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Abstract
Background—Cardiovascular disease (CVD) and cognitive impairment are common in dialysis
patients. Given the proposed role of microvascular disease on cognitive function, particularly
cognitive domains that incorporate executive functions, we hypothesized that prevalent systemic
CVD would be associated with worse cognitive performance in hemodialysis patients.

Design—Cross-sectional cohort

Setting and Participants—200 maintenance hemodialysis patients without prior stroke from 5
Boston-area hemodialysis units

Predictor—CVD, defined by history of coronary disease or peripheral vascular disease

Outcome—Performance on a detailed neurocognitive battery. Primary analyses quantified
cognitive performance using principal components analysis to reduce cognitive tests to a
processing speed/executive function domain and a memory domain. Multivariable linear
regression models adjusted for age, sex, education, race and other clinical and demographic
characteristics.

Results—Mean (SD) age of participants was 62 (18) years and 75 (38%) had CVD. Individuals
with CVD were older, more likely to be men, diabetic, and current or former smokers. In adjusted
models, individuals with CVD performed 0.50 standard deviations worse (p<0.001) on tests
assessing processing speed/executive function, while there was no difference in performance on
tests of memory. Similar results were seen when assessing individual tests, with performance on
the block design, digit symbol coding and Trail Making Tests A and B significantly associated
with CVD in age, sex, education and race-adjusted analyses and approaching toward significance
in fully adjusted models.
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Limitations—CVD ascertainment dependent on patient recall and dialysis unit documentation.
No brain imaging.

Conclusions—The presence of CVD is associated with worse cognitive performance on tests of
processing speed and executive functioning in hemodialysis patients and identifies a high risk
population for greater difficulty with complex tasks.

Introduction
Cardiovascular disease (CVD) and cognitive impairment are both prevalent in patients with
chronic kidney disease. Cardiovascular disease is the leading cause of death among dialysis
patients, with 10 to 50-fold higher rates of CVD mortality at any given age.1 While this
increase in mortality may represent more rapid development and progression of CVD in
dialysis patients, this increased risk also is a manifestation of the increased incidence and
prevalence of CVD among people with chronic kidney disease not yet on dialysis.2
Similarly, cognitive impairment, ranging from mild impairment to overt dementia, is
common in individuals with all stages of kidney disease3–11 and may be most prominent in
those with concurrent vascular disease.12 Mild cognitive impairment may affect as many as
64% of dialysis patients,13–17 and is an independent risk factor for mortality in this
population.18

There are multiple potential causes of cognitive impairment in dialysis patients, ranging
from pathologies common in the general population, such as Alzheimer's disease and
vascular disease, to conditions specific to dialysis, such as metabolic derangements and
aluminum toxicity. Given the lack of an association between cognition and dialysis
adequacy in our population,19 and the finding that cognitive performance appears similar
just before dialysis versus on an intra-dialytic day,20 it is less likely that cognitive
functioning is due primarily to `uremia' per se. We propose that cognitive impairment in
dialysis patients may be a manifestation of small vessel cerebrovascular disease that is
prevalent in individuals during all stages of CKD.3,10,21–23 In support of this statement are
data from the general population demonstrating that cognitive impairment secondary to
cerebrovascular disease may be a chronic process resulting from a cardiovascular disease
milieu24–25 leading to multiple subclinical vascular insults26 that initially manifest as subtle
cognitive impairment, particularly in executive function domains.27 Executive functions
broadly encompass processes responsible for planning, abstract thinking and cognitive
flexibility, all of which are of critical importance for individuals managing a complex
chronic illness.

In the current study, we examine the relationship between clinically recognized CVD and
cognitive function in hemodialysis patients. Given the high prevalence of vascular disease in
hemodialysis patients, the interrelationship between large and small vessel vascular disease,
and the proposed role of microvascular disease on cognitive function, particularly cognitive
domains that incorporate attention, processing and executive functions, we hypothesized that
prevalent systemic cardiovascular disease would be associated with worse cognitive
performance in these domains.

