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4.     Rationale:  
Cognitive impairment and dementia subsequent to stroke are common1. Studies have reported 15%-
70% prevalence of cognitive impairment and dementia in stroke survivors2-7 and about 25% incident 
dementia during the first year after stroke8. The association between incident stroke and cognitive 



 
 

decline has been addressed in previous studies, but not in the pooled STROKE COG data which 
includes 4 US cohorts: Atherosclerosis Risk in Communities Study (ARIC)9, Cardiovascular Health 
Study (CHS)10, Framingham Offspring Study (FOS)11, and Reasons for Geographic And Racial 
Differences in Stroke Study (REGARDS)12, and incorporating stroke severity data available in ARIC, 
FOS and REGARDS. Dr. Levine’s paper on this topic, published in 2015, was based on the 
REGARDS data only, which included 515 participants who survived incident stroke13. Another paper 
published in 2019 used data from the English Longitudinal Study of Ageing (ELSA). The ELSA is a 
large longitudinal cohort study; however, it used self-reported data on doctor-diagnosed incident 
stroke and limited tests for measurement of cognitive function14. In the proposed study, the analysis 
of the association between incident stroke and cognitive decline will be strengthened by using more 
years of data with a higher number of adjudicated incident strokes and more comprehensive 
evaluation of cognitive function available in the harmonized cohorts, and by including the available 
data on stroke severity to study post-stroke dementia incidence in STROKE COG.   

Severity of stroke is the most important predictor of short- and long-term outcome15. Functional 
outcome after stroke is related not only to the size and location of the stroke, but also to the 
individual’s age and sex16, the presence of comorbidities17,18, vascular risk factors prevalent at time of 
stroke incidence19 and the etiology of the stroke20. These factors have also been linked to changes in 
cognitive function and dementia21,22. However, it is unclear whether the linkage between vascular risk 
factors and changes in cognitive function is related to their long-term effect on the cognitive function 
(before the stroke) or to their effect on stroke severity, which directly affects post-stroke cognition. A 
recent study reported independent associated between strokes of higher severity and lower Mini-
Mental State Examination (MMSE) scores23. Moreover, stroke severity had a mediating effect in the 
association of hypertension and education level with post-stroke cognitive function. However, 
potential mediation and moderation effects of cardiovascular risk factors in the association between 
stroke severity and post-stroke cognitive function were not assessed. In addition, the study had certain 
limitations, e.g. cognitive function was assessed only once and using MMSE (which is less sensitive 
for detecting executive function or other specific areas of cognitive declines after vascular brain 
injury), the associations were not studied after controlling for pre-stroke cognitive trajectories, and 
longitudinal measurements of vascular risk factors before and after stroke were not available. We aim 
to address the limitations of previous studies in our proposed analysis of possible effects of vascular 
risk factors on the association of stroke incidence and severity with post-stroke cognitive decline and 
incident dementia, measured using harmonized cognitive measures based on batteries of cognitive 
tests.  
 

The National Institute of Health Stroke Scale (NIHSS) is the most widely used scale for the 
assessment of stroke severity and is recognized as the “gold standard” for stroke severity rating in 
clinical trials24. The NIHSS score on admission strongly predicts functional outcome and mortality 
after stroke25. The likelihood of excellent functional outcome steeply declines with any increase in 
NIHSS score: one additional point on the NIHSS has been reported to decrease the likelihood of 
excellent outcomes at 7 days by 24% and at 3 months by 17%, after adjusting for age, race, gender, 
and history of a previous stroke25.  
 

Risk of dementia significantly differs by stroke severity. In the Oxford Vascular Study, dementia 
rates 1-year after stroke were higher in participants with severe stroke (NIHSS>10) compared to 
those with minor stroke8. Cognitive impairment after stroke is common in patients with low NIHSS 
scores, despite their successful recovery in physical function26-28.  
 



 
 

In the REGARDS study, the rate of the cognitive decline in global cognition and executive function, 
but not memory, after stroke was faster than that seen pre-stroke with evidence supporting differences 
in the trajectory of decline for the various cognitive function domains13. A recent study including 
individuals with minor stroke (admission NIHSS score 2.7 on average) who were assessed for 
cognitive function at 1, 6 and 12 months after stroke also showed unique trajectories for each 
cognitive domain. Although some degree of improvement in nearly all domains was observed 
between 1 and 6 months after stroke, the recovery after 6 months was less consistent, particularly in 
verbal memory. Notably, the NIHSS score continued to show association with cognitive function 
after 6 months29. Using the ARIC data, we have previously evaluated the association of ischemic 
stroke incidence, severity and recurrence with post-stroke dementia30. Increased risk of dementia was 
evident in ARIC participants with stroke compared to those without stroke, independent of 
prevalence of risk factors shared by both stroke and dementia. Furthermore, the risk of dementia 
increased with severity of stroke, as well as with the number of recurrent stroke events. Importantly, 
we observed larger increases in dementia risk in individuals with stroke at a younger age (below age 
75) than that seen in those older at the time of stroke30. We now aim to assess associations of stroke 
incidence and severity with changes in cognitive function and dementia among participants in the 
STROKE COG cohort participants. The use of pooled individual-level data available in the cohorts 
participating in STROKE COG will allow for the assessment of the aforementioned associations in a 
large sample using harmonized cognitive data from different US cohort studies. 
 
