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Abstract

Objective—Numerous studies show that depressive symptoms measured at a single assessment 

predict greater future stroke risk. Longer term symptom patterns, such as variability across 

repeated measures or worst symptom level, might better reflect adverse aspects of depression than 

a single measurement. This prospective study compared five approaches to operationalizing 

depressive symptoms at annual assessments as predictors of stroke incidence.

Design—Cohort followed for incident stroke over an average of 6.4 years.

Setting—The Adult Changes in Thought cohort follows initially cognitively-intact, community-

dwelling older adults from a population base defined by membership in Group Health, a Seattle-

based nonprofit healthcare organization.

Participants—3,524 individuals aged 65 and older.

Measurements—We identified 665 incident strokes using ICD codes. We considered both 

baseline Centers for Epidemiologic Study – Depression scale (CES-D) score and, using a moving 

window of three most recent annual CES-D measurements, we compared most recent, maximum, 

average, and intra-individual variability of CES-D scores as predictors of subsequent stroke using 

Cox proportional hazards models.

Results—Greater maximum (HR=1.18; 95% CI=1.07–1.30), average (HR=1.20; 95% CI=1.05–

1.36), and intra-individual variability (HR=1.15; 95% CI=1.06–1.24) in CES-D were each 

associated with elevated stroke risk, independent of sociodemographics, cardiovascular risks, 

cognition, and daily functioning. Neither baseline nor most recent CES-D was associated with 

stroke. In a combined model, intra-individual variability in CES-D predicted stroke, but average 

CES-D did not.

Conclusions—Capturing the dynamic nature of depression is relevant in assessing stroke risk. 

Fluctuating depressive symptoms may reflect a prodrome of reduced cerebrovascular integrity.
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Objective

Depression has a cumulative lifetime incidence of 16% in the general population(1) and is 

associated with increased risk of stroke.(2–3) Depression may increase stroke risk via 

neuroendocrine(4) and/or immunological(5) dysregulation, poor health behaviors,(6–8) the 

development of hypertension and diabetes,(9–10) and/or antidepressant medication use.(11–

13) Studies examining the association between depression and stroke demonstrate 

substantial heterogeneity,(2–3) which may, in part, reflect differences in how or when 

depressive symptoms were measured. Many studies consider only baseline score on a 

depression instrument, such as the Centers for Epidemiologic Studies-Depression scale 

(CES-D). However, this approach provides only a snapshot of depressive symptoms at a 

relatively arbitrary point in time (typically, study enrollment). More comprehensive 

operationalization of depressive symptoms as a dynamic construct may offer more precise 

estimates of the association between depressive symptoms and stroke risk, as well as 

mechanistic insights into this association. For example, instability in depressive symptoms 

across repeated assessments may reflect evolving cerebrovascular disease and presage 

elevations in stroke risk independently of average depressive symptoms.

In addition to baseline level, this prospective study thus investigated four other approaches to 

operationalizing depressive symptoms based on a moving window of the three most recent 

assessments: proximal level, maximum level across the three visits, average level across the 

three visits, and intra-individual variability across the three visits (Figure 1). We evaluated 

associations between each operationalization and stroke incidence. We hypothesized that (a) 

average level of and (b) intra-individual variability in depressive symptoms would be most 

strongly associated with incident stroke because they reflect cumulative exposure to 

depressive symptoms and mood dysregulation, respectively. Specifically, average level of 

depressive symptoms potentially indexes the accumulation of biological (e.g., 

neuroendocrine, inflammatory) and behavioral (e.g., low physical activity, smoking) factors 

related to depression that have been shown to increase stroke risk.(4–8). Intra-individual 

variability potentially indexes mood dysregulation, which has been shown to predict a 

variety of poor health outcomes such as mortality(14) and self-reported chronic illness.(15) 

Mood dysregulation may lead to more frequent engagement of the hypothalamic-pituitary-

adrenal (HPA) axis in response to daily stressors, which predicts stroke onset and severity in 

humans and animal models.(16) In addition, intra-individual variability in other behavioral 

markers have been linked to cerebrovascular abnormalities (e.g., white matter 

hyperintensities).(17) We also hypothesized that baseline and proximal levels would be least 

associated with risk of stroke given that these single time-point variables capture fewer 

aspects of the dynamic psychological construct and are less reliable because they draw on 

less information.
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Methods

Data

Participants were drawn from the Adult Changes in Thought (ACT) cohort, which has been 

described in detail elsewhere.(18–19) In brief, ACT enrolled cognitively-intact, community 