Methods
Participants

Patients receiving chronic in-center hemodialysis at 5 Dialysis Clinic Inc. (DCI) units in the
greater Boston area were evaluated for the Cognition and Dialysis Study. Reflecting the
nature of the cognitive battery, eligibility criteria included English fluency as well as
sufficient visual and hearing acuity to complete cognitive testing. To minimize cognitive
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testing floor effects, those individuals with Mini-Mental State Exam (MMSE) ≤10 were
excluded from the study; other exclusion criteria were advanced dementia based on provider
history, confusion, non-access related hospitalization within 1 month, receipt of
hemodialysis for less than 1 month, and single pool Kt/V <1.0. Demographic data were
obtained through participant report, medical charts, and the DCI database. Patients were
queried about personal history of myocardial infarction and coronary revascularization
(which were used to define coronary disease) and intermittent claudication and peripheral
vascular disease (which were used to define peripheral vascular disease). Additionally, DCI
electronic medical records and paper records were reviewed for a history of these conditions
with specific focus on problem lists, hospital discharge summaries, cardiac testing results
and procedure results. CVD was defined as history of either coronary disease or peripheral
vascular disease. Similarly, stroke was defined by patient history or documentation in the
patient's electronic or paper chart. Transient ischemic attack was not ascertained. The Tufts
Institutional Review Board approved the study and all participants signed informed consent
and research authorization forms.

Neuropsychiatric Assessment
Subjects were administered a battery of cognitive tests by research assistants following
training and direct observation by the study neuropsychologist (Dr. Scott); to maintain
quality and inter-rater reliability, testing was observed by the study neuropsychologist at 3–6
month intervals. To limit subject fatigue, all testing was completed during the 1st hour of
hemodialysis. The neuropsychological battery included well validated and commonly used
cognitive tests that possess high inter- and intra-rater reliability and have established age,
gender, and education-matched normative scores. Tests performed included the MMSE,28

the Wechsler Memory Scale-III (WMS-III) Word List Learning Subtest,29 the Wechsler
Adult Intelligence Scale-III (WAIS-III) Block Design and Digit Symbol-Coding Subtests,29

and Trail Making Tests A and B (Table 1).30 The overall battery assesses a broad range of
functioning including global ability, supraspan learning, auditory retention, visual retention,
attention/mental processing speed, visual construction/fluid reasoning, and motor speed.

Statistical Analysis
All analyses were performed using SAS, version 9.1 (SAS Institute, http://www.sas.com)
and all hypothesis tests were 2-sided. Baseline characteristics of eligible dialysis patients
who consented and did not consent to participate were compared using chi-square tests, t-
tests and ANOVA as appropriate. Similarly, baseline characteristics of participants with and
without CVD were also compared.

Primary Outcomes based on Principal Component Analysis—For 14 individuals
with missing scores on one cognitive test (up to two scores if derived from the same test),
multiple imputation was performed, incorporating linear regression models based on the
results of the available cognitive tests; these results were incorporated into the data for
principal components analysis.31 As it is likely that within patient covariance in cognitive
test performance would not substantially differ by stroke status and to facilitate secondary
analyses that include stroke patients, all patients were included in the generation of principal
component scores. We confirmed this assumption by generating a second set of principal
component scores in the subpopulation without stroke, finding the results nearly identical.
Principal component analysis (PCA) with varimax rotation was used as a data reduction
technique to derive composite scores for separate cognitive domains.32–33 Two principal
components with eigenvalues greater than 2 were obtained, and the resulting component
scores were subsequently used for primary statistical analyses. Using this methodology, all
component scores have a mean of 0 and standard deviation of 1.33 The first component was
interpreted to reflect executive functioning, attention and processing speed (referred to as
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executive function within the results section), with Trails A and B, Block Design, and Digit
Symbol-Coding tests contributing significantly; the second component was primarily
comprised of Word List Learning Recall and Recognition and was interpreted to reflect
memory (Table 1). After exclusion of individuals with a history of known stroke, simple
linear regression was used to assess the relationship between CVD and the principal
components. Parsimonious models adjusted for age, sex, race, and education, while fully
adjusted models further accounted for any variables with a p-value <0.20 in the
parsimonious models, with the exception that, in cases with high collinearity among
covariates (history of hypertension with systolic and diastolic blood pressure and history of
diabetes with primary cause kidney disease), the variable most significant in extended
models would be retained. This results in different covariates in each fully adjusted model.

