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3. Timeline: 
 
Manuscript prepared and submitted in ~5-6 months. 
 
 
4. Rationale:  
 
 
Co-occurrence of two or more chronic diseases is a major public health burden. This condition is 

frequently  referred to as multimorbidity 1, 2. However, the number and types of conditions 

significantly vary across studies and there is currently no consensus on how to best measure 

multimorbidity. 3 One problem in defining multimorbidity is that there are multiple risk factors 

underlying multimorbidity such as smoking, drinking and hypertension. It is unclear so far how to 

best consider them when studying multimorbidity. Assessing those risk factors in addition to the 

comorbid health conditions based on a simple count of conditions or based on weighted indices 

can pose significant limitations as they do not co-occur at random in a person but cluster according 

to specific patterns 4-6. Distinct risk factor and chronic disease clusters related to vascular, 

metabolic, sensory, and psychiatric conditions have been shown to be associated with poorer health 

status, higher disability burden, and increased risk of dementia and mortality 7-10.  

 

Studies in epidemiology have demonstrated that the accumulation of multiple unfavorable health 

conditions is associated with aging and that most individuals above age 65 suffer from multiple 

chronic conditions 2. However, having multiple health conditions and risk factors is not simply a 

feature of aging: the Rochester Epidemiology Project (REP) showed that more people below age 

65 (N= 17,838) than above 65 (N= 13,606) suffered from multiple risk factor and chronic disease 

conditions 11. The difference in prevalence was not sex-specific but varied by race. More Black 

participants than White participants aged 50-59 already had multiple unfavorable health conditions 

in this US sample 11. One significant predictor for early onset is low socioeconomic status 12, 13. 

Evidence has shown that young and middle aged individuals in economically disadvantaged areas 

had similar rates of multiple chronic diseases and risk factors as people aged 10-15 years older in 

the most affluent areas 2.  

 

Few studies have thus far investigated the impact of age-dependent onset of multiple chronic 

disease and risk factor conditions on clinical outcomes 14. Recent evidence suggests that the onset 



  

of multimorbidity in midlife is associated with significantly worse late life outcomes 15, 16. In a 

large community-based study, participants with multimorbidity at age 55 had a significantly higher 

risk for late life dementia conversion than individuals with multimorbidity onset at age 70 15.  

 

It is unclear whether age-dependent onset of multiple chronic disease and risk factor conditions 

prior to the stroke event is also an important predictor for stroke incidence overall and incidence 

of more severe stroke events. Previous studies have shown that a significant proportion of stroke 

survivors have multiple chronic conditions and risk factors which are associated with a higher 

mortality rate and worse functional outcomes after stroke 17. Commonly reported comorbid 

conditions in stroke patients include hypertension (35-89.8%), ischemic heart disease (14-38.1%), 

diabetes mellitus (9-35.6%), chronic pulmonary disease (8.1-30.1%), coronary heart disease 

(29.5%), clinical depression (5.9-21.9%), renal disease (13.9%), atrial fibrillation (11.0%), cancer 

(10.9- 18.3%), and congestive heart failure (8%). 17-21. Understanding when these chronic disease 

and risk factor patterns first become apparent and whether these clusters can predict stroke 

incidence and stroke severity prior to a stroke event is unclear. Identifying joined contributions of 

chronic diseases and risk factors to stroke incidence and severity, beyond that imparted by 

individual health conditions, may provide a clinically applicable preventive approach to the 

reduction of  the overall stroke burden in the population. 

 

In this study, we aim to characterize chronic disease and risk factor clusters in midlife and late life 

in the context of stroke and to test whether there are clusters in midlife and late life that are 

associated with stroke incidence and severity of stroke. Our specific hypotheses were formulated 

based on our prior work in the Taiwan Stroke Registry study. The study, which is currently under 

review, showed that clusters related to chronic diseases, namely diabetes, peripheral artery disease 

and uremia, were associated with greater post-stroke disability burden as compared to other 

clusters with less representation of these conditions. The study also demonstrated that individuals 

who were part of a cluster related to smoking and drinking, were overall younger at the stroke 

event and had a faster post-stroke recovery rate.  Based on these results, we would like to evaluate 

if similar associations are seen in a US population, but will also evaluate if novel clusters are 

relevant to stroke and its severity. Thus, we would like to test whether clusters related to chronic 

diseases, namely diabetes, peripheral artery disease and kidney disease in mid and late life are 



  

associated with more severe strokes. This study also aims to assess whether clusters related to the 

risk factors smoking and drinking are associated with minor stroke, but not severe stroke. We 

furthermore want to determine whether cluster onset in midlife are overall more strongly 

associated with late life stroke than are late life clusters. Recognizing the importance of social and 

demographic factors on stroke incidence and severity, we will also explore whether the 

associations differ by age, sex, and race.  

