer 

(Roche Diagnostics Corporation, Indianapolis, IN). Diabetic medications were assessed by a 

medicine cabinet inventory of prescription medicines.  

 

3.2.2.2 Depressive symptoms 

The Center for Epidemiological Studies-Depression (CESD), one of the most widely used 

measurement tools for depressive symptoms in geriatric populations67 and older Mexican 

Americans,68 was administered to all SALSA participants.27 The CESD consists of 20 four‐point 

(0, 1, 2, 3) Likert‐type questions (total score: 0 to 60). We considered a participant to have 

elevated depressive symptoms when CESD was ≥16 (standard cutoff score) or they used 

antidepressants.69 Antidepressant use was assessed by a medicine cabinet inventory of 

prescription medicines. Both CESD and antidepressant use were assessed at enrollment and the 

first follow-up visit (around a year after the enrollment).  
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3.2.2.3 Other Covariates 

At baseline, participants provided sociodemographic information including age, sex, country of 

birth, years of education, marital status, and type of lifetime occupation (non-manual, manual, 

and others. We also included health behaviors related to diabetes, depression, and mortality, 

including smoking status, any alcohol use, and physical activity levels (METS-hour/week). 

Cumulative METS-hour/week was calculated by summing the self-reported average number of 

hours spent on nine activities with moderate-vigorous intensity as previously described.66 Waist 

circumference (inches) was measured at the level of maximum indentation over the abdomen. 

We calculated body mass index (BMI, kg/m2) based on measured height with a tape measure and 

weight on a Tanita scale. Hypertension was based on measured systolic blood pressure (≥140 

mmHg), diastolic blood pressure (≥90 mmHg), self-report of physician diagnosis, and/or 

antihypertensives use. A previous history of CVD (including stroke) was also self‐reported. 

Low-density lipoprotein (LDL) cholesterol was measured from morning fasting serum samples 

using the LDL Direct Liquid Select (Equal Diagnostics, Exton, Pennsylvania). Statin prescription 

was assessed using the same approach with antidiabetic medication and antidepressants. BMI, 

waist circumference, hypertension, previous history of CVD, and statin prescription were also 

assessed at the first follow-up visit. 

 

3.2.2.4 Cardiovascular and all-cause mortality 

The primary outcome was all-cause mortality, and the secondary outcome was cardiovascular 

mortality (including stroke). We ascertained mortality data through December 2007, using online 

obituary surveillance, review of the Social Security Death Index and the National Death Index, 

review of vital statistics data files from California, and interviews with family members. If a 
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participant was not identified as dead, they were assumed to be alive and censored at the date of 

the last contact. Cardiovascular mortality was defined based on the International Classification of 

Diseases, Tenth version (ICD–10); ischemic heart diseases (I20–I25), heart failure (I50), and 

stroke (I63-64). If a death certificate was not located, the death was coded as all-cause mortality 

with the unspecified cause.70 

 

3.2.3 Statistical analyses 

We described the distribution of CESD at the first follow-up visit according to diabetes status at 

enrollment. To estimate the hazard ratio (HR) of cardiovascular and all-cause mortality 

according to diabetes status at enrollment and elevated depressive symptoms at the first follow-

up visit, we employed separate Cox proportional hazard models for diabetes and elevated 

depressive symptoms, respectively. We selected potential confounders at enrollment and the first 

follow-up visit a priori considering factors that may affect each outcome (i.e. cardiovascular or 

all-cause mortality) and might also be associated with diabetes at enrollment and elevated 

depressive symptoms at the first follow-up visit (Figure 3.2). 

 

Utilizing marginal structural Cox models with inverse-probability-of-treatment weights 

(IPTW),71 we investigated the association of diabetes at enrollment with cardiovascular and all-

cause mortality accounting for the intermediary role of subsequent depressive symptoms at the 

first follow-up visit (i.e. after the assessment of diabetes status). Given the potential bias due to 

loss to follow-up, we also employed the inverse-probability-of-censoring weights (IPCW) 

assuming that diabetes status and covariates at enrollment in Figure 3.2 might have affected the 

censoring at the first follow-up visit. The final weights for each participant were created by 
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multiplying the IPTW and the IPCW (Text S3.1). Multiplicative interaction was estimated by 

inserting an interaction term between diabetes and subsequent depressive symptoms in the 

regression models, and additive interaction was estimated using the relative excess risk due to 

interaction (RERI). Robust 95% confidence intervals (CIs) were estimated by repeating these 

analyses on 1,000 bootstrapped samples. 

 

We conducted the following two additional analyses. First, to compare the results from models 

with and without adjusting for time-varying metabolic disorders, we analyzed the data using 

diabetes status and elevated depressive symptoms at enrollment (i.e. without adjusting for time-

varying metabolic disorders). Second, to minimize the possibility of reverse causation, we 

restricted participants without depressive symptoms at enrollment. Statistical analyses were 

conducted using R version 4.0.2. 

 

3.3 Results 

3.3.1 Demographic characteristics  

At enrollment, the average age of participants was 70 years, and 41% were male (Table 3.1). 

Individuals with diabetes at enrollment generally were more likely to be born in the US, have 

higher BMIs and waist circumferences, have a higher prevalence of hypertension and CVD, and 

have a higher prevalence of statin and antidepressant use, while individuals free of diabetes at 

enrollment were more likely to be current smokers, report consuming alcohol, and be physically 

active. Among 1,495 participants included in our study, 1,136 participants (76%) completed the 

information on depressive symptoms and metabolic disorders at the first follow-up visit with a 

median duration of 1.08 (interquartile range, 0.97–1.25) years from enrollment. At the first 



39 

follow-up visit, we found similar patterns of characteristics by diabetes; i.e., individuals with 

diabetes at enrollment tended to have higher BMI and waist circumference, have a higher 

prevalence of hypertension and CVD, and higher prevalence of statin and antidepressant use at 

the first follow-up visit compared with individuals free of diabetes at enrollment.  

  

3.3.2 Distribution of depressive symptoms across the study sample 

The CESD at the first follow-up visit showed a right-skewed distribution, with a higher 

prevalence of low CESD among individuals free of diabetes than those with diabetes at 

enrollment (Figure S3.1). The percentage of participants with elevated depressive symptoms at 

the first follow-up visit was 25% (286/1136) among the total study population, 30% (107/356) 

among those with diabetes at enrollment, and 23% (179/780) among those without diabetes at 

enrollment (Table S3.1).  

 

3.3.3 Individual association of diabetes and elevated depressive symptoms with cardiovascular 

and all-cause mortality 

The median duration of mortality follow-up was 7.7 (interquartile range, 5.0–8.2) years. During 

these periods, 218 (15%) participants died from cardiovascular disease, and 341 (23%) died from 

all-causes in the total study population. Individuals reporting diabetes at enrollment were at 

increased risk of cardiovascular mortality (HR, 2.13; 95% CI, 1.60 to 2.84) and all-cause 

mortality (HR, 1.92; 95% CI, 1.53 to 2.41) after adjusting for potential confounders at 

enrollment (Table 3.2). Individuals with elevated depressive symptoms at the first follow-up visit 

were also at increased risk of cardiovascular mortality (HR, 1.62; 95% CI, 1.09 to 2.39) and all-
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cause mortality (HR, 1.41; 95% CI, 1.02 to 1.94) after adjusting for potential confounders at 

enrollment and the first follow-up visit. 

 

 

3.3.4 Joint association of diabetes and subsequent depressive symptoms with cardiovascular 

and all-cause mortality adjusting for time-varying confounders 

In MSMs, individuals reporting diabetes at enrollment without depressive symptoms at the first 

follow-up visit were at increased risk of cardiovascular (HR, 1.82; 95% CI, 1.12 to 3.02) and all-

cause mortality (HR, 2.10; 95% CI, 1.36 to 3.30) (Table 3.3). Individuals reporting diabetes at 

enrollment with elevated depressive symptoms at the first follow-up visit were at even greater 

risk of cardiovascular (HR, 5.78; 95% CI, 3.02 to 11.97) and all-cause mortality (HR, 4.32; 95% 

CI, 2.41 to 7.31). Multiplicative interaction between diabetes and subsequent depressive 

symptoms was found for cardiovascular mortality (HR, 2.94; 95% CI, 1.07 to 8.39) but not for 

all-cause mortality (HR, 1.80; 95% CI, 0.81 to 4.35). Additive interactions were found for both 

cardiovascular mortality (RERI, 3.79; 95% CI, 1.05 to 9.81) and all-cause mortality (RERI, 2.02; 

95% CI, 0.01 to 5.08). 

 

3.3.5 Sensitivity analyses 

Results remained qualitatively consistent when evaluating diabetes and elevated depressive 

symptoms at the same time point, but we did not find interactions between diabetes and elevated 

depressive symptoms for cardiovascular and all-cause mortality (Table S3.2); in fact, the 

estimated joint effects of diabetes and elevated depressive symptoms were underestimated 

compared to the analysis in which we evaluated diabetes and subsequent depressive symptoms 
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adjusting for time-varying confounders. The results did not substantially change when we 

restricted the analysis to participants without depressive symptoms at enrollment (Table S3.3). 

 

3.4 Discussion 

In this longitudinal population-based study of older Mexican Americans, adjusting for time-

varying metabolic disorders, we found a joint association of diabetes at baseline and subsequent 

elevated depressive symptoms after one year of follow-up with cardiovascular mortality. 

Although this observational study is not sufficient to establish causality, our findings advance 

our current state of knowledge and provide novel insight into the potential impact of adverse 

mental health after a diagnosis of diabetes on cardiovascular health outcomes.  