5. Main Hypothesis/Study Questions: 
 Study hypotheses: 

 
1. Risk of cognitive decline increases from no stroke to minor stroke (NIHSS 0-5), to mild 

stroke (NIHSS 6-10) and to severe stroke (NIHSS≥11).  
2. Risk of dementia increases from no stroke to minor stroke (NIHSS 0-5), to mild stroke 

(NIHSS 6-10) and to severe stroke (NIHSS≥11). 
o In the analysis for this hypothesis, we will also update and confirm results from a 

study using data on 1,378 ischemic strokes (1,155 incident) and 2,860 dementia cases 
identified in ARIC through December 31, 201930, expanding the analysis to all 
STROKE COG cohorts with data and examining cognitive decline as an outcome.   

3. In exploratory analyses, we will investigate whether the associations between stroke and 
cognitive decline are moderated by underlying vascular risk factors, namely BP, cholesterol, 
diabetes/glucose levels and BMI.  

 
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). 
 
We will follow the general methods established in STROKE COG, including a similar paper 
(MP#4150) on the relationship of stroke subtype to cognitive decline, with this proposal extending 
the hypotheses to stroke severity as a primary focus. 
 
Study Design: Cognitive factors harmonized across the cohorts in the STROKE COG pooled cohort 
will be used. The harmonized data includes the following cognitive domains: global cognition (global 
cognitive performance- GCP), memory (learning and delayed recall/recognition- Memory), and 
executive function (complex and/or speeded cognitive functions- EF).  



 
 

 
Main exposure variables:  
Stroke incidence: Participant’s first definite stroke as reported in each cohort. ARIC and CHS have 
data also on probable strokes, therefore we will conduct secondary analysis looking at first 
definite/probable stroke as exposure in ARIC and CHS participants. 
 

Stroke severity: We will use data on stroke severity collected in the 3 cohorts (ARIC, FOS, 
REGARDS) in the STROKE COG study using protocols similar to the Stroke Severity in ARIC study 
protocol30,31. De-identified hospital charts of events that were previously adjudicated at each cohort as 
stroke events were reviewed by physicians and data on all items in the NIHSS were evaluated 
according to an algorithm for retrospective collection of the NIHSS score that has been shown to be 
valid across the entire stroke severity spectrum32,33. To address potential non-linear scaling of stroke 
severity and for clinical utility, we will classify stroke severity according to the NIHSS score as 
follows: no stroke, minor stroke (NIHSS 0-5, including the majority of the strokes), mild to moderate 
stroke (NIHSS 6-10) and moderate to severe stroke (NIHSS≥11 ).   
 

Exclusion Criteria: We will exclude participants with missing information on the main covariates in 
multivariable models. Participants with prevalent stroke at study baseline will be excluded in 
sensitivity analyses. Participants with documented aphasia following stroke will be excluded if they 
cannot complete cognitive testing and this will be noted as a study limitation; we will report numbers 
of such participants. Participants with a dementia diagnosis before stroke will be excluded.  
 

Definition of outcomes:  
Cognitive function: Harmonized global cognitive performance (primary cognitive outcome for Aim 
1) and harmonized memory and executive function (secondary outcomes) longitudinally measured 
and treated as continuous variables. 
Dementia: As defined according to cohort-specific criteria. In participants with stroke, dementia after 
stroke will be reported if diagnosed ≥1 year after incident stroke in order to exclude cases of acute 
changes in cognitive function after stroke.  
 

Main covariates:  
Cohort and baseline age, sex, race/ethnicity, years of education, and time-varying, smoking, BMI, 
fasting glucose, systolic blood pressure, total cholesterol, anti-hypertensive medication and statin use.  
For BP, cholesterol, diabetes and BMI, available as time-varying, we will use data at baseline (most 
proximal to, but before, the incident stroke), as well as post-stroke.  APOE4 status will be added as a 
covariate in sensitivity analysis because data on APOE4 are not available for all the participants. 
Stroke location and mean pre-stroke cognitive functioning will also be covariates if available at time 
of analysis. In cohort-specific sensitivity analyses, we will additionally adjust for race/center in 
ARIC. 
 