 

 
5. Main Hypothesis/Study Questions: 
 
 
Primary hypotheses: 
 
Stroke incidence: 
 

• Hypothesis 1: There are chronic diseases and risk factor clusters in midlife and late life 

which are associated with stroke incidence. We hypothesize that those clusters containing 

diabetes, peripheral artery disease and/or kidney disease have the strongest associations 

with incident stroke, and we anticipate stronger associations when evaluated in midlife. 

 

Stroke severity: 

•     Hypothesis 2: Clusters of chronic diseases associated with stroke severity are different in 

midlife and late life. 
 
Stroke incidence and stroke severity in late life: 

• Hypothesis 3: Among individuals alive at visit 5, particular chronic diseases and risk factor 

clusters identified in midlife (at visit 1) have stronger associations with post-visit 5 stroke 

incidence than clusters defined based on late life diseases and risk factors (at visit 5). 

• Hypothesis 4: Chronic diseases and risk factor cluster onset in midlife (at visit 1) have 

stronger associations with severe strokes than clusters onset in late life (at visit 5).  

 

Secondary hypothesis: 

 



  

• Chronic diseases and risk factor clusters in midlife are not more strongly associated with 

stroke at age 65 years or younger than stroke at older age. 

• The association of chronic diseases and risk factor clusters in mid and late life and stroke 

severity varies by sex. Chronic disease and risk factor clusters are more strongly associated 

with severe strokes in males than in females, although females experience more severe 

stroke events.  

• Chronic disease and risk factor clusters in midlife are more strongly associated with stroke 

incidence and severe stroke events in individuals with a low educational level. 

• Chronic disease and risk factor clusters in midlife are more strongly associated with stroke 

incidence and severe stroke events in Black than White individuals.  

 
6. Design and analysis (study design, inclusion/exclusion, outcome, and other variables of 
interest with specific reference to the time of their collection, summary of data analysis, 
and any anticipated methodologic limitations or challenges if present). 
 
Design: longitudinal 
 
Participant inclusion: Among the 15792 participants enrolled at ARIC baseline, 15483 

participants will be included in this study 22. Participants will be excluded if they had ischemic 

stroke prior to baseline (N= 283) or any missing key covariates. Figure 1 shows that there is a 

sufficient number of stroke events between 1990-2020 that can be used for the analysis. 

 

Outcome: Three stroke outcome measures will be included in the analysis. 

1. Stroke incidence- event: ischemic stroke, no ischemic stroke  

2. Stroke severity incidence- event: no ischemic stroke, minor stroke (NIHSS ≤ 5), mild-

moderate (NIHSS= 6-10), moderate-severe stroke (NIHSS ≥ 11) 23 

 



  

Figure 1. Flowchart showing the selection of ARIC participants included in the study 

 

Demographic and risk factors 

Demographic and risk factors at ARIC visit 1 and at visit 5 will be included in the study (Table 

1). Demographic measures will include age, sex, race, and education level.  

 
 



  

Table 1. Risk factor and chronic health conditions included in the cluster analysis.  

Variables Variable definition at visit 1 Variable definition at visit 5 
Cancer  hom10f:  

Cancer ever diagnosed. 
 

cancer51:  
Having cancer at V5 

Coronary heart disease prvchd05:  
Prevalent CHD 
 
Defined as: 

• Myocardial infarction 
from adjudicated Visit 
1 ECG data 

• History of Myocardial 
Infarction 

• having undergone 
heart or arterial 
surgery, coronary 
bypass, balloon 
angioplasty, 
angioplasty of 
coronary artery (ies) 
 

prvchd53: 
Prevent CHD by end of Visit 5 
 
derived from the baseline 
status of CHD (PRVCHD05) 
and the closed event years of 
ARIC Cohort Surveillance data 
through 2013, where the event 
occurred prior to 30AUG2013. 

Current drinking curdrk02:  
Current drinker 
 

curdrk51:  
Current drinker 

Current smoking cursmk01:  
Current smoker 
 

cursmk52: 
Current smoker 

Diabetes diabts03:  
Diabetes –  
Lower Cut point 126 mg/dL 
 

diabts54:  
Diabetes –  
Lower Cut point 126 mg/dL 

Heart failure prevhf01:  
Defined as: 

• having taken any 
medication for heart 
failure, or  

• qualifies for the 
Gothenburg Criteria 24 

 

prevhf52:  
 
Prevalent Heart Failure (HFRC 
Recommended Definition as of 
2018) 

Hypercholesteremia tchsiu01:  tchsiu51:  



  

 
* Maastricht questionnaire at visit 2 

 

 

 

Total cholesterol in SI Units 
≥ 240 mg/dl 25 
 

Total Cholesterol in SI Units 
≥ 240 mg/dl 

Hypertriglyceridemia TRGSIU01:  
Total Triglycerides in SI units 
> 2.0 mmol/L 26 
 

TRGSIU51:  
Total Triglycerides in SI units 
> 2.0 mmol/L 

Hypertension hypert05:  
Hypertension based on 
definition 5 
 
Defined as: BP ≥140 mm Hg 
and diastolic BP ≥90 mm Hg 
or the use of antihypertensive 
medications. 
 

hypert55:  
Hypertension based on 
definition 5 
 
Defined as: BP ≥140 mm Hg 
and diastolic BP ≥90 mm Hg or 
the use of antihypertensive 
medications. 
 