 

Racial/ethnic disparities in CVD management have been one of the major public health issues in 

the US. Some previous studies have shown that Mexican Americans had a lower risk of 

cardiovascular mortality despite their higher prevalence of CVD risk factors compared with non-

Hispanic whites,72 which is sometimes discussed in the context of the “Hispanic paradox”.73,74 

Diabetes has been shown to be more weakly associated with CVD but more strongly with end-

stage renal disease and mortality among Mexican Americans compared to non-Hispanic 

whites.14,15 Given such apparent inadequate care and paradoxes for Mexican Americans, it is 

imperative to better understand the forces that drive diabetes, depression, and CVD in this large 

racial/ethnic group living in the US with a high prevalence of diabetes. 

 

Our findings corroborate a previously reported joint association for diabetes and depression with 

cardiovascular and all-cause mortality,63 and extend the evidence to older Mexican Americans. A 
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prior large cohort study using a nationally representative sample of US veterans showed that 

comorbid depression was associated with an increased risk of CVD and all-cause mortality 

among people with diabetes.75 This was also seen in another large cohort of U.S. Veterans with 

electronic medical records.76 Moreover, studies have consistently reported that people affected 

by both diabetes and depression showed the strongest cardiovascular and all-cause mortality 

risks compared to people without diabetes and depression.76–80 The findings were also true for 

older Mexican Americans enrolled in another cohort study (the Hispanic Established Population 

for the Epidemiologic Study of the Elderly survey) following its participants from 1995 through 

2001.81 However, these studies did not address the temporal order between diabetes and 

depression and failed to control for time-varying confounders such as metabolic disorder status. 

The smaller joint effects we estimated in our analysis evaluating diabetes and elevated 

depressive symptoms at the same time point compared to our analysis that evaluated diabetes and 

subsequent depressive symptoms suggest that prior findings might have underestimated the 

potential harmfulness of depressive symptoms among people with diabetes due to ill-defined 

temporality and insufficient control for confounding. In this context, our study contributes 

uniquely to the literature as we addressed the temporal ordering of diabetes and elevated 

depressive symptoms and took time-varying metabolic disorders into account. 

 

Several mechanisms underlying the relationship between depressive symptoms and CVD have 

been established.82 Depressive symptoms are known to activate the hypothalamic-pituitary-

adrenal axis by releasing corticotropin-releasing factors from the hypothalamus subsequently 

increasing corticosteroids, which induce atherosclerosis, hypertension, and dyslipidemia.57,82 

They also decrease parasympathetic nervous system responses, which lower heart-rate variability 
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leading to dysrhythmia.83 Other potential biological mechanisms that mediate the effect of 

depressive symptoms on CVD include inflammatory activity, endothelial dysfunction, and 

platelet dysfunction.84–87 These dysfunctions may exacerbate the consequences of diabetes, 

metabolic syndrome, and insulin resistance, increasing the risk of having a CVD event.88 

Moreover, behavioral mechanisms play an important role in this relationship between depressive 

symptoms and CVD because depressive symptoms decrease adherence to medication and a 

healthy lifestyle such as exercise, healthy diets, and smoking cessation, all of which are 

protective factors for CVD.82,89,90 These mechanisms are also strongly related to diabetes and its 

complications,57 and therefore, may contribute to the synergistic effect of diabetes and 

depression on cardiovascular mortality.  

 

A major strength of the present study is its population-based longitudinal design and follow-up 

of older Mexican Americans for about a decade that allowed us to investigate the incidence of 

cardiovascular and all-cause mortality in an understudied racial/ethnic group. Moreover, this 

resource helped us clarify the temporal relationship between diabetes and elevated depressive 

symptoms while at the same time adjusting for time-varying metabolic disorders employing 

IPTW. We further utilized IPCW to account for potential bias due to loss to follow-up. However, 

our study has several limitations. First, our findings may not be generalizable to institutionalized 

older Mexican Americans or those living outside the Sacramento Area. Second, cohort 

participants had to survive to at least 60 years of age to be enrolled, and therefore, our results 

might have been biased due to the exclusion of people who died before age 60 years. Third, 

although we adjusted for an extensive set of potential confounders, there is a potential for 

uncontrolled or residual confounding due to the nature of the observational design. Lastly, 
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because we classified diabetes based on self-report, medication, and fasting glucose levels, we 

cannot rule out the possibility of misclassification of this exposure. We did not have information 

about diabetes severity, duration of diabetes, and whether depressive symptoms and mortality 

were directly related to diabetes.  

 

3.5 Conclusion 

Using the longitudinal cohort with clear temporal ordering between diabetes and elevated 

depressive symptoms, along with employing methods to adjust for time-varying metabolic 

disorders, we found that diabetes and subsequent depressive symptoms were jointly associated 

with an increased risk of cardiovascular mortality among community-dwelling older Mexican 

Americans. Future studies are needed to illuminate whether and what kind of clinical 

interventions to reduce depressive symptoms after diabetes are beneficial to promote 

cardiovascular health among older Mexican Americans.  
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3.6 Tables and Figures 

Figure 3.1 The flow of study population, Sacramento Area Latino Study on Aging (SALSA) 

1998-2007. 

  

*Inverse-probability-censoring weights were applied to adjust for the right censoring at the first follow-up 

visit due to loss to follow-up (n=359). 
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Figure 3.2 Causal diagram illustrating proposed causal structure between diabetes status at 

enrollment, depressive symptoms at the first follow-up visit, and mortality, including time-

varying metabolic disorders at enrollment and follow-up. 
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Table 3.1 Characteristics of SALSA participants according to diabetes status at enrollment.a 

Variable 

Diabetes at 

enrollment 

(N=488) 

Free of diabetes at 

enrollment 

(N=1007) 

A) Baseline information   

Age (years old) 69.9 ± 6.5 70.2 ± 6.7 

Male, N (%) 213 (43.7) 405 (40.2) 

US born, N (%) 280 (57.4) 472 (46.9) 

Education years, N (%)   

   0 68 (13.9) 117 (11.6) 

   1-8 220 (45.1) 478 (47.5) 

   9-12 117 (24.0) 234 (23.2) 

   ≥13 83 (17.0) 178 (17.7) 

Married, N (%) 295 (60.5) 576 (57.2) 

Type of occupation   

   Non-manual 109 (22.3) 220 (21.9) 

   Manual 287 (58.8) 596 (59.2) 

   Other 92 (18.9) 191 (19.0) 

Smoking, N (%)   

   Current 45 (9.2) 126 (12.5) 

   Former 229 (46.9) 412 (40.9) 

   Never 214 (43.9) 469 (46.6) 

Alcohol consumption, N (%) 203 (41.6) 622 (61.8) 

Physical Activity (METs per week) 64.3 ± 72.5 75.2 ± 74.4 

BMI (kg/m2) 31.1 ± 6.3 29.2 ± 5.6 

Waist circumference (inches)  39.9 ± 4.8 37.4 ± 5.2 

Hypertension, N (%) 400 (82.0) 637 (63.3) 

Cardiovascular diseases, N (%) 234 (48.0) 308 (30.6) 

LDL Cholesterol (mg/dL)  117 ± 35 126 ± 34 

Statin use, N (%) 54 (11.1) 82 (8.1) 

CESD scale 10.7 ± 10.7 9.5 ± 10.4 

Anti-depressant use, N(%) 55 (11.3) 69 (6.9) 

B) Follow-up information (at the first 

follow-up visit) 

Diabetes at 

enrollment 

(N=356) 

Free of diabetes at 

enrollment 

(N=780) 

Years from enrollment to the first follow-up 1.12 ± 0.21 1.13 ± 0.21 

BMI (kg/m2) 31.0 ± 6.5 29.2 ± 5.8 

Waist circumference (inches) 39.6 ± 5.2 37.6 ± 5.2 
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Hypertension, N (%) 310 (87.1) 574 (73.6) 

Cardiovascular diseases, N (%) 198 (55.6) 270 (34.6) 

Statin, N (%) 62 (17.4) 103 (13.2) 

CESD scale 9.7 ± 10.4 7.9 ± 9.6 

Anti-depressant use, N(%) 41 (11.5) 63 (8.1) 

SALSA, Sacramento Area Latino Study on Aging; METs, metabolic equivalent for task; BMI, body mass 

index; LDL, low-density lipoprotein; CESD, the Center for Epidemiological Studies-Depression.  
aData are presented as count (percentage) or mean ± standard deviation otherwise indicated 

 

  



49 

Table 3.2 Associations of (A) diabetes and (B) elevated depressive symptoms at the first follow-

up visit with cardiovascular mortality and all-cause mortality.  

Outcomes Cardiovascular mortality All-cause mortality 

Exposures 
Number of 

Events 

Adjusted HR  

(95% CI) 

Number of 

Events 

Adjusted HR  

(95% CI)  

A) Diabetes at enrollment a   

No 102/1007 Ref 178/1007 Ref 

Yes 116/488 2.13 (1.60 to 2.84) 163/488 1.92 (1.53 to 2.41) 

B) Elevated depressive symptoms at the first follow-up visit b 

No 93/850 Ref 150/850 Ref 

Yes 55/286 1.62 (1.09 to 2.39) 81/286 1.41 (1.02 to 1.94) 

HR, hazard ratio; CI, confidence interval; BMI, body mass index; LDL, Low-Density Lipoprotein 

cholesterol. 
aAdjusted for baseline covariates (age, sex, country of birth, education levels, marital status, type of 

occupation, physical activity, smoking status, alcohol drinking, physical activity, BMI, waist 

circumference, hypertension, cardiovascular diseases, LDL cholesterol, statin prescription).  
bAdjusted for diabetes status at enrollment, baseline covariates (age, sex, country of birth, education 

levels, marital status, type of occupation, physical activity, smoking status, alcohol drinking, physical 

activity, BMI, waist circumference, hypertension, cardiovascular diseases, LDL cholesterol, statin 

prescription, elevated depressive symptoms at enrollment), and time-varying covariates (BMI, waist 

circumference, hypertension, cardiovascular diseases, statin prescription) at the first follow-up visit. 
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Table 3.3 Joint effect estimates (95% CIs) for diabetes and subsequent elevated depressive 

symptoms on cardiovascular mortality and all-cause mortality using marginal structural models 

adjusting for baseline and time-varying confounders and right censoring due to loss to follow-up 

at the first follow-up visit.  