Summary of data analysis:  
Cognitive decline (random effects models): Linear mixed-effects models will be used to 
parameterize longitudinal change in cognitive function, adjusting for covariates. The difference in 
cognitive trajectory by stroke incidence and severity (no stroke, minor stroke [NIHSS 0-5], mild to 
moderate stroke [NIHSS 6-10] and moderate to severe stroke [NIHSS≥11]) will be parameterized by 
testing for interactions between a piece-wise linear spline at the date of stroke and stroke severity. 



 
 

The models will include random effects for intercept and slopes as well as fixed effects for each 
cohort (sensitivity analyses will be stratified by cohort).  We will consider models of the following 
form: 
 
Aims 1 and 2. The timescale is time since starting the study: 
 
𝑌𝑌𝑖𝑖t = 𝛼𝛼𝑖𝑖 𝛽𝛽0 + 𝛽𝛽1 time𝑖𝑖t  
 + 𝛽𝛽2 𝑠𝑠trk_sev_minor𝑖𝑖t + 𝛽𝛽3 𝑠𝑠trk_sev_mild𝑖𝑖t + 𝛽𝛽4 𝑠𝑠trk_sev_severe𝑖𝑖t  
 + 𝛽𝛽5 𝑠𝑠trk_sev_minor𝑖𝑖t*time𝑖𝑖t + 𝛽𝛽6 𝑠𝑠trk_sev_mild𝑖𝑖t*time𝑖𝑖t + 𝛽𝛽7 𝑠𝑠trk_sev_severe𝑖𝑖t *time𝑖𝑖t 
 + 𝛽𝛽8 cohort𝑖𝑖 + 𝛽𝛽9 cohort𝑖𝑖 *time𝑖𝑖t +∑ mk=10 𝛽𝛽k*covariatesmit + 𝜖𝜖𝑖𝑖t  
 
 
 
 
Subscripts 𝑖𝑖 and 𝑡𝑡 represent individual i and observation at time 𝑡𝑡, respectively. The dependent 
variable 𝑌𝑌𝑖𝑖t is cognition (GCP, EF or Memory) or time to dementia. Follow-up time, time𝑖𝑖t, is 
expressed as the years before or after incident stroke, where negative values indicate time before 
stroke in the case of incident strokes. Parameters of interest for testing the hypotheses are the 𝛽𝛽5 – 𝛽𝛽7 
interaction terms of stroke severity with time. The group with no stroke are the reference group. We 
will examine the change in the stroke severity*time interaction term after adding time-varying risk 
factors and their interactions with time. Pursuant to Aim 2, we will examine three-way interactions 
(including component two-way interactions) between severity, time, and vascular risk factors (BP, 
cholesterol, diabetes, and BMI). 
 
Term ∑k=10m includes the covariates (see Main covariates) and their interactions with follow-up time. 
Models will include age*time, sex*time, and race*time interaction terms because there is evidence 
that the post-stroke cognitive slope differs by age and sex based on the results of ARIC MS#3903. 
Random intercepts 𝛼𝛼𝑖𝑖 and slopes 𝜏𝜏𝑖𝑖 are included to accommodate the correlation of cognitive 
measures within participants over time and to allow participant-specific rates of cognitive change. 
The 𝑫𝑫 matrix defines variance-covariance for subject-specific random effects, which are assumed to 
be normally distributed. Random errors 𝜖𝜖𝑖𝑖t are independent from each other. We will repeat analyses 
within cohort to assess heterogeneity of effects.  
 
Dementia incidence: Risk of dementia will be studied with Cox proportional hazards models using 
pooled data as primary analysis and also stratified by cohort in a sensitivity analysis. Follow-up time 
will be from baseline to first diagnosis of dementia, death, loss to follow-up, or administrative 
censoring, whichever occurs first. Risk of dementia will be assessed with stroke events occurrence 
and severity modeled as a time dependent covariate comparing time after stroke to time without a 
history of stroke. In cases where NIH stroke severity scores are unavailable, they will be imputed 
using multilevel multiple imputation by chained equations. 
In sensitivity analyses for aim 2 (dementia as an outcome), we will adjust for the competing risk of 
death by fitting Cox proportional hazards models with death coded as a censoring case. 
We will also conduct a sensitivity analysis including individuals without stroke as a reference rate of 
cognitive decline. For these individuals, the incident stroke variables would stay 0 for all time.  
In addition, we will look at trajectories of general and domain-specific cognitive performance to 
assess possible differences in trajectories. 
 
Anticipated challenges and limitations:  



 
 

• Information on stroke severity was not prospectively assessed, but determined based on data in 
the hospitalization records from admission. However, the information was collected by trained 
chart reviewers, 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 severity32,33and previously used in ARIC papers20,30,31. 

• Individuals with stroke have shorter survival than those without stroke and among stroke patients, 
those with larger and more severe strokes are less likely to survive and be evaluated for long-term 
outcomes.  We will mention this limitation in the paper.  

• General cognitive performance measure has more data points, and thus potentially more power, 
than memory or executive functioning factors. 
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