dwelling adults aged 65 and above in 1994–1996 (N=2,581) and 2001–2003 (N=881) from a 

population base defined by membership in Group Health, a Seattle-based nonprofit 

healthcare organization. Continuous enrollment of 10–15 new participants per month using 

the same methods began in 2005. The data considered here were obtained from all 

participants who had not withdrawn from the study as of the September 30, 2012 data 

freeze, at which time there were N=4,131 participants. Informed consent was obtained from 

all participants. Demographic, medical history, and functional status was assessed via in-

person interviews every two years. Study information is also linked to medical records and 

pharmacy files from Group Health. ACT data together with Group Health data were used to 

identify prevalent and incident stroke in the current study. Exclusion criteria included history 

of stroke (ICD code or self-report) or transient ischemic attack (self-report) at the initial 

ACT study visit. Inclusion criteria included the presence of at least one CES-D score over 

the follow-up period and availability of covariate data. Participants were censored after 

dropping out of the ACT cohort, even if information was available in Group Health medical 

records. The final analytic sample included 3,524 individuals assessed at up to 11 visits 

(mean = 4.08 visits) over up to 18 years (mean = 6.39 years). Of these participants, 466 were 

evaluated at only one visit, 662 were evaluated at 2 visits, and 2,223 were evaluated at three 

or more visits. The participants evaluated at three or more visits were assessed at an average 

of 5.53 visits over 10.74 years, with a mean inter-visit interval of 2.48 years.

Measures

The primary outcome was first incident stroke (of any type), identified from ICD-9 codes 

included in the Center for Medicare and Medicaid Services’ Chronic Condition Data 

Warehouse algorithm (430, 431, 433.01, 433.11, 433.21, 433.31, 433.81, 433.91, 434.00, 

434.01, 434.10, 434.11, 434.90, 434.91, 435.0, 435.1, 435.3, 435.8, 435.9, 436, 997.02) in 

inpatient and outpatient medical records.(20–23) If the principal diagnosis for the billing 

occasion indicated rehabilitation services (V57.xx), or the visit included ICD codes 

indicating a head injury (800–804.9 or 850–854.1), then the event was not classified as 

incident stroke, regardless of other ICD codes. If the diagnosis was based on outpatient 

services, the event was only classified as a stroke if there were at least two stroke-related 

records within a 12-month period.

The primary exposure was depressive symptoms, assessed annually with the 10-item Centers 

for Epidemiologic Studies-Depression scale (CES-D; 24), which can range from 0 to 30. 

Five variables based on CES-D score were computed: baseline score (i.e., CES-D at first 

available ACT study visit), CES-D score at most recent visit, maximum CES-D score over 

the three most recent visits, average CES-D score over the three most recent visits, and intra-

individual variability in CES-D scores (i.e., standard deviation) over the three most recent 

visits. Baseline score was a time-invariant variable. All other CES-D variables were time-

varying. Maximum, average, and intra-individual variability were computed using data from 
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the three most recent study visits, as opposed to all study visits in order to create time-

varying variables that capture the dynamic nature of depressive symptoms. Variables 

computed over the entire study period would have been static variables that reflect a 

different period of exposure for different participants because participants entered the study 

at different, relatively arbitrary points of time between age 65 and 101 and had different 

lengths of follow-up.

Figure 1 illustrates the moving window of the three most recent assessments used to derive 

the different operationalizations of CES-D at different study visits. Note that three of the 

depressive symptom operationalizations (i.e., maximum CES-D, average CES-D, and intra-

individual variability in CES-D) required participants to have been evaluated at least three 

visits. Because 1,301 of the 3,524 participants were only evaluated once or twice, analyses 

involving these three CES-D operationalizations only included 2,223 participants. 

Sensitivity analyses were conducted to determine whether results from analyses involving 

baseline CES-D and proximal CES-D were different in this subset of participants with more 

follow-up data.

Covariates included age (continuous), female sex, race (White versus all other), years of 

education (continuous), marital status (married or living with a partner versus all other), self-

rated health (continuous, 5-point scale from excellent to poor), activities of daily living 

(continuous, count of self-reported limitations in six activities), exercise (self-report of at 

least 15 minutes of exercise three times a week or more), cognitive status (continuous, 

Cognitive Assessment Screening Instrument score derived using item response theory; 25), 

body mass index (continuous), and ten-year Framingham Risk Score (FRS, continuous).(26) 

Components of the FRS (i.e., presence of type II diabetes mellitus, current smoking, systolic 

blood pressure, diagnoses of heart disease, atrial fibrillation, and left ventricular 

hypertrophy) were obtained from medical records or survey responses. Age, sex, race, and 

education were measured at baseline. All other covariates were measured at the most recent 

prior interview (see Figure 1).