Outcomes  Cardiovascular mortality All-cause mortality 

Diabetes at 

enrollment 

Elevated 

depressive 

symptoms at 

follow-up 

Number 

of Events 

Adjusted HR  

(95% CI) a, b 

Number 

of Events 

Adjusted HR  

(95% CI) a, b 

No No 50/601 Ref 86/601 Ref 

Yes No 43/249 1.82 (1.12 to 3.02) 64/249 2.10 (1.36 to 3.30) 

No Yes 21/179 1.09 (0.46 to 2.17) 38/179 1.13 (0.65 to 1.88) 

Yes Yes 34/107 5.78 (3.02 to 11.97) 43/107 4.32 (2.41 to 7.31) 

HR for the interaction term 

(multiplicative scale) c 
 2.94 (1.07 to 8.39)  1.80 (0.81 to 4.35) 

RERI 

(additive scale) c 
 3.79 (1.05 to 9.81)  2.02 (0.01 to 5.08) 

HR, hazard ratio; CI, confidence interval; RERI, relative excess risk due to interaction; BMI, body mass 

index; LDL, Low-Density Lipoprotein cholesterol. 
a Inverse probability of treatment weights was applied to adjust for baseline covariates (age, sex, country 

of birth, education levels, marital status, type of occupation, physical activity, smoking status, alcohol 

drinking, physical activity, BMI, waist circumference, hypertension, cardiovascular diseases, LDL 

cholesterol, statin prescription, elevated depressive symptoms at enrollment) and covariates at the first 

follow-up visit (BMI, waist circumference, hypertension, cardiovascular diseases, statin prescription). 

Inverse probability of censoring weights was also applied to adjust for right censoring at the first follow-

up visit due to loss to follow-up. 
b 1000 iterations were performed for bootstrapping to estimate 95% CI. 
c The interaction was significant for cardiovascular mortality on both multiplicative and additive scales, 

and was significant for all-cause mortality on the additive scale. Multiplicative interaction was calculated 

by inserting multiplicative term between diabetes and elevated depressive symptoms (HRDM(yes)_Dep(yes) 

/[HRDM(yes)_Dep(no)×HRDM(no)_Dep(yes)]; null value = 1), and additive interaction was calculated by RERI 

(HRDM(yes)_Dep(yes) - HRDM(yes)_Dep(no) - HRDM(no)_Dep(yes) +1; null value = 0). 
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Figure S3.1 Distribution of the Center for Epidemiological Studies-Depression (CESD) scores at 

first follow-up visit according to diabetes status at enrollment 

 

  

The percentage of reporting anti-depressant use was 11.3% and 6.9% among participants with diabetes at 

enrollment and those free of diabetes at enrollment, respectively. 
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Table S3.1 Distribution of elevated depressive symptoms at enrollment and the first follow-up 

visit according to diabetes status at enrollment. 

A) Total population 
Elevated depressive symptoms at follow-up 

Yes No Total 

Elevated depressive symptoms at 

enrollment 

Yes 177 148 325 

No 109 702 811 

Total 286 850 1136 

B) Participants with diabetes at enrollment 
Elevated depressive symptoms at follow-up 

Yes No Total 

Elevated depressive symptoms at 

enrollment 

Yes 66 53 119 

No 41 196 237 

Total 107 249 356 

C) Participants free of diabetes at enrollment 
Elevated depressive symptoms at follow-up 

Yes No Total 

Elevated depressive symptoms at 

enrollment 

Yes 111 95 206 

No 68 506 574 

Total 179 601 780 
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Table S3.2 Joint effect estimates (95% CIs) for diabetes and elevated depressive symptoms at 

enrollment with cardiovascular mortality and all-cause mortality using Cox proportional hazard 

models. 

 

Outcomes  Cardiovascular mortality All-cause mortality 

Diabetes at 

enrollment 

Elevated 

depressive 

symptoms at 

enrollment 

Number 

of Events 

Adjusted HR  

(95% CI) a, b 

Number 

of Events 

Adjusted HR  

(95% CI) a b 

No No 62/724 Ref 111/724 Ref 

Yes No 78/318 2.56 (1.75 to 3.65) 106/318 2.12 (1.59 to 2.87) 

No Yes 40/283 1.38 (0.86 to 2.18) 67/283 1.29 (0.94 to 1.79) 

Yes Yes 38/170 2.22 (1.39 to 2.18) 57/170 2.12 (1.49 to 3.16) 

HR for the interaction term 

(multiplicative scale) c 
 0.64 (0.35 to 1.18)  0.78 (0.48 to 1.27) 

RERI 

(additive scale) c 
 -0.68 (-2.00 to 0.48)  -0.26 (-1.23 to 0.59) 

HR, hazard ratio; CI, confidence interval; RERI, relative excess risk due to interaction; BMI, body mass 

index; LDL, Low-Density Lipoprotein cholesterol. 
aAdjusted for baseline covariates (age, sex, country of birth, education levels, marital status, type of 

occupation, physical activity, smoking status, alcohol drinking, physical activity, BMI, waist 

circumference, hypertension, cardiovascular diseases, LDL cholesterol, statin prescription). 
b 1000 iterations were performed for bootstrapping to estimate 95% CI. 
c The interaction was significant for cardiovascular mortality on both multiplicative and additive scales, 

and was significant for all-cause mortality on the additive scale. Multiplicative interaction was calculated 

by inserting multiplicative term between diabetes and elevated depressive symptoms (HRDM(yes)_Dep(yes) 

/[HRDM(yes)_Dep(no)×HRDM(no)_Dep(yes)]; null value = 1), and additive interaction was calculated by RERI 

(HRDM(yes)_Dep(yes) - HRDM(yes)_Dep(no) - HRDM(no)_Dep(yes) +1; null value = 0). 
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Table S3.3 Joint effect estimates (95% CIs) for diabetes at enrollment and subsequent depressive 

symptoms at the first follow-up visit with cardiovascular mortality and all-cause mortality 

restricting participants without depressive symptoms at enrollment.  

 

Outcomes  Cardiovascular mortality All-cause mortality 

Diabetes at 

enrollment 

Elevated 

depressive 

symptoms at 

follow-up 

Number 

of Events 

Adjusted HR  

(95% CI) a 

Number 

of Events 

Adjusted HR  

(95% CI) a 

No No 38/506 Ref 68/506 Ref 

Yes No 38/196 2.40 (1.34 to 4.35) 53/196 2.19 (1.47 to 3.48) 

No Yes 6/68 0.75 (0.12 to 2.11) 12/68 0.93 (0.33 to 1.98) 

Yes Yes 15/41 7.12 (2.86 to 18.06) 19/41 5.23 (2.56 to 10.51) 

HR for the interaction term 

(multiplicative scale) c 
 4.28 (0.96 to 28.90)  2.58 (0.92 to 8.66) 

RERI 

(additive scale) c 
 4.93 (-0.48 to 14.75)  2.98 (0.17 to 8.43) 

HR, hazard ratio; CI, confidence interval; RERI, relative excess risk due to interaction; BMI, body mass 

index; LDL, Low-Density Lipoprotein cholesterol. 
a Inverse probability of treatment weights was applied to adjust for baseline covariates (age, sex, country 

of birth, education levels, marital status, type of occupation, physical activity, smoking status, alcohol 

drinking, physical activity, BMI, waist circumference, hypertension, cardiovascular diseases, LDL 

cholesterol, statin prescription, elevated depressive symptoms at enrollment) and covariates at the first 

follow-up visit (BMI, waist circumference, hypertension, cardiovascular diseases, statin prescription). 

Inverse probability of censoring weights was also applied to adjust for right censoring at the first follow-

up visit due to loss to follow-up. 
b 1000 iterations were performed for bootstrapping to estimate 95% CI. 
c The interaction was significant for cardiovascular mortality on both multiplicative and additive scales, 

and was significant for all-cause mortality on the additive scale. Multiplicative interaction was calculated 

by inserting multiplicative term between diabetes and elevated depressive symptoms (HRDM(yes)_Dep(yes) 

/[HRDM(yes)_Dep(no)×HRDM(no)_Dep(yes)]; null value = 1), and additive interaction was calculated by RERI 

(HRDM(yes)_Dep(yes) - HRDM(yes)_Dep(no) - HRDM(no)_Dep(yes) +1; null value = 0). 
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Text S3.1. Creation of inverse-probability-treatment weights and inverse-probability-of-censoring 

weights for a marginal structural model under investigation 

 

- Inverse-probability-of-treatment weights (IPTW) were calculated as follows: 

𝑝𝑟[𝐷𝑀1]

𝑝𝑟[𝐷𝑀1| 𝐶𝑜𝑣1]
 × 

𝑝𝑟[𝐷𝑒𝑝2]

𝑝𝑟[𝐷𝑒𝑝2| 𝐷𝑀1,𝐶𝑜𝑣1,𝐶𝑜𝑣2]
 

where pr[.] is the probability function, DM1 = diabetes at enrollment, Cov1 = covariates at 

enrollment, Dep2 = elevated depressive symptoms at the first follow-up visit, and Cov2 = 

covariates at the first follow-up visit. Covariates at enrollment include age, sex, country of 

birth, education levels, marital status, type of occupation, physical activity, smoking status, 

alcohol drinking, physical activity, BMI, waist circumference, hypertension, 

cardiovascular diseases, LDL cholesterol, statin prescription, and elevated depressive 

symptoms. Covariates at the first follow-up visit (i.e., time-varying covariates) include 

BMI, waist circumference, hypertension, cardiovascular diseases, and statin prescription. 