Obesity bmi01:  
Body mass index KG/(M*M) 
≥ 30 
 

bmi51:  
Body mass index KG/(M*M) ≥ 
30 

Atrial fibrillation Present if 27-29: 
• ECG showing AF 
• Hospital discharge 

with an AF or atrial 
flutter 
 

prvaf52:  
Prevalent Atrial 
Fibrillation/Flutter by end of 
V5 

Depression 
 
 
 

HPBA01-21: 
Maastricht questionnaire of  
vital exhaustion 30 * 
 

CESD51:  
CES-Depression Scale 

Peripheral artery disease PAD02: 
Peripheral artery disease, def 
2 
ABI04 (Ankle Brachial Index, 
def 4) < 0.90 
 

 
Peripheral artery disease, def 2 
ABI04 (Ankle Brachial Index, 
def 4) < 0.9031 
 

Renal dysfunction Estimated GFR Estimated GFR 



  

Data analysis 
The statistical analysis will be conducted using the R software programing language.  

 

1. Cluster analysis and cluster characterization 

 

An agglomerative hierarchical clustering analysis will be employed separately at ARIC visit 1 

(midlife) and at visit 5 (late life) to examine the co-occurrences of chronic diseases and risk factors 
32. Gower’s measure, i.e., Dice coefficient for factor variables, will be employed to measure the 

similarity of the patients’ records. Clusters will be merged based on the minimum between-cluster 

distance employing the Ward’s squared minimum variance clustering method. This clustering 

method tends to generate more compact clusters. To assess how close participant records in one 

cluster are to records in neighboring clusters, the average Silhouette width will be computed which 

ranges between -1 to +1. The optimal number of hierarchical clusters will be determined based on 

ocular inspection of the dendrogram which depicts the clustering tree and by determining the 

highest average silhouette width.  

 

To characterize the clusters based on risk factor and chronic health condition profiles, the 

observed/expected ratios will be computed by dividing the prevalence of a given condition within 

a cluster by its prevalence in the overall population. A condition is associated with a cluster when 

the observed/expected ratio is ≥ 1.5, and when the intra-cluster prevalence of a condition is ≥ 0.25 
9.  Among the different generated clusters, one cluster will be chosen as a reference group which 

is characterized by the lowest chronic disease burden.  

 

2. Association between the clusters in mid and late life and stroke incidence in the 

population 

 

In the primary analysis, the association between the clusters in mid and late life and stroke 

incidence will be tested by two separate Cox proportional hazard regression models. These models 

will be adjusted for age, sex, race, and educational level. The assumptions underlying the 

regression models such as the proportional hazards assumption and the linearity between log 

hazard and the covariates will be tested. For the midlife analysis, all incident stroke case events 



  

between 1990-2020 will be included. For the analysis in late life, only incident stroke at visit 5 and 

onwards will be included. By adding an interaction term between cluster and sex, race or education 

levels, it will also be assessed whether the association between the clusters in mid or in late life 

and stroke incidence differs by the demographic levels. 

 

Given that mortality is a strong competing risk factor in the analysis, a sensitivity analysis will be 

conducted which tests the associations between the clusters and stroke incidence with a competing 

risk model (first ischemic stroke event vs. no stroke event) using the function “crr” of the “cmprsk” 

R package and of the “tidycmprsk” package extension. Competing risk analysis is a type of 

survival analysis which estimates the marginal probability of an outcome event in the presence of 

one or several competing events based on the cumulative incidence function (CIF) 33. In this 

analysis, the competing event is lifetime mortality. The competing risk models will be adjusted by 

age, sex, race, and educational level. Similarly, as in the Cox regression analysis, an interaction 

term between the clusters and the demographic measures will be added to assess whether the 

association between the clusters in mid or in late life and stroke incidence differs by the 

demographic levels. 