Statistical Analysis

Descriptive statistics and correlations were computed using SPSS version 22. We computed 

correlations among the five variables that reflected alternative operationalizations of CES-D 

using data from all observations. Survival analysis with time-varying confounders was 

conducted in Mplus version 7 using Cox regression. Survival time was entered as months 

until stroke or last assessment, and all models adjusted for baseline age, in addition to the 

other covariates. An examination of all possible interactions of the predictors and a function 

of survival time indicated that the assumption of proportional hazards was tenable. Initially, 

we ran five separate models. In each model, one of the five CES-D variables was included, 

along with covariates. Because the standard deviation of CES-D scores is dependent on 

absolute level of depressive symptoms, we also ran a combined model that included both 

intra-individual variability in CES-D scores across three most recent visits and the mean 

CES-D score across those same visits, along with covariates. This combined model 

separated the relative predictive value of fluctuations in depressive symptoms from that of 

persistent level of depressive symptoms. Sensitivity analyses tested whether results changed 
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if the distributions of the CES-D variables were normalized through logarithmic 

transformation.

Results

At baseline, most cohort members were in their 8th decade of life, white, and well-educated 

(Table 1). Over the follow-up period of up to 11 visits (mean = 4.1 visits) over up to 18 years 

(mean = 6.4 years), 665 (19%) individuals developed incident stroke. Means, standard 

deviations, and inter-correlations among the five CES-D variables (across all participants 

and visits) are shown in Table 2. The range of baseline CES-D scores spanned the entire 

range of the scale, from 0 to 30, though only 9% of the sample obtained a score of at least 

10, which indicates the presence of a depressive disorder.(20) Over the course of the 18-year 

follow-up period, 21% of the sample obtained at least one CES-D score of 10 or greater.

Table 3 displays standardized results from separate models adjusted for age, sex, race, 

education, marital status, self-rated health, activities of daily living, exercise, cognitive 

status, body mass index and FRS. Incident stroke risk was predicted by: average CES-D 

score over the three most recent visits, maximum CES-D score over the three most recent 

visits, and intra-individual variability in CES-D scores over the three most recent visits. 

Neither baseline CES-D score nor most recent CES-D score was associated with incident 

stroke independent of covariates. Figure 2 displays rates of incident stroke as a function of 

these three variables, broken into highest and lowest quartiles.

Because intra-individual variability in depressive symptoms (i.e., standard deviation of CES-

D scores across the three most recent visits) is dependent on absolute level of depressive 

symptoms (i.e., mean CES-D score across the three most recent visits), an additional model 

was estimated to determine whether intra-individual variability in depressive symptoms 

independently predicted incident stroke. This model included both intra-individual 

variability in CES-D and average CES-D, along with covariates. In this combined model, 

intra-individual variability in CES-D remained a significant predictor of incident stroke 

(standardized HR=1.11; 95% CI = 1.00 to 1.22; Wald chi-square (df = 1) = 4.28; p = 0.039), 

independent of average CES-D (standardized HR=1.11; 95% CI = 0.94 to 1.31; Wald chi-

square df = 1) = 1.40; (p = 0.236) and all covariates. No substantive changes were noted in 

sensitivity analyses involving transformed CES-D variables or conducted within the subset 

of 2,223 participants were participated in at least three visits.

Conclusions

This study confirmed the association between depressive symptoms and increased risk of 

stroke, independent of sociodemographic characteristics, cardiovascular risk factors, 

cognition, and daily functioning. We found an association when we operationalized self-

reported depressive symptoms as: average level of symptoms across several visits, maximum 

level of symptoms across several visits, or intra-individual variability in symptoms across 

several visits. These findings suggest that approaches to operationalizing depressive 

symptoms that capture the dynamic nature of depression over time may be most relevant in 

assessing stroke risk. In contrast, depressive symptoms measured at a single time-point (i.e., 
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at study baseline or at the most recent prior visit) did not predict incident stroke independent 

of covariates. The results are consistent with recent conceptualizations of depression as 

neither state-like nor trait-like, but rather as exhibiting both state-like and trait-like 

components.(27) Indeed, in a previous longitudinal study using the CES-D, the magnitude of 

state variation was comparable to that of trait variation.(28) Thus, it is important to measure 

depressive symptoms at more than one time point because symptoms fluctuate over time.