 

- Inverse-probability-of-censoring weights (IPCW) were calculated as follows:  

𝑝𝑟[𝐶2=0]

𝑝𝑟[𝐶2=0| 𝐷𝑀1,𝐶𝑜𝑣1]
  

where C2 = censoring (1, censored; 0, not censored) at the first follow-up visit, DM1 = 

diabetes at enrollment, and Cov1 = covariates at enrollment. Covariates at enrollment 

include age, sex, country of birth, education levels, marital status, type of occupation, 

physical activity, smoking status, alcohol drinking, physical activity, BMI, waist 

circumference, hypertension, cardiovascular diseases, LDL cholesterol, statin 

prescription, and elevated depressive symptoms.  

 

- The final weights for each participant were created by multiplying the IPTW and the 

IPCW:  

 

𝑝𝑟[𝐷𝑀1]

𝑝𝑟[𝐷𝑀1| 𝐶𝑜𝑣1]
 × 

𝑝𝑟[𝐷𝑒𝑝2]

𝑝𝑟[𝐷𝑒𝑝2| 𝐷𝑀1,𝐶𝑜𝑣1,𝐶𝑜𝑣2]
 × 

𝑝𝑟[𝐶2=0]

𝑝𝑟[𝐶2=0| 𝐷𝑀1,𝐶𝑜𝑣1]
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CHAPTER IV 

 

Low HbA1c levels and all-cause or cardiovascular mortality  

among US adults without diabetes 
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4.1 Introduction 

Glycated hemoglobin (HbA1c) is one of the major diagnostic biomarkers of diabetes, and it is 

well known that elevated HbA1c levels are associated with an increased risk of all-cause 

mortality as well as cardiovascular disease (CVD).91–93 Additionally, previous studies have 

shown that relatively lower HbA1c levels are associated with increased risk of all-cause 

mortality and CVD among people with diabetes, suggesting a potential health burden for 

intensive treatment of glucose levels.92–95 However, the effect of relatively lower HbA1c on 

long-term health outcomes among people without diabetes remains unclear as results from 

previous studies have been inconsistent.93,96–102 Relatively lower HbA1c might be a proxy of 

malnutrition or an early stage of chronic disease.93 Therefore, the observed increased risk of 

mortality may not reflect a causal effect of relatively lower HbA1c, but instead, be a reflection of 

the underlying poor health. Moreover, although the risk of mortality according to HbA1c levels 

may vary over time, previous studies have employed a Cox proportional hazard model to 

estimate hazard ratios, potentially violating proportional hazards assumption (i.e. relative 

hazards are assumed to not vary over time). In this context, to investigate the impact of relatively 

lower HbA1c on long-term health outcomes, analyses using flexible models that consider an 

array of confounders not previously accounted for and that account for time-varying risk in the 

estimation, are needed. 

 

One of the major impediments for effectively addressing the causal pathways from HbA1c to 

mortality is the complex multifactorial interactions between blood glucose levels and 

sociological, biological, and clinical factors. Ample evidence exists that numerous factors are 

associated with both HbA1c and mortality, including demographics, socioeconomic status, diet, 
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exercise, biomarkers, comorbidities, and medication.10,103 Due to such a high-dimensional data 

structure, it has often been challenging to integrate all this information and accurately establish a 

causal relationship between relatively lower HbA1c and adverse health outcomes. Furthermore, 

given that interventions using a clinical trial approach to lower glucose levels among people 

without diabetes would not be ethical and feasible, causal analyses using observational data are 

needed on this topic. 

 

In recent years, there have been substantial advances in the application of machine learning 

algorithms within the framework of causal inference including the g-formula,104 propensity 

scores,105 and targeted maximum likelihood estimation.106 For example, the g-formula 

framework allows the researcher to build an outcome prediction model based on observed 

quantities, and then predict potential outcomes under hypothetical exposure levels.107 Given the 

rapidly expanding availability of data, flexible machine learning algorithms may offer 

advantages in applying this step of the g-formula to efficiently specify the prediction model, as 

they have the ability to discover whether it is important to include interactions, non-linear, and 

higher-order effects which may not be easily covered by conventional regression models.107,108  

 

In this study, using machine learning algorithms as well as conventional logistic regression 

within the parametric g-formula, we estimated the effect of relatively lower HbA1c on all-cause 

and cardiovascular mortality among US general adults.  

 

4.2 Methods 

4.2.1 Study Design and Participants 
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We used data from the U.S. National Health and Nutrition Examination Survey (NHANES) 

1999-2014.109 NHANES is a large-scale, multistage, nationally representative survey of the 

civilian noninstitutionalized population in the United States, conducted by the National Center 

for Health Statistics (NCHS). Structured interview data and physical examination results, 

including urine and/or blood samples, are collected continuously and released in two-year 

cycles.109 All participants provided informed written consent at enrollment and completed a 

household interview followed by a physical examination in a mobile examination center. The 

response rates of NHANES during the study period were 70-80%.110 The study protocols of 

NHANES were approved by the NCHS Institutional Review Board.111  

 

There were 39,520 participants aged ≥20 years at enrollment for whom HbA1c was available. 

We excluded participants with extremely low HbA1c levels (<4.0%) that could be induced by 

severe liver disease or hemolysis (n=18).112 We further excluded participants who lacked time-

to-event data for death due to insufficient identifying information when linking the mortality data 

(n=49). The final analytical cohort contained 39,453 participants.  

 

4.2.2 Measurement of Variables 

4.2.2.1 Exposure and diagnosed diabetes ascertainment 

During visits to the mobile examination center, phlebotomists obtained blood samples from 

participants according to a standardized protocol after participants fasted at least 8 hours and no 

more than 24 hours. These samples were subsequently analyzed to measure HbA1c using high-

performance liquid chromatography.113 We stratified participants with HbA1c within the normal 

range into three groups by HbA1c levels as follows: low HbA1c, 4.0 to <5.0%; mid-level HbA1c 
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(referent group), 5.0 to <5.7%; and prediabetes, 5.7 to <6.5% as done in previous studies.96,114 

We also categorized participants with HbA1c ≥6.5% or taking antihyperglycemic therapies and 

insulin into the “diabetes” group. We included them in our analysis as a positive control group 

for whom an increased risk of mortality is expected compared with the mid-level HbA1c group.   

 

4.2.2.2 Covariates 

Demographic variables included age, sex (male, female), race/ethnicity (non-Hispanic White, 

non-Hispanic Black, Mexican-American or others), citizenship status (US or other), educational 

status (less than high school, high school or General Education Degree, or more than high 

school), health insurance status (private, public, none), marital status (single, married), and the 

poverty–income ratio (the ratio of the family income to the poverty threshold; range, 0-5). 

Smoking status (never, current, former) and physical activity levels (≥moderate or not) were self-

reported. Diet information was obtained from 24-hour dietary recall collected by trained 

interviewers using a computer-based interactive platform (Table S4.1). As comorbidities, we 

selected anemia, angina, arthritis, asthma, cancer, chronic heart failure, emphysema, heart attack, 

hypertension, liver failure, and stroke (self-reported). The use of statins, antihypertensives, and 

antidepressants was also self-reported. Biomarkers were measured according to NHANES 

laboratory procedure manuals (Table S4.1).115 All covariates were measured or reported at 

enrollment.  

 

4.2.2.3 Outcomes ascertainment 

We used the NCHS Public-Use Linked Mortality File through December 31, 2015, to ascertained 

death certificate information provided by the National Death Index (NDI)116 through record 
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matching by social security number, name, date of birth, race/ethnicity, sex, state of birth, and 

state of residence. The primary outcome for the present study was all-cause mortality, and the 

secondary outcome was cardiovascular mortality. The cause of death was determined based on 

the International Classification of Diseases, Tenth version (ICD–10). Cardiovascular disease was 

classified using ICD–10 codes I00–09, I11, I13, I20–51, and I60–69.117  

 

4.2.3 Statistical analyses 

We employed the parametric g-formula algorithm, a generalization of the method known as 

standardization, to estimate the risk of death at 5 and 10 years for each HbA1c category. All 

models included continuous and quadratic terms for the follow-up year since NHANES 

enrollment, HbA1c category, an indicator variable for NHANES enrollment year, and all of the 

above-mentioned covariates. Missing data among covariates (28% of all participants had at least 

one missing value) were imputed with a random forest approach.118 

 

In the parametric g-formula, we first fitted outcome prediction models using the exposure 

(HbA1c categories) and the above-mentioned 72 covariates after arranging data into a person-

time structure. To find the best predictive model for the outcome in this first step of the 

parametric g-formula, we developed a reference model and three machine learning models for 

each outcome using a training set (composed of a randomly selected 50% of the data). As the 

reference model, we fitted a pooled logistic regression model. In this model, we pooled 

observations from each follow-up year into a single dataset and employed logistic regression to 

predict the occurrence of each outcome. We also fitted tree-based machine learning algorithms 

(random forest119 and gradient-boosted decision tree120) and SuperLearner.121 To minimize the 
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potential for overfitting, we performed 10-fold cross-validation for each model. After developing 

these prediction models, we computed the following prediction performance measures for each 

model in the test set (50% randomly selected samples): the area under the receiver-operating-

characteristics curve (AUC) and confusion matrix results (i.e., sensitivity, specificity, positive 

predictive value, and negative predictive value).  

 

As the second step of the parametric g-formula, using the total sample, we employed the pooled 

logistic regression model and one of the machine learning algorithms with the best prediction 

performance and predicted the values for the potential outcomes under counterfactual exposures. 

Then, we estimated the average marginal effect of exposure on the outcome. We compared the 

estimated risk of death at 5 and 10 years had all eligible participants belonged to each of the 

HbA1c categories using a risk ratio (RR) and a risk difference (RD) measure.122 Robust 95% 

confidence intervals (CIs) were estimated by repeating these analyses on 200 bootstrapped 

samples. A more detailed discussion and coding for the parametric g-formula are presented 

elsewhere.123 To evaluate mortality risks according to continuous HbA1c, we also employed 

restricted cubic spline models fitted with Cox proportional hazard regression with 3 knots (10th, 

50th, and 90th percentile). 