Outcomes based on Individual Tests—For cognitive tests where population norms
have been developed, raw scores were transformed into age-appropriate scaled scores,29

and, for Trails A and B, age, education and sex appropriate scaled T-scores.30 The scaled
scores then were compared by baseline CVD status; however, raw scores were used for the
PCA. Secondary analyses examined the individual elements of these components, using
linear regression to evaluate the association between known cardiovascular disease history
and specific tests; in these analyses, the raw scores on individual tests defined cognitive
outcomes. Analyses performed with Trails B performance as an outcome used Tobit
regression to censor for failure to complete the task within the allotted 5 minutes.34 In
sensitivity analyses, individuals with stroke were included in the cohort and history of stroke
was adjusted for in all models. Given prior findings in this cohort, we performed additional
analyses adjusting for symptoms of depression, defined by a score on the Center for
Epidemiologic Studies Depression Scale (CES-D) above 15.35 Finally, we performed
additional analyses excluding individuals who may have been using a dialysis access arm to
perform cognitive testing. In all analyses, non-linear relationships were assessed through
testing risk factors quartiles and squared terms; non-linear relationships were not noted.

Results
Of 753 hemodialysis patients screened, 420 were eligible for the study. There were 280
(66.7%) patients who consented and participated in cognitive testing, 248 of whom
completed cognitive testing (Figure 1). Eligible patients not enrolled were similar to those
enrolled across characteristics, including age, race, sex, primary cause of ESRD, history of
CVD, except for slightly lower serum albumin among those who did not enroll (Table S1,
available as online supplementary material). Individuals not included in principal
components analysis due to incomplete cognitive testing were older (68.2 ± 13.6 versus 62.8
± 17.1 years, p=0.09) but had a similar prevalence of comorbid conditions, including CVD
(37.5% versus 41.1%, p=0.85), to those with complete or limited missing data. Following
exclusion of 48 individuals with known stroke, 200 participants were evaluated in primary
analyses, 75 (37.5%) of whom had a history of CVD, 62 (82.7%) of whom had known
coronary disease and 41 (54.7%) of whom had known peripheral vascular disease. Those
with CVD were significantly older, more likely to be men and have diabetes, and had
significantly lower diastolic blood pressure, serum albumin and serum phosphorus (Table 2).

The results of cognitive testing are presented in Table 3 and Table 4. Despite similar
performance on the MMSE, a frequently performed screening test that may be of limited
utility, particularly in vascular dementia, individuals with CVD performed significantly
worse on tests assessing executive function, attention and speed (executive score) in
univariate, parsimonious analyses adjusting for age, sex, race and education and extended
analyses. In the extended models, individuals with CVD performed 0.50 standard deviations
worse than those without CVD on these tests (p<0.001). For tests assessing memory and
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working memory (memory score), there was no difference by CVD status after
parsimonious adjustment (p=0.58). When evaluating individual test performance,
individuals with CVD had significantly lower standardized scores than those without CVD
on cognitive tests that loaded onto the executive function component (Table 3). In univariate
and parsimonious linear regression models, participants with CVD performed significantly
worse on Block Design, Digit-Symbol Coding, and Trail Making Tests A and B (Table 4).
Extended models demonstrated similar albeit attenuated findings, such that CVD was
associated with significantly poorer performance on Block Design and trended to worse
performance on Digit-Symbol Coding, Trails A and Trails B (Table 4).

The 48 individuals with a history of stroke were similar to those without stroke with the
exception of a higher prevalence of CVD (56.3% versus 37.5%, p=0.02) (Table S1). In
secondary analyses that included individuals with stroke, the association between CVD and
cognitive performance was attenuated, although there was a significant difference in
performance on the composite executive score (p=0.008, Table S2). Adjustment for
symptoms of depression did not affect the relationship between CVD and cognitive
performance (data not shown). Analyses excluding 25 participants where handedness was
uncertain and 14 participants where they used their access arm during dialysis for cognitive
tests revealed a robust analysis between CVD and performance on cognitive tests assessing
executive functioning (β=−0.52, p=0.0004 in extended models).