(29)

Among the variables capturing depressive symptom severity (i.e., baseline, proximal, 

average, and maximum CES-D levels), average level across recent study visits was most 

strongly associated with stroke risk. Compared to baseline, proximal, and maximum CES-D 

levels, this operationalization of depression better reflects a level of symptoms that is 

persistent over time, as opposed to transient or episodic. Thus, results from the current study 

suggest that the chronicity of depressive symptoms may be particularly salient when 

evaluating stroke risk. For example, clinicians may obtain additional, meaningful 

information by considering both current and prior scores on depression instruments. These 

results are consistent with cognitive aging research suggesting that average depressive 

symptoms over multiple visits may be a stronger predictor of cognitive dysfunction and 

decline than baseline or concurrent depressive symptoms.(30)

The association between depressive symptom level and incident stroke may be causal. For 

example, persistently depressed individuals may be more likely to engage in poor health 

behaviors that increase stroke risk independent of the cardiovascular risk factors included in 

our models (e.g., exercise, body mass index, Framingham Risk Score).(6–8) An alternative, 

non-causal and non-mutually exclusive explanation is that higher levels of depressive 

symptoms reflect subclinical cerebrovascular disease (e.g., reduced cerebral blood flow, 

disconnection by white matter lesions, disruptions in neurotransmitter pathways due to 

proinflammatory cytokines).(31) All of these disease processes could increase vulnerability 

to stroke. It should be noted that the severity of depressive symptoms in the current sample 

was relatively low, and mild elevations on depressive symptom questionnaires can reflect 

factors other than clinical depression, such as medical illness and responses to stressors. 

These factors may increase stroke risk through mechanisms unrelated to clinical depression.

Intra-individual variability in depressive symptoms across recent visits was also significantly 

associated with stroke risk and was a better predictor than the average level of depressive 

symptoms over the same visits in a combined model. In the current study, intra-individual 

variability was calculated across three visits over a five-year period. Therefore, this variable 

likely captures both short-term (e.g., day-to-day) emotional reactivity as well as longer-term 

(e.g., year-to-year) changes in mood. Thus, the relatively long inter-visit interval in this 

study (i.e., 2.5 years) is not ideal for indexing short-term emotional reactivity and limits 

interpretation of results. Nonetheless, it is relevant to note that increased reactivity to 

stressors may lead to more frequent engagement of the HPA axis, which is known to 

influence stroke risk and severity.(16) Indeed, treatment with a glucocorticoid receptor 

antagonist prevented the negative effects of stress on ischemic disease in mice.(32) Longer-

term changes in mood may represent an early prodrome of cerebrovascular abnormalities 

that eventually culminate in stroke. For example, older adults with new-onset depression 
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have more vascular risk factors and MRI changes suggesting subtle cerebrovascular disease 

than older adults with early-onset depression.(33–34) Variability in depressive symptoms 

may also be a marker of fluctuations in blood pressure, which could herald incident stroke.

(35)

The observation that increased intra-individual variability in a behavioral marker signifies a 

neurological prodrome has been extensively studied in the cognitive literature, where greater 

intra-individual variability in cognitive performance (both within a single test session and 

over the course of several years) precedes the clinical onset of neurodegenerative and other 

neurological diseases, particularly those affecting the frontal lobes.(36) Demonstrations of 

the prognostic significance of intra-individual variability in depressive symptoms are just 

beginning to emerge in the literature. For example, in a study of 160 older adults with 

macular degeneration, variability in scores on the self-report Geriatric Depression Scale over 

a six-month period was associated with informant-reported cognitive decline three years 

later, independent of age, education, and baseline level of depressive symptoms.(37) Of note, 

population-based studies with standard measurement intervals may be more likely to detect 

the clinical significance of intra-individual variability in a disease marker than clinic-based 

studies in which measurements are time-locked to clinical events. For example, in the 

population-based ACT study, variability in renal function, but not absolute level of renal 

function, was found to be a risk factor for dementia.(38) Together, these results support the 

clinical utility of regular screenings.