 

The stratum-specific analyses were conducted by age: younger (<65 years) versus older (≥65 

years) and by sex: male versus female. The P-value for heterogeneity was calculated using the 

method proposed by Altman and Bland.124 We also performed the following sensitivity analyses 

to assess the robustness of our findings: 1) we performed complete case analysis with NHANES 

survey weights to account for unequal probabilities of selecting NHANES participants and 
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nonresponse of those eligible and approached (n=28,312),125 and 2) we re-analyzed data 

restricting participants to those with hemoglobin ≥13 g/dl in males and hemoglobin ≥12 g/dl in 

females who did not report anemia because HbA1c could be affected by anemia 

(n=34,740).126,127 All statistical analyses were conducted using R version 3.5.2.  

 

4.3 Results 

4.3.1 Demographic characteristics  

The mean age of participants was 49.5 years (standard deviation, 18.3; median, 48; interquartile 

range, 34 to 64), and 48.1% were male. Demographic characteristics of participants across 

HbA1c groups are shown in Table 4.1 and Table S4.1. 

 

4.3.2 Prediction of all-cause mortality and cardiovascular mortality 

Overall, the median duration of follow-up was 7.5 years, and 5,118 all-cause deaths and 1,116 

cardiovascular deaths were identified (Table S4.2). Kaplan-Meier survival curves by HbA1c 

levels are shown in Figure S4.1. All of the candidate algorithms, including the pooled logistic 

regression model, showed high prediction performance of all-cause mortality and cardiovascular 

mortality with AUCs ranging from 0.86 to 0.90 (Table 4.2). Sensitivity, specificity, and negative 

predictive value were also similar for pooled logistic regression and SuperLearner, while random 

forest yielded a lower specificity and gradient boosting yielded a lower sensitivity. 

 

 

4.3.3 Estimated risk of all-cause mortality and cardiovascular mortality at 5 and 10 years 

After adjusting for all potential confounders including demographic characteristics, diet, 

exercise, comorbidities, biomarkers, and medications using a pooled logistic regression model 
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within the parametric g-formula, compared to the mid-level HbA1c group, the low HbA1c group 

showed a 30% (95% CI, 16 to 48) and a 12% (95% CI, 3 to 22) increased risk of all-cause 

mortality at 5 years and 10 years of follow-up, respectively. On the absolute scale, the low 

HbA1c group showed a 1.83 (95% CI, 1.02 to 2.97) and a 1.66 (95% CI, 0.35 to 3.00) percentage 

points increase for all-cause mortality risk at 5 and 10 years of follow-up, respectively (Figure 

4.1, Table 4.3). We found no evidence of an association between HbA1c and cardiovascular 

mortality. The findings were qualitatively consistent when we used SuperLearner (which showed 

the highest predictive performance among the three machine learning algorithms) within the 

parametric g-formula (Figure 4.1).  

 

We did not find evidence for an association in the prediabetes group with all-cause mortality at 5 

and 10 years of follow-up (Figure 4.1, Table S4.3). As expected, the diabetes group showed an 

increased risk of all-cause and cardiovascular mortality regardless of model specifications (i.e., 

either the pooled logistic regression model or SuperLearner) (Figure 4.1, Table S4.4). These 

associations were also found when restricted cubic spline curves were fitted with Cox 

proportional hazard regression (Figure S4.2). 

 

4.3.4 Stratum specific analysis by age and sex 

We found similar associations for low HbA1c and all-cause mortality in the younger and the 

older population on the relative risk scale (Figure 4.2, Table S4.5). When we stratified by sex, 

we estimated increased risk of all-cause mortality for low HbA1c among females but not among 

males (Figure 4.2, Table S4.5). We found no evidence for an association between low HbA1c 

and cardiovascular mortality in any subgroups stratified by age and sex (Table S4.6). 
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4.3.5 Sensitivity analyses 

The results for all-cause mortality did not substantially change when we performed complete-

case analysis using NHANES survey weights (Table S4.7) and when we re-analyzed the data 

after restricting to participants without anemia, particularly at 5 years (Table S4.8).   

 

4.4 Discussion 

Using a nationally representative database of US adults and controlling for potential confounders 

(e.g., demographic characteristics, diet, exercise, comorbidities, biomarkers, and medications) 

with several statistical algorithms, we found that individuals with low HbA1c (4.0 to <5.0%) 

were experiencing an increased risk of all-cause mortality at 5- and 10- years of follow-up 

compared to those with mid-level HbA1c (5.0 to <5.7%). This relationship was stronger for 

females than males. We found no evidence that low HbA1c was associated with cardiovascular 

mortality. 

 

The question of whether relatively lower HbA1c is beneficial or harmful for people without 

diabetes has been actively debated for a long time. Although some previous studies have 

reported associations between relatively lower HbA1c and increased CVD and mortality,97–100 its 

clinical and biological relevance has remained unclear. As HbA1c is becoming more frequently 

(and routinely) measured based on clinical guidelines,128 the chance that clinicians detect people 

with relatively lower HbA1c might increase, and there is a need to answer this long-debated 

question about the potential burden of relatively lower HbA1c levels on health. In this context, 

our findings provide new evidence, indicating that we may need to carefully monitor people with 

relatively lower HbA1c.  
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Our findings were consistent with previous cohort studies investigating the association between 

low HbA1c and all-cause mortality among people without diabetes.97,99,100 A recent study among 

U.S. adults aged ≥50 years without diabetes from the Health and Retirement Study also reported 

a reverse J-shaped association between HbA1c and all-cause mortality, but not cardiovascular 

mortality.93 Given the null association between relatively lower HbA1c and all-cause mortality 

over 15 years of follow-up among Japanese adults,101 the association might be heterogeneous 

across race/ethnicity, which requires further investigation. A previous study in NHANES also 

did not find an association between relatively lower HbA1c and all-cause mortality over a 

median follow-up of 9 years, but this analysis only included 7,333 participants aged ≥65 years 

enrolled before 2004.96 Furthermore, most of these studies have suffered from limitations 

including a limited number of covariates adjusted for (i.e., unmeasured confounding bias), 

violations of proportional hazard assumptions, or a relatively short follow-up period. Our study, 

using high-dimensional data from a national survey with long follow-up time and flexible 

statistical modeling, overcomes some of these limitations, and therefore, helps to advance the 

current state of knowledge about the potential impact of low HbA1c on mortality.  

 

Underlying biologic mechanisms for the association between relatively lower HbA1c and 

mortality have still not been established. Poor health status (e.g., malnutrition, unfavorable 

profiles of red blood cell-related factors, inflammation, decreased liver function, or an early stage 

of chronic disease) has been proposed as an explanation for the association between relatively 

lower HbA1c and mortality among people without diabetes.98,112,114 Hypoglycemia induces 

sympathoadrenal activation, inflammation, and endothelial dysfunction, all of which could lead 
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to chronic and cardiometabolic diseases.129 Given these proposed mechanisms and the fact that 

we did not find evidence for an association between low HbA1c and cardiovascular mortality 

(likely due to insufficient statistical power), further investigations with a larger sample size 

focusing on a high CVD risk population are warranted. Furthermore, we found a stronger 

association among females than males, particularly at 5 years follow-up. This was mainly due to 

the higher mortality risk for mid-level HbA1c among males than females, although both sexes 

showed similar mortality risks at low HbA1c. Given sex differences in glucose metabolism,130 

our findings also indicate the importance of evaluating HbA1c by sex.  

 

As expected based on ample prior evidence,131–133 the diabetes group showed an increased risk of 

all-cause mortality. A cohort study of one million US adults reported diabetes to be associated 

with a higher risk of mortality for several diseases such as CVD, cancer, respiratory dysfunction, 

digestive diseases, genitourinary disorders, and even accidents.131 Although mortality and 

incidence of cardiovascular events among people with diabetes have decreased over the last two 

decades, mainly owing to remarkable advancements in the treatment of CVD and diabetes,132,133 

our findings highlight that there is still a need for further improvement of diabetes management 

to avoid complications. 

 

The present study has three major strengths. First, our study utilized a large, nationally 

representative sample of the US general population with linkage to the most updated national 

mortality database. Second, we applied the parametric g-formula that does not require the 

proportional hazard assumption and allows us to estimate clinically meaningful absolute/relative 

risks.123 This approach also enabled us to estimate risks at different time points (i.e., 5- and 10- 
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years of follow-up). Lastly, we employed several ensemble machine learning algorithms to build 

the outcome prediction models in the first step of the parametric g-formula, including an 

ensemble method called SuperLearner that combines multiple machine learning algorithms with 

weights estimated to maximize performance.121 Our results suggest that a conventional logistic 

regression modeling approach, which has a much lower computational cost than machine 

learning algorithms, may well suffice to answer our research question as risk factors are well-

known. But even in a scenario such as ours, comparing the findings from both logistic regression 

models and machine learning algorithms provides a transparent approach to addressing the 

potential for bias due to model misspecification. 

 

Our study has limitations. First, although we included an extensive set of covariates, there is 

always a possibility for bias due to unmeasured confounding in observational study design. For 

example, low-density lipoprotein cholesterol levels were not available for many NHANES 

participants; therefore, we used statin use as a proxy for dyslipidemia. The lack of detailed 

information on diabetes such as family history and antibodies may also limit the interpretation of 

diabetes and mortality association, but does not affect the interpretation of our primary outcomes 

(i.e., low HbA1c and mortality among people without diabetes). The wide range of age in the 

present study may also raise a concern about residual confounding by age even after adjusting 

for age. However, as increasing age is negatively associated with low HbA1c and positively 

associated with mortality risks, such bias would be expected to cause an underestimation of the 

effect of low HbA1c on mortality. Given that clinical trials may not be feasible and ethical on 

this topic, future studies using other epidemiological approaches such as Mendelian 

randomization should be considered to validate our findings. Second, diet, lifestyle, and 
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comorbidities may have been mismeasured because these variables were self-reported. Third, as 

HbA1c was only measured at baseline, we had no information about how changes in HbA1c may 

or may not contribute to the increased risk of mortality. Lastly, covariate information was also 

only available at baseline. Thus, the exposure-confounders relationships were not well defined 

temporarily, and we cannot rule out the possibility of reverse causation and over-adjustment. 