 

 

3. Association between the clusters in mid and late life and stroke severity 

 

In the primary analysis, the association between the clusters in mid (hypothesis 2) and late life  and 

stroke severity levels vs. no stroke will be tested with multiple separate Cox proportional hazard 

regression models. These models will be adjusted by age, sex, race, and educational level. The 

assumptions underlying the regression models such as the proportional hazards assumption and 

the linearity between log hazard and the covariates will be tested. By adding an interaction term 

between the clusters and sex, race, or education, it will also be assessed whether the association 

between the clusters in mid or in late life and stroke severity differs by the demographic factor 

levels. In case the number of severe stroke events is too low, a cox regression model with Firth 

bias correction will be employed which is a statistical approach to mitigate the bias resulting from 

only rare events in the cohort data.  

 



  

The association between the clusters in mid and late life on stroke severity vs. no stroke will also 

be tested by separate competing risk models using the “cmprsk”, “survival” and “tidycmprsk” R 

packages. All 3 stroke severity outcomes (NIHSS ≤ 5; NIHSS= 6-10; NIHSS ≥ 11) will in turn be 

coded as failure types of interest in 3 separate Fine-Gray regression analyses. Mortality will be 

treated as a competing risk event. The association will be accounted for by age, sex, race, and 

education level. By adding an interaction term, it will also be tested whether the association 

between the clusters in mid or in late life and stroke severity differs by sex, race, or educational 

levels. 

 

In a separate analysis focusing on the association of clusters with stroke severity, only participants 

experiencing a stroke event will be included. The proportion of cases belonging to each cluster 

group stratified by stroke severity will be computed and graphically displayed using the “ggplot2” 

package.  Using a permutational ANOVA model, differences in age by cluster group and stroke 

severity will be tested (R package “lmPerm”). Employing a multinomial logistic regression model, 

the association between the clusters in mid-life and late life and stroke severity levels will be 

assessed while adjusting for the demographic covariates. Minor stroke (NIHSS ≤ 5) will be coded 

as the baseline category. An interaction term, i.e., cluster x sex; cluster x race, will be included in 

the regression model to test whether the  association between clusters and stroke severity varies 

by demographic covariates education and race. Employing a binomial logistic regression analysis, 

it will also be determined whether different clusters in midlife are more strongly associated with 

midlife (< age 65) than late life stroke (≥ age 65).  

 

 

4. Assessing the association of clusters in mid vs late life on stroke incidence and stroke 

severity after ARIC visit 5  

 

Only stroke incidences at visit 5 and onwards will be included. The data set will be reshaped in 

long format and a new variable will be created that gives combined information on cluster type 

and ARIC visit (e.g., Cluster1_visit1, Cluster2_visit1… etc.). The information of cluster type and 

visit will be combined assuming that an individual will not always belong to the same cluster type 

at both visits. In addition, the overall number of clusters at visit 1 and visit 5 may not be the same. 



  

Furthermore, different risk factor characteristics may be attributed at visit 1 vs. visit 5. To test the 

association between clusters in mid and late life on stroke incidence in late life, a mixed effect Cox 

regression model will be employed (R packages “coxme”; “survival”). To account for the 

correlated observational data structure by participant, a random intercept for participant ID will be 

included. In addition to cluster type by visit, the covariates age, sex, race, and education will also 

be added as fixed effects.  The underlying assumptions of the mixed effect model including the 

normality of the random effects will be tested. Using the deviance statistic of the “anova()” R 

function (R package “car”), the fit of the mixed effect model will be compared to a baseline model 

which includes all demographic covariates but not the cluster by visit factor.  

 

If enough cases for each stroke severity category exist at visit 5 and onwards, the mixed effect Cox 

regression analysis will be repeated for all events: minor (NIHSS ≤ 5) vs. no stroke, mild-moderate 

vs. no stroke (NIHSS= 6-10), and moderate-severe (NIHSS ≥ 11) vs. no stroke. 

  
 
Anticipated methodologic limitations or challenges? 
 
 

• Information regarding stroke severity was not prospectively assessed but is based on data 

in the hospitalization records from admission. However, the information was collected by 

trained physicians, experienced in evaluation of stroke patients. Severity was categorized 

based on all the data available in the hospitalization charts and following a validated 

algorithm for chart-based retrospective evaluation of stroke severity 34, 35  

• The way we define disease burden in this proposal is not conventional. Instead of 

quantifying the overall health burden (2 or more diseases) in a patient, we are interested 

in a data-driven approach which identifies distinct groups of individuals that are 

characterized by specific disease clusters. These clusters will hopefully provide valuable 

information on stroke risk and stroke severity.  

• Hierarchical clustering is an unsupervised machine learning approach. The results may 

therefore be unpredictable or difficult to understand. However, this cluster approach has 

been carried out multiple times before, when measuring the combined health burden in a 

population. 



  

• The risk factor hypertension will likely be an important predictor for stroke incidence in 

the analysis. It is likely that hypertension will play a role in each of the identified clusters.  

• We recognize that the measures referring to the chronic disease and risk factor conditions 

in this study are not always the same at visit 1 and visit 5.   
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