A limitation of this study is its generalizability, as the sample was older and predominantly 

white. Another limitation is that we did not adjust for antidepressant use or compliance, both 

of which are affected by depressive symptom severity and persistence, and therefore may 

partially mediate the link between depressive symptoms and stroke. Although antidepressant 

medication might also be a time-varying confounder, the magnitude of effect of 

antidepressants on symptomology would have to be very large to plausibly introduce 

substantial bias in the current study. Nonetheless, exploring the role of antidepressant 

medication in the association between depression and stroke should be a priority for future 

research. While analyses did not control for non-antidepressant medications, which could 

plausibly influence both depressive symptoms and stroke risk, confounding by these 

medications is an unlikely explanation for the current results. This study included an 

unusually comprehensive set of covariates that included self-rated health, cognitive and 

functional abilities, and Framingham Risk Scores. In particular, the Framingham Risk Score 

is likely to capture much of the variance in cardiovascular health that could be influenced by 

non-antidepressant medications. It should also be noted that the primary outcome of the 

current study was first incident stroke of any type, as the ACT cohort is too small to support 

separate analyses of ischemic and hemorrhagic stroke.

Another limitation of this study is that depression evaluation was limited to the CES-D, and 

no diagnostic criteria were applied. Therefore, the results of this study are only generalizable 

to depressive symptoms measured with this commonly-used questionnaire, and not to 

clinical disorders. However, the finding that higher scores on a depressive symptom 

questionnaire are independently predictive of future stroke is important even if the 

underlying mechanism(s) is found to be unrelated to clinical depression. Similarly, this study 
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does not take into account participants’ lifetime history of depressive disorders or records of 

hospitalizations for depressive disorders, which would have provided important information 

about lifetime exposure.

Strengths of this study include the large sample size, extensive longitudinal follow-up, and 

the use of medical records to verify incident stroke and objectively measure several, time-

varying confounders. Most importantly, no prior research has examined the link between 

within-person variability of depressive symptoms and subsequent stroke risk, or 

systematically compared alternative operationalizations of symptoms. Importantly, by 

exploring multiple approaches to operationalizing depressive systems, we have identified a 

novel predictor of stroke.

In conclusion, this study underscores the imperative for characterizing the dynamic nature of 

depression in the context of stroke risk assessment. Depressive symptoms measured at a 

single point in time may be less likely to predict incident stroke. Further, intra-individual 

variability in depressive symptoms across several visits may be a better predictor of stroke 

risk than level of depressive symptoms. Future studies should explore whether the predictive 

accuracy of commonly-used stroke risk calculators could be improved with the addition of 

information on level, chronicity, and/or variability of depressive symptoms. In addition, 

future studies are needed to explore causal versus non-causal mechanisms linking these 

variables to stroke risk.
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Figure 1. 
Timing of assessments of depressive symptoms, confounders, and stroke. The moving 

window of the three most recent assessments is illustrated for three example visits: visit 3, 

visit 4, and visit 10. Baseline CES-D was a time-invariant variable. All other CES-D 

variables were time-varying: proximal CES-D, average CES-D over the three most recent 

visits, maximum CES-D over the three most recent visits, and intra-individual variability in 

CES-D over the three most recent visits. Baseline confounders were age, sex, race, and 

education. Time-varying confounders were marital status, self-rated health, activities of 

daily living, exercise, cognitive status, body mass index, and Framingham Risk Score.
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Figure 2. 
Kaplan-Meier curves from three separate models estimating the association between (A) 

intra-individual variability in CES-D over three most recent visits, (B) average CES-D over 

three most recent visits, and (C) maximum CES-D over three most recent visits and incident 

stroke independent of all covariates. Within each panel, the continuous CES-D variable was 

split into highest and lowest quartiles for visualization purposes.
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Table 1

Baseline characteristics of the ACT sample (N=3,736)

Mean (SD) or %

Age 74.3 (6.5)

Sex, % female 58.2

Race, % White 91.6

Education (years) 14.8 (3.2)

Marital status, % married 55.2

Self-rated health (1–5) 2.5 (0.9)

Activities of daily living (0–6) 0.3 (0.8)

Exercise, % yes 70.6

Cognitive Assessment Screening Instrument (IRT scoring) 0.3 (0.7)

Body Mass Index 27.4 (4.9)

Framingham Risk Score (0–100) 8.7 (7.9)
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Table 3

Standardized results from separate Cox regression models predicting incident stroke (N=3,736)

Hazard ratio 95% CI p

Baseline CES-D 1.00 0.97 to 1.03 0.956

Proximal CES-D 1.02 0.97 to 1.08 0.411

Average CES-Da 1.20 1.05 to 1.36 0.006

Maximum CES-Da 1.18 1.07 to 1.30 0.002

CES-D variabilitya 1.15 1.06 to 1.24 <0.001

Note. All models controlled for age, sex, race, education, marital status, self-rated health, activities of daily living, exercise, cognitive status, body 
mass index, and Framingham Risk Score. P-values were from Wald chi-square tests, df = 1.

a
Computed over the three most recent assessments
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