Further longitudinal studies with measurements of HbA1c and other covariates at multiple time 

points are needed to overcome this limitation. 

 

4.5 Conclusion 

Low HbA1c was associated with an increased risk of all-cause mortality at 5 and 10 years of 

follow-up among US adults. Our findings may indicate the importance of carefully monitoring 

individuals having relatively lower HbA1c without diabetes as well as individuals with diabetes 

in clinical practice. A better understanding of this relationship would enable healthcare 

professionals to design effective public health interventions to reduce the risk of long-term 

adverse health outcomes that may be related to relatively lower HbA1c. 
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4.6 Tables and Figures 

Table 4.1 Baseline characteristics according to glycated hemoglobin (HbA1c) levels in 

NHANES 1999-2014 a, b 

 HbA1c levels within the normal range HbA1c≥6.5% 

or 

antidiabetic 

medication 

Low 

(4.0 to 

<5.0%) 

Mid-level 

(5.0 to 

<5.7%) 

Prediabetes 

(5.7 to 

<6.5%) 

Total, n 4,314 23,953 5,921 5,265 

HbA1c %, median (IQR) 4.8 (4.7-4.9) 5.4 (5.2-5.5) 5.9 (5.8-6.1) 7.0 (6.5-8.2) 

Age (years) 36.5 ± 15.0 46.8 ± 17.9 59.1 ± 15.6 61.7 ± 13.4 

Sex (female), % 59.1 51.7 50.4 48.5 

Race/ethnicity, %     

 Non-Hispanic White 54.0 50.1 40.6 36.3 

 Non-Hispanic Black 17.4 17.2 27.0 26.8 

 Mexican-American 16.3 18.3 16.4 21.4 

 Others 12.3 14.4 16.0 15.5 

Education status, %     

 Less than 9th grade 7.3 10.7 16.4 22.0 

 9th-11th grade 13.7 15.1 17.1 19.3 

 High school or GED 21.4 23.4 24.5 22.3 

 Higher than high school 57.6 50.8 42.0 36.4 

Married, % 49.7 53.6 54.5 56.0 

Smoking, %     

 Never 59.4 54.2 49.8 48.8 

 Current 21.9 22.6 20.6 16.7 

 Former 18.7 23.2 29.6 34.5 

Insurance status, %     

 Private 33.1 34.0 38.5 32.9 

 Public 42.1 42.1 41.5 52.3 

 Uninsured 24.8 23.9 20.0 14.8 

Poverty-income ratio 2.64 ± 1.66 2.62 ± 1.65 2.45 ± 1.57 2.23 ± 1.50 

Physical activity levels 

(≥moderate), % 

68.7 65.2 56.8 47.6 

Anemia, % 4.7 3.3 3.5 6.3 

Angina, % 0.7 2.1 3.9 7.8 

Arthritis, % 12.2 22.5 36.4 44.3 

Asthma, % 14.0 12.6 12.3 14.6 

Cancer, % 4.2 8.1 12.2 12.9 

Chronic Heart failure, % 1.0 1.9 4.1 9.8 

Emphysema, % 0.6 1.6 3.1 3.6 

Heart attack, % 1.3 2.9 6.2 11.1 

Hypertension, % 15.9 27.2 47.1 65.5 

Liver failure, % 2.9 3.1 3.6 5.8 

Stroke, % 1.7 2.6 5.2 8.7 

Statin use, % 2.8 9.7 23.8 42.3 

Antihypertensive use 8.2 18.1 38.3 58.2 

Antidepressant use, % 7.9 8.8 9.6 14.5 
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Systolic blood pressure (mmHg) 116.8 ± 16.5 123.3 ± 19.3 131.9 ± 20.8 134.2 ± 21.4 

Diastolic blood pressure (mmHg) 67.8 ± 12.9 70.8 ± 12.9 71.7 ± 14.1 68.8 ± 15.6 

Waist (cm) 91.6 ± 14.1 96.1 ± 14.9 103.4 ± 15.2 108.9 ± 15.6 

BMI (kg/m2) 26.5 ± 5.5 28.0 ± 6.2 30.5 ± 6.9 32.4 ± 7.4 

Abbreviations: NHANES, National Health and Nutrition Examination Survey; IQR, interquartile range; 

GED, General Educational Development; BMI, body mass index. 
a Data are presented as count (percentage) or mean ± SD, otherwise specified. 
b Other variables (dietary information and biomarkers) are shown in Supplementary Table S4.1. 
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Table 4.2 Predictive ability of pooled logistic regression model, tree-based algorithms, and 

SuperLearner for all-cause and cardiovascular mortality. 

Models AUC Sensitivity Specificity PPV NPV 

Outcome: All-cause mortality 

Logistic regression model 0.87 0.80 0.78 0.05 >0.99 

Random forest 0.86 0.91 0.54 0.03 >0.99 

Gradient Boosting 0.86 0.54 0.92 0.09 >0.99 

SuperLearner 0.87 0.85 0.75 0.04 >0.99 

      

Outcome: Cardiovascular mortality 

Logistic regression model 0.90 0.84 0.82 0.01 >0.99 

Random forest 0.88 0.94 0.61 0.01 >0.99 

Gradient Boosting 0.89 0.42 0.96 0.03 >0.99 

SuperLearner 0.90 0.90 0.74 0.01 >0.99 

AUC, area under the curve; PPV, positive predictive value; NPV, negative predictive value 

Each model included all 72 covariates listed in Table 4.1 and Table S4.1 (e.g., demographic 

characteristics, diet, exercise, comorbidities, biomarkers, and medications). Confusion matrix results (i.e. 

sensitivity, specificity, PPV, and NPV) were at the cutoff value of the prevalence of each outcome. PPVs 

were generally low for all algorithms due to the small number of outcomes overall (i.e., all-cause and 

cardiovascular mortality). 
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Table 4.3. Adjusted all-cause and cardiovascular mortality risk ratio and risk difference at 5 and 

10 years among participants with low glycated hemoglobin (HbA1c; 4.0 to <5.0%) compared to 

those with mid-level HbA1c (5.0 to <5.7%) using parametric g-formula with pooled logistic 

regression models. a 

Outcomes 
Follow-up periods 

5 years 10 years 

All-cause mortality    

 Number of events/Total number of 

participants among low HbA1c group 
149/3453 (4.3%) 249/2205 (11.3%) 

 Number of events/Total number of 

participants among mid-level HbA1c 

group 

1125/18024 (6.2%) 2104/10906 (19.3%) 

 Adjusted risk ratio (95% CI) 1.30 (1.16 to 1.48) 1.12 (1.03 to 1.22) 

 Adjusted risk difference (95% CI) +1.83% (1.02 to 2.97) +1.66% (0.35 to 3.00) 

   

Cardiovascular mortality   

 Number of events/Total number of 

participants among low HbA1c group 
23/3327 (0.7%) 46/2002 (2.3%) 

 Number of events/Total number of 

participants among mid-level HbA1c 

group 

263/17162 (1.5%) 452/9254 (4.9%) 

 Adjusted risk ratio (95% CI) 1.17 (0.80 to 1.59) 1.21 (0.92 to 1.54) 

 Adjusted risk difference (95% CI) +0.28% (-0.35 to 0.99) +0.83% (-0.32 to 2.01) 
a200 iterations were performed for bootstrapping to estimate 95% confidence interval.  
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Figure 4.1 Adjusted all-cause and cardiovascular mortality risk according to glycated 

hemoglobin (HbA1c) levels using parametric g-formula with pooled logistic regression models 

and SuperLearner. 

 

The ranges of the survival rate (Y-axis) presented in figures were 0.8 to 1.0 for all-cause mortality and 0.9 

to 1.0 for cardiovascular mortality. Robust 95% confidence intervals (CIs) for each HbA1c category 

estimated by bootstrapping (in the pooled logistic regression model) are presented in Table 4.3, and Table 

S4.3 and S4.4. 
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Figure 4.2 Adjusted all-cause mortality risk among participants low glycated hemoglobin 

(HbA1c; 4.0 to <5.0%) and mid-level HbA1c (5.0 to <5.7%) stratified by age and sex using 

parametric g-formula with pooled logistic regression models. 

 

The ranges of the survival rate (Y-axis) presented in figures were 0.8 to 1.0 except for the older 

population (range 0.5 to 1.0) who had a higher mortality rate than other groups. Robust 95% confidence 

intervals (CIs) were estimated by repeating these analyses on 200 bootstrapped samples.   
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Figure S4.1 Kaplan-Meier survival curve for all-cause and cardiovascular mortality 

 

Kaplan-Meier survival curve shows the unadjusted survival probability in each HbA1c category. 
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Figure S4.2 Association of HbA1c with all-cause and cardiovascular mortality using restricted 

cubic spline curve fitted with Cox proportional hazard regression. 

 

Y-axis shows HR of (A) all-cause and (B) cardiovascular mortality adjusted for 72 variables 

including demographic characteristics, diet, exercise, biomarkers, and comorbidities. The dashed 

lines represent the confidence intervals for the restricted cubic spline model (reference is 5.6%). 