Discussion
In chronic hemodialysis patients, we demonstrate that, despite similar performance on the
MMSE, a history of cardiovascular disease in the absence of known stroke is independently
associated with worse function on more detailed tests of cognition, particularly those
assessing attention, processing speed and executive functions. As these cognitive domains
are considered more consistent with subcortical brain pathology and are more closely linked
with cardiovascular disease risk factors,36–37 worse performance in these domains may
indicate underlying cerebrovascular disease in the absence of previous clinically recognized
stroke.38–39

Dialysis patients are at high risk for both clinically recognized strokes and for subclinical
cerebrovascular disease. Compared to the general population, there is a 3- to 9-times greater
risk for hospitalization due to hemorrhagic and ischemic stroke among dialysis patients after
adjustment for comorbidity.40 Subclinical cerebrovascular disease is also common in all
stages of CKD and includes both previously unrecognized infarcts on cranial imaging that
were not associated with a clinical syndrome consistent with an acute stroke2341 as well as
diffuse white matter changes and subcortical small-vessel disease.10,17,22–23,42 In the general
population, the presence of silent infarcts predicts a range of long-term adverse outcomes
including incident dementia, clinically evident strokes, and decline in physical and cognitive
function;43–44 similarly, subcortical white matter abnormalities are associated with both
cardiovascular disease risk factors and poorer performance on tests of processing speed and
executive function.45 There are few data to date exploring the relationship between findings
on brain imaging and cognitive function in dialysis patients. However, given the relationship
in non-dialysis patients, we proposed that the presence of CVD in hemodialysis patients
places them at an increased risk of subclinical infarcts and white matter disease that may
predispose these individuals to cognitive impairment.46

Several recent studies have explored cognitive function and cognitive impairment in dialysis
patients. Murray et al, examining a prevalent cohort of 338 hemodialysis patients, describe a
high prevalence of cognitive impairment in maintenance hemodialysis patients as well as an
association between prior stroke and cognitive impairment; however, they did not explore
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the relationship between prevalent CVD and cognitive performance.13 Similarly a recent
evaluation of 383 participants in the Frequent Hemodialysis Network (FHN) Trials,
comprised of a relatively healthy dialysis population, used the modified MMSE and Trails
B, predominantly administered before a dialysis session, to assess cognitive performance in
dialysis patients. In this study, there was a significant association between a history of stroke
and failure to complete Trails B within 300 seconds.47 Systemic CVD was not reported.
Similar to our study, both Murray et al and the FHN note more prominent impairment in
tests assessing executive performance than global cognitive function and memory. The
current study expands on these reports by excluding patients with stroke, and specifically
evaluating the relationship between prevalent CVD and multiple cognitive domains in
dialysis patients, suggesting that unrecognized cerebrovascular disease, which may
accompany vascular disease affecting other systems, may mediate this relationship.

There are several limitations to our study. First, the cross-sectional design is unsuited for
determining causality or the temporal relationship between cardiovascular disease and
cognitive function. Additionally, there may be a survivor bias that obscures the importance
of duration of kidney failure. A second important limitation was the lack of a gold standard
for identifying the presence of cardiovascular disease, with reliance on patient history and
chart abstraction. It is likely that incomplete ascertainment of CVD would bias to the null
hypothesis, although incomplete ascertainment of stroke may bias in the opposite direction.
Third, in the absence of imaging, we lack data on the presence of subclinical stroke or white
matter hyperintensities. Future studies that incorporate neuroimaging will provide greater
insight towards the underlying etiology of cognitive impairment in dialysis patients. Fourth,
we performed cognitive testing during the dialysis procedure. While it is possible that this
may affect performance on cognitive tests,20 most patient education and contact with
medical practitioners occurs during dialysis, rendering cognitive function during the dialysis
procedure itself critically important. Importantly, in the Frequent Hemodialysis Network
Trials, rates of failure to complete Trails B were similar to those seen in our study (28.7% in
FHN versus 21.0% in our study), suggesting that assessment during dialysis may not
substantially affect performance on this test. Fifth, only block design retained statistical
significance in fully adjusted models, while tests that similarly assessed attention, processing
speed and executive function maintained similar magnitude of effect but no longer were
associated with a p-value below 0.05. This likely reflects a relatively small sample size,
albeit a substantial population given the extensive neurocognitive testing performed.
However, because individual neurocognitive tests do not solely assess a single domain, we
used a common data reduction technique in neurocognitive studies, principal components
analysis, to maximize the domain specific information obtained from each individual
cognitive test. Use of principal components analysis additionally reduces the risk of
overinterpretation of associations with individual cognitive tests by taking into account the
collinearity among components of the neurocognitive battery. Finally, given the cross-
sectional nature of the study, it is unknown whether declines in cognitive function that may
be associated with the hemodialysis procedure itself would differentially affect patients with
and without CVD.