The range of HbA1c was restricted to ≤10% because of too few data points >10%. 
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Table S4.1 Baseline characteristics of all covariates not described in Table 1 (diet information 

and biomarkers: alphabetical order) according to HbA1c levels in NHANES 1999-2014 a 

 HbA1c levels within the normal range HbA1c≥6.5% or 

antidiabetic 

medication 

Low 

(4.0 to <5.0%) 

Mid-level 

(5.0 to <5.7%) 

Prediabetes 

(5.7 to <6.5%) 

Total, n 4,314 23,953 5,921 5,265 

Diet information b  
   

 

 Alcohol (gm)  13.8 ± 35.2 11.2 ± 31.0 7.0 ± 23.0 4.9 ± 20.9 

 Caffeine (mg)  132.1 ± 185.6 164.6 ± 222.8 152.1 ± 195.8 144.5 ± 197.3 

 Calcium (mg)  946.8 ± 619.4 909.5 ± 611.9 825.8 ± 520 803.6 ± 511.6 

 Carbohydrate(gm)  275.9 ± 132.8 267.5 ± 133.8 245.2 ± 117.1 219.2 ± 110.1 

 Dietary fiber (gm)  16.3 ± 10.8 16.5 ± 10.4 15.8 ± 9.5 16.0 ± 10.2 

 Energy (kcal)  2240.9 ± 1041.2 2177.4 ± 1039.6 1977.7 ± 902 1828.9 ± 875.5 

 Iron (mg)  15.7 ± 9.2 15.3 ± 9.1 14.2 ± 8.1 14.2 ± 8.2 

 Magnesium (mg)  296.9 ± 162.3 293.7 ± 151.7 272.8 ± 133.0 266.6 ± 137.8 

 Phosphorus (mg)  1371.7 ± 708.0 1348 ± 692.4 1235.3 ± 605.4 1212.8 ± 612.4 

 Potassium (mg)  2694.0 ± 1392.9 2699.1 ± 1320.2 2546.0 ± 1190.3 2483.8 ± 1183.0 

 Protein (gm)  83.6 ± 43.9 82.4 ± 43.9 76.1 ± 39.3 75 ± 38.7 

 Total fat (gm)  81.7 ± 46.9 80.9 ± 47.4 74.4 ± 42.8 71.4 ± 42.9 

 Vitamin B1 (Thiamin) (mg) 1.7 ± 1.0 1.6 ± 1.0 1.5 ± 0.8 1.5 ± 0.8 

 Vitamin B2 (Riboflavin) (mg) 2.1 ± 1.2 2.1 ± 1.3 1.9 ± 1.2 1.9 ± 1.1 

 Vitamin B3 (Niacin) (mg)  25.2 ± 14.7 24.7 ± 15.2 22.7 ± 13.6 21.8 ± 12.3 

 Vitamin B6 (mg)  2.1 ± 1.4 2.0 ± 1.5 1.9 ± 1.3 1.8 ± 1.2 

 Vitamin B9 (Folate) (mcg)  414.6 ± 256.0 403.2 ± 253.2 375.1 ± 226.4 364.8 ± 222.8 

 Vitamin B12 (mcg) 5.3 ± 6.9 5.2 ± 7.1 4.9 ± 9.8 4.8 ± 7.3 

 Vitamin C (mg)  100.4 ± 114.9 91.4 ± 104.5 86.1 ± 92.8 82.2 ± 95.2 

 Zinc (mg)  12.0 ± 8.4 11.8 ± 9.7 10.7 ± 7.5 10.6 ± 8.9 

Biomarkers      

 Alanine aminotransferase ALT (IU/L) 24.0 ± 27.9 25.1 ± 22.5 26.4 ± 31.4 27.1 ± 29.3 

 Albumin (g/dL)  4.3 ± 0.5 4.3 ± 0.4 4.2 ± 0.3 4.1 ± 0.3 

 Alkaline phosphatase (IU/L)  68.6 ± 29.6 70 ± 26.8 73.9 ± 25.2 77.7 ± 32.0 

 Aspartate aminotransferase AST (IU/L) 25.3 ± 22.2 25.4 ± 17.2 26.5 ± 25.3 26.4 ± 18.3 

 Bicarbonate (mmol/L)  24.1 ± 2.5 24.7 ± 2.3 25.1 ± 2.3 24.9 ± 2.5 

 Blood urea nitrogen (mg/dL) 11.3 ± 5.0 12.9 ± 5.2 14.4 ± 6.3 16.5 ± 8.9 

 Chloride (mmol/L)  103.9 ± 2.8 103.7 ± 2.8 103.6 ± 3.0 102.5 ± 3.5 

 Cholesterol (mg/dL)  189.6 ± 42.6 198.6 ± 41.0 202.7 ± 43.2 190.2 ± 48.1 

 Creatinine (mg/dL)  0.8 ± 0.5 0.9 ± 0.4 0.9 ± 0.4 1.0 ± 0.7 

 Direct HDL-Cholesterol (mg/dL) 56.7 ± 17.5 54 ± 16.3 50.4 ± 14.6 47.4 ± 13.6 

 Gamma glutamyl transferase (U/L) 28.9 ± 59.5 27.9 ± 42.0 31.8 ± 34.5 38.3 ± 55.9 

 Lactate dehydrogenase (U/L)  126.8 ± 34.7 131.6 ± 31.5 139 ± 33.5 137.6 ± 36.2 

 Phosphorus (mg/dL)  3.7 ± 0.6 3.7 ± 0.6 3.7 ± 0.6 3.7 ± 0.6 

 Potassium (mmol/L)  3.9 ± 0.3 4.0 ± 0.3 4.0 ± 0.4 4.1 ± 0.4 

 Sodium (mmol/L)  139.0 ± 2.4 139.2 ± 2.3 139.4 ± 2.4 138.7 ± 2.8 

 Total bilirubin (mg/dL)  0.8 ± 0.4 0.7 ± 0.3 0.7 ± 0.2 0.7 ± 0.3 

 Total calcium (mg/dL)  9.4 ± 0.4 9.4 ± 0.4 9.4 ± 0.4 9.5 ± 0.4 

 Total protein (g/dL)  7.2 ± 0.5 7.2 ± 0.5 7.2 ± 0.5 7.2 ± 0.5 
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 Triglycerides (mg/dL)  127.7 ± 105.9 141.9 ± 117.7 166.9 ± 123.8 204.3 ± 206.0 

 Uric acid (mg/dL)  5.0 ± 1.5 5.3 ± 1.4 5.8 ± 1.4 5.7 ± 1.6 

 White blood cell count (1000 cells/uL) 7.2 ± 2.5 7.2 ± 2.3 7.4 ± 2.9 7.6 ± 2.3 

 Hemoglobin (g/dL) 14.0 ± 1.7 14.2 ± 1.5 14.1 ± 1.5 13.8 ± 1.6 

 Hematocrit (%) 41.0 ± 4.7 41.9 ± 4.4 41.6 ± 4.2 40.8 ± 4.6 

 Albumin, urine (ug/mL) 25.2 ± 175.3 26.6 ± 186.5 36.0 ± 170.0 184 ± 887.0 

 Creatinine, urine (mg/dL) 132.4 ± 87.1 127.2 ± 81.5 122.8 ± 76.3 115.9 ± 73.0 

NHANES cycle c     

 1999-2002 30.3 24.0 15.5 18.8 

 2003-2006 27.6 24.0 16.9 20.2 

 2007-2010 21.9 26.7 35.2 31.6 

 2011-2014 20.3 25.2 32.4 29.5 

Abbreviations: NHANES, National Health and Nutrition Examination Survey; GED, General Educational 

Development; BMI, body mass index. 
a Data are presented as count (percentage) or mean ± SD  
b The higher intake in lower HbA1c groups than higher HbA1c groups was generally reflected by the 

difference in age and other demographic distribution as shown in Table 1.  
c NHANES HbA1c data were standardized by participating in the National Glycohemoglobin 

Standardization Program (NGSP).  
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Table S4.2 The underlying cause of death across the study population, NHANES 1999-2014 

linked to mortality data through 2015. 

The underlying cause of death N (%) 

Cardiovascular disease including stroke 1,116 (21.8%) 

Cancer 1,078 (21.0%) 

Chronic lower respiratory diseases 199 (3.9%) 

Accidents 147 (2.9%) 

Diabetes mellitus 132 (2.6%) 

Alzheimer’s disease 126 (2.5%) 

Nephritis, nephrotic syndrome 89 (1.7%) 

Influenza and pneumonia 84 (1.6%) 

Others/unknown 2,147 (42.0%) 

Total 5,118 (100%) 
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Table S4.3 Adjusted all-cause and cardiovascular mortality risk ratio and risk difference at 5 and 

10 years among participants with prediabetes (5.7 to <6.5%) compared to those with mid-level 

HbA1c (5.0 to <5.7%) at 5 and 10 years using parametric g-formula with pooled logistic 

regression models. a 

Outcomes 
Follow-up periods 

5 years 10 years 

All-cause mortality   

 Number of events/Total number of 

participants among prediabetes group 
483/4077 (11.9%) 787/2030 (38.8%) 

 Number of events/Total number of 

participants among mid-level HbA1c group 
1125/18024 (6.2%) 2104/10906 (19.3%) 

 Adjusted risk ratio (95% CI) 0.97 (0.91 to 1.05) 0.95 (0.90 to 1.01) 

 Adjusted risk difference (95% CI) -0.17% (-0.62 to 0.31) -0.69% (-1.46 to 0.12) 

   

Cardiovascular mortality   

 Number of events/Total number of 

participants among prediabetes group 
109/3703 (2.9%) 180/1423 (12.7%) 

 Number of events/Total number of 

participants among mid-level HbA1c group 
263/17162 (1.5%) 452/9254 (4.9%) 

 Adjusted risk ratio (95% CI) 0.92 (0.78 to 1.11) 0.99 (0.83 to 1.14) 

 Adjusted risk difference (95% CI) -0.14% (-0.39 to 0.17) -0.03% (-0.64 to 0.53) 

a200 iterations were performed for bootstrapping to estimate 95% confidence interval. 
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Table S4.4 Adjusted all-cause and cardiovascular mortality risk ratio and risk difference at 5 and 

10 years among participants with diabetes (HbA1c≥6.5%) compared to those with mid-level 

HbA1c (5.0 to <5.7%) using parametric g-formula with pooled logistic regression models. a 

Outcomes 
Follow-up periods 

5 years 10 years 

All-cause mortality    

 Number of events/Total number of 

participants among diabetes group 
662/3828 (17.3%) 1126/2302 (48.9%) 

 Number of events/Total number of 

participants among mid-level HbA1c group 
1125/18024 (6.2%) 2104/10906 (19.3%) 

 Adjusted risk ratio (95% CI) 1.10 (1.03 to 1.19) 1.13 (1.06 to 1.20) 

 Adjusted risk difference (95% CI) +0.64% (0.22 to 1.14) +1.73% (0.88 to 2.66) 

   

Cardiovascular mortality   

 Number of events/Total number of 

participants among diabetes group 
164/3330 (4.9%) 282/1458 (19.3%) 

 Number of events/Total number of 

participants among mid-level HbA1c group 
263/17162 (1.5%) 452/9254 (4.9%) 

 Adjusted risk ratio (95% CI) 1.05 (0.89 to 1.29) 1.20 (1.02 to 1.42) 

 Adjusted risk difference (95% CI) +0.09% (-0.20 to 0.44) +0.76% (0.08 to 1.53) 

a200 iterations were performed for bootstrapping to estimate 95% confidence interval. 
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Table S4.5 Adjusted all-cause mortality risk ratio and risk difference at 5 and 10 years among 

participants with low HbA1c levels (4.0 to <5.0%) compared to those with mid-level HbA1c (5.0 

to <5.7%) stratified by age and sex using parametric g-formula with pooled logistic regression 

models. a,b 

 Follow-up periods 

5 years 10 years 

A) Age <65 years   

 Number of events/Total number of 

participants among low HbA1c group 
66/3183 (2.1%) 111/1988 (5.6%) 

 Number of events/Total number of 

participants among mid-level HbA1c group 
330/14194 (2.3%) 610/8045 (7.7%) 

 Adjusted risk ratio (95% CI) 1.26 (0.99 to 1.59) 1.16 (0.96 to 1.34) 

 Adjusted risk difference (95% CI) +0.60% (-0.03 to 1.28) +0.80% (-0.21 to 1.72) 

   

B) Age ≥65 years   

 Number of events/Total number of 

participants among low HbA1c group 
83/270 (30.7%) 138/217 (63.6%) 

 Number of events/Total number of 

participants among mid-level HbA1c group 
795/3830 (20.8%) 1488/2861 (52.0%) 

 Adjusted risk ratio (95% CI) 1.19 (1.00 to 1.39) 1.05 (0.93 to 1.19) 

 Adjusted risk difference (95% CI) +3.44% (-0.05 to 6.91) +1.98% (-2.69 to 7.51) 

   

C) Male   

 Number of events/Total number of 

participants among low HbA1c group 
79/1385 (5.7%) 136/836 (16.3%) 

 Number of events/Total number of 

participants among mid-level HbA1c group 
678/8721 (7.8%) 1196/5342 (22.4%) 

 Adjusted risk ratio (95% CI) 1.11 (0.88 to 1.32) 1.07 (0.96 to 1.22) 

 Adjusted risk difference (95% CI) +0.87% (-0.97 to 2.41) +1.18% (-0.67 to 3.34) 

   

D) Female   

 Number of events/Total number of 

participants among low HbA1c group 
70/2068 (3.4%) 113/1369 (8.3%) 

 Number of events/Total number of 

participants among mid-level HbA1c group 
447/9303 (4.8%) 908/5564 (16.3%) 

 Adjusted risk ratio (95% CI) 1.61 (1.30 to 1.90) 1.21 (1.04 to 1.40) 

 Adjusted risk difference (95% CI) +2.97% (1.59 to 4.32) +2.41% (0.46 to 4.48) 
a200 iterations were performed for bootstrapping to estimate 95% confidence interval. 
bP-value for heterogeneity across sex (male vs female) for all-cause mortality at 5 years was 0.01 (p-value 

for heterogeneity in risk ratio) and 0.06 (p-value for heterogeneity in risk difference). P-values for 

heterogeneity for other estimates were >0.10  
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Table S4.6 Adjusted cardiovascular mortality risk ratio and risk difference at 5 and 10 years 

among participants with low HbA1c levels (4.0 to <5.0%) compared to those with mid-level 

HbA1c (5.0 to <5.7%) stratified by age and sex using parametric g-formula with pooled logistic 

regression models. a,b 

 
Follow-up periods 

5 years 10 years 

A) Age <65 years   

 Number of events/Total number of 

participants among low HbA1c group 
6/3123 (0.2%) 12/1889 (0.6%) 

 Number of events/Total number of 

participants among mid-level HbA1c group 
39/13903 (0.3%) 85/7514 (1.1%) 

 Adjusted risk ratio (95% CI) 1.13 (0.52 to 2.18) 1.08 (0.60 to 1.64) 

 Adjusted risk difference (95% CI) +0.05% (-0.19 to 0.41) +0.08% (-0.38 to 0.57) 

   

B) Age ≥65 years   

 Number of events/Total number of 

participants among low HbA1c group 
17/204 (8.3%) 34/113 (30.1%) 

 Number of events/Total number of 

participants among mid-level HbA1c group 
224/3259 (6.9%) 367/1740 (21.1%) 

 Adjusted risk ratio (95% CI) 1.15 (0.78 to 1.73) 1.29 (0.93 to 1.80) 

 Adjusted risk difference (95% CI) +0.92% (-1.25 to 4.09) +3.66% (-0.92 to 10.0) 

   

C) Male   

 Number of events/Total number of 

participants among low HbA1c group 
14/1320 (1.1%) 29/729 (4.0%) 

 Number of events/Total number of 

participants among mid-level HbA1c group 
155/8198 (1.9%) 261/4407 (5.9%) 

 Adjusted risk ratio (95% CI) 1.24 (0.79 to 1.82) 1.36 (0.91 to 1.82) 

 Adjusted risk difference (95% CI) +0.51% (-0.49 to 1.62) +1.69% (-0.44 to 3.55) 

   

D) Female   

 Number of events/Total number of 

participants among low HbA1c group 
9/2007 (0.5%) 17/1273 (1.3%) 

 Number of events/Total number of 

participants among mid-level HbA1c group 
108/8964 (1.2%) 191/4847 (3.9%) 

 Adjusted risk ratio (95% CI) 1.22 (0.61 to 1.91) 1.18 (0.72 to 1.65) 

 Adjusted risk difference (95% CI) +0.29% (-0.56 to 1.15) +0.52% (-0.88 to 1.86) 
a200 iterations were performed for bootstrapping to estimate 95% confidence interval. 
b P-values for heterogeneity across age (<65 vs ≥65) and sex (male vs female) were >0.10 for all 

estimates.  
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Table S4.7 Adjusted all-cause mortality risk ratio and risk difference at 5 and 10 years among 

participants with low HbA1c levels (4.0 to <5.0%) compared to those with mid-level HbA1c (5.0 

to <5.7%) using parametric g-formula with pooled logistic regression models, complete-case 

analysis (N=28,312). a 

a200 iterations were performed for bootstrapping to estimate 95% confidence interval. 

  

 
Follow-up periods 

5 years 10 years 

 Number of events/Total number of 

participants among low HbA1c group 
78/2528 (3.1%) 137/1543 (8.9%) 

 Number of events/Total number of 

participants among mid-level HbA1c group 
565/13149 (4.3%) 1134/7537 (15.0%) 

 Adjusted risk ratio (95% CI) 1.52 (1.19 to 1.82) 1.27 (1.06 to 1.49) 

 Adjusted risk difference (95% CI) +2.33% (0.94 to 3.68) +2.80% (0.61 to 5.25) 
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Table S4.8 Adjusted all-cause mortality risk ratio and risk difference at 5 and 10 years among 

participants with low HbA1c levels (4.0 to <5.0%) compared to those with mid-level HbA1c (5.0 

to <5.7%) using parametric g-formula with pooled logistic regression models, restricting 

participants to those without anemia (N=34,740). a,b 

 

 
Follow-up periods 

5 years 10 years 

 Number of events/Total number of 

participants among low HbA1c group 
86/2993 (2.9%) 163/1877 (8.7%) 

 Number of events/Total number of 

participants among mid-level HbA1c group 
875/16319 (5.4%) 1727/9828 (17.6%) 

 Adjusted risk ratio (95% CI) 1.25 (1.03 to 1.46) 1.08 (0.96 to 1.20) 

 Adjusted risk difference (95% CI) +1.31% (0.16 to 2.40) +1.01% (-0.49 to 2.34) 

a200 iterations were performed for bootstrapping to estimate 95% confidence interval. 
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CHAPTER V 

 

Conclusion and Public Health Implications 
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This dissertation examines the causal mechanisms involving diabetes and CVD using several 

causal modeling approaches. In the first study, using causal mediation analysis, I found that 

diabetes mediated around 10% of the pathway from low physical activity to all-cause mortality 

and cardiovascular events among older Mexican Americans. In the second study, adjusting for 

time-varying confounders with a marginal structural model, I found that diabetes and subsequent 

depressive symptoms were jointly associated with cardiovascular mortality among older 

Mexican Americans. These findings highlight the importance of diabetes prevention for 

physically inactive people and mental health management of diabetes among older Mexican 

Americans. Given the increasing prevalence of diabetes over the last century associated with 

significant increasing deaths and healthcare costs, this dissertation provides helpful information 

to build effective prevention and management strategies for diabetes among older Mexican 

Americans, a large racial/ethnic group with a high prevalence of diabetes.  

 

In the third study, using several machine learning algorithms within the parametric g-formula, I 

found that low HbA1c levels, as well as diabetes, were associated with all-cause mortality among 

the U.S. general population. The findings have important clinical and public health implications 

that conventional diabetes care focusing on only high HbA1c might not be sufficient as low 

HbA1c also requires careful attention. Given that causal inference and machine learning methods 

have received great interest from not only epidemiologists/statisticians but also clinicians and 

policymakers, I hope this dissertation will be a guide for researchers to apply some causal 

inference and statistical methods to answer clinically important research questions.  
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