Our study has several strengths as well. We used a detailed neurocognitive evaluation that
facilitated the identification of specifically affected cognitive domains, with the current
population one of only two maintenance dialysis cohorts with such extensive cognitive
evaluation.13 The utility of extensive testing is revealed by the lack of association between a
simple cognitive screening tool (the MMSE) and CVD in our study. Second, we utilized
principal components analysis as a data reduction technique to account for within patient
between test variability.32 Additionally, we were able to enroll a substantial number of
chronic hemodialysis patients with characteristics and distribution of causes of ESRD
similar to those seen in the prevalent US dialysis population.48 Finally, exclusion criteria
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were few, and, overall, enrolled participants were similar to those who refused, further
improving generalizability.

In summary, we have demonstrated an association between cardiovascular disease and
worse performance on cognitive tests assessing executive function in dialysis patients. This
relationship is consistent with the hypothesis that there is extensive microvascular pathology
among maintenance dialysis patients affecting multiple vascular beds, including the brain.
Critically, this study identifies dialysis patients with clinically evident CVD as a higher risk
group for difficulty managing complex medication regimens and medical plans. Further
research is required to assess longitudinal changes in cognitive performance among dialysis
patients with CVD and to better describe the structural changes that occur in this vulnerable
population.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Derivation of the study cohort. Incomplete testing indicates those who did not complete 2 or
more tests used for generation of the principal components.
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Table 2

Characteristics of participants with and without history of cardiovascular disease.

Total N=200 Non CVD N=125 62.5% CVD N=75 37.5% P-value

Age (years) 61.5 ± 17.7 56.4 ± 18.3 69.9 ± 12.9 <0.001

Female (%) 47.0 54.4 34.7 0.007

African American (%) 23.5 27.2 17.3 0.08

Education (%)

 <12th grade 9.0 6.4 13.3 0.05

 High school graduate 59.5 58.4 61.3

 2+ Years college 31.5 35.2 25.3

Medical History (%)

 Peripheral Vascular Disease 20.5 --- 54.7 ---

 Coronary Artery Disease 31.0 --- 82.7 ---

 Hypertension 88.0 84.0 94.7 0.03

 Stroke --- --- --- ---

 Diabetes 46.5 36.8 62.7 <0.001

 Heart Failure 32.0 20.8 50.7 <0.001

Primary cause of ESRD (%)

 Diabetes 35.5 24.8 53.3 <0.001

 Glomerulonephritis 19.5 23.2 13.3

 Hypertension 18.0 17.6 18.7

 Other 20.5 28.0 8.0

 Unknown 6.5 6.4 6.7

Smoking History (%)

 Never 40.5 49.2 25.7 0.006

 Past 52.1 45.0 64.3

 Current 7.4 5.8 10.0

Vascular Access (%)

 Fistula 60.0 63.2 54.7 0.3

 Graft 5.5 4.0 8.0

 Catheter 34.5 32.8 37.3

Systolic BP (mm Hg) 143.4 ± 20.5 144.3 ± 20.6 141.9 ± 20.6 0.4

Diastolic BP (mm Hg) 74.4 ± 12.3 76.7 ± 12.6 70.6 ± 10.8 <0.001

Body Mass Index (kg/m2) 28.0 ± 6.6 28.0 ± 6.9 27.9 ± 6.0 0.9

Hematocrit (%) 35.8 ± 3.3 35.6 ± 3.4 36.2 ± 3.2 0.2

Serum Albumin (g/dL) 3.8 ± 0.4 3.9 ± 0.3 3.8 ± 0.4 0.04

Phosphorus (mg/dL) 5.4 ± 1.5 5.6 ± 1.5 5.2± 1.4 0.04

Dialysis Vintage (months) 13.5 (6.4, 33.3) 13.2 (5.5,29.7) 14.5 (9.4,36.4) 0.3

PTH (pg/ml) 285 ± 218 292 ± 230 274 ± 197 0.6

spKt/V 1.54 ± 0.27 1.53 ± 0.29 1.54 ± 0.22 0.9
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Continuous data are mean ± standard deviation except vintage which is median (25th percentile, 75th percentile). CVD, cardiovascular disease;
ESRD, End-Stage Renal Disease; BP, blood pressure; PTH, parathyroid hormone. To convert albumin to g/L, multiply by 10; to convert
phosphorus to mmol/L multiply by 0.3229; and to convert PTH to ng/L multiply by 1.
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