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Abstract

Background—Chronic kidney disease (CKD) is common and associated with cardiovascular 

disease, cerebrovascular disease and cognitive function, although the nature of this relationship 

remains uncertain.

Study Design—Cross-sectional cohort using baseline data from the Systolic Blood Pressure 

Intervention Trial (SPRINT)

Setting and Participants—Participants in SPRINT, a randomized clinical trial of blood 

pressure targets in older community-dwelling adults with cardiovascular disease, CKD or high 

cardiovascular disease risk and without diabetes or known stroke, who underwent detailed 

neurocognitive testing in the cognition substudy, SPRINT-Memory and Cognition in Decreased 

Hypertension (SPRINT-MIND)

Predictors—Urine albumin-creatinine ratio (ACR) and estimated glomerular filtration rate 

(eGFR)

Outcomes—Cognitive function, a priori defined as 5 cognitive domains based on 11 cognitive 

tests using zscores, and abnormal white matter volume quantified by brain magnetic resonance 

imaging

Results—Among 9361 SPRINT participants, 2800 participated in SPRINT-MIND and 2707 had 

complete data; 637 had brain imaging. Mean age was 68 years, 37% were women, 30% were 

black, and 20% had known cardiovascular disease. Mean eGFR was 70.8 ± 20.9 ml/min/1.73 m2 

and median urine ACR was 9.7 (IQR, 5.7–22.5) mg/g. In adjusted analyses, higher ACR was 

associated with worse global cognitive function, executive function, memory and attention, such 

that each doubling of urine ACR had the same association with cognitive performance as being 7 

months, 10 months, 6 months, and 14 months older, respectively. Lower eGFR was independently 

associated with worse global cognitive function and memory. In adjusted models, higher ACR but 

not eGFR was associated with larger abnormal white matter volume.

Limitations—Cross-sectional only, no patients with diabetes were included.

Conclusions—In older adults, higher urine ACR and lower eGFR have independent associations 

with global cognitive performance with different affected domains. Albuminuria concurrently 

identifies a higher burden of abnormal brain white matter disease, suggesting vascular disease may 

mediate these relationships.
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Chronic kidney disease (CKD) in older adults is an important public health problem 

affecting up to 26 million individuals in the United States.1 The prevalence of CKD 

worldwide continues to rise,1 likely reflecting an aging population and increasingly common 

cardiovascular disease risk factors, including hypertension, diabetes, and obesity. It is 

particularly common in older adults, with moderate or severe (stage 3 or 4) CKD affecting 

nearly 11% of individuals aged 60–69 years and more than 1 in 3 persons aged 70 years and 

older.1

Chronic kidney disease is defined by either reduced kidney function, most often identified 

through serum creatinine-based estimates of the glomerular filtration rate (GFR), or by 

evidence of kidney damage, most often identified by the presence of albumin in the urine.2 It 

is associated with a marked increase in cardiovascular disease risk.3 This risk extends to all 

vascular beds, including the cerebrovascular circulation, and the frequency of 

cerebrovascular disease, including acute and subclinical stroke, is also substantially 

increased in CKD.4,5 Given this cerebrovascular disease burden, it is not surprising that 

cognitive impairment is common in individuals with CKD, particularly in older adults.6–10 

Many of the studies exploring the association between CKD and cognitive function relied on 

omnibus cognitive screening instruments rather than more detailed neurocognitive testing, 

lacked brain imaging, or did not have concurrent ascertainment of cognitive functioning and 

both kidney disease markers.11–14 One study using a cognitive screening test noted that, 

when eGFR was preserved, albuminuria was associated independently with incident 

cognitive impairment, while, when albuminuria was minimal, low eGFR was associated 

independently with cognitive impairment.7 Another study in older adults found an 

association between albuminuria and performance on cognitive tests assessing executive 

function but not on tests assessing memory along with an association between albuminuria 

and abnormal brain white matter volume.10 A third more recent study evaluated data from 

participants in the Maastricht Study, a population-based cohort in the Netherlands with a low 

prevalence of CKD, and showed an association between albuminuria and lower information 

processing speed, particularly among older participants, but no significant association 

between GFR and cognitive performance.15 All studies enrolled participants with diabetes.

Viewed in sum, findings from these and other studies suggest that cerebrovascular disease 

may link CKD and cognitive impairment.16 It remains unclear whether albuminuria and 

reduced GFR each are associated with different cognitive domain profiles. To explore the 

relationships among kidney markers, cognitive function, and cerebrovascular disease in a 

high cardiovascular disease risk population without diabetes or known stroke, we evaluated 

participants in the Systolic Blood Pressure Intervention Trial (SPRINT) cognition substudy, 

SPRINT-Memory and Cognition in Decreased Hypertension (SPRINT-MIND), with 

concurrent assessment of kidney function, detailed cognitive testing, and, in a subset, brain 
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imaging measures of cerebrovascular disease. We hypothesized that albuminuria and 

reduced eGFR are independently correlated with poorer cognitive function and a larger 

burden of abnormal white matter volume.

Methods

Study Population

A multicenter randomized trial, SPRINT (ClinicalTrials.gov study number NCT01206062) 

compared two strategies for treating systolic blood pressure: one targeted the standard goal 

of <140 mm Hg and the other a more intensive target of <120 mm Hg. Enrollment focused 

on volunteers age 50 years or older with an average baseline systolic blood pressure ≥130 

mm Hg and evidence of cardiovascular disease, CKD, 10-year Framingham cardiovascular 

disease risk score ≥15%, or age ≥75 years. Major exclusion criteria included history of 

known stroke, diabetes mellitus (current glycosylated hemoglobin ≥6.5% or current use of 

medications to treat hyperglycemia at screening), proteinuria exceeding 1 g/d, and eGFR 

below 20 mL/min/1.73 m2.17 Recruitment of a high number of participants with CKD stage 

3 was a study goal.17 SPRINT recruited 9361 people at 102 clinics in the United States from 

November 2010 through March 2013, including 2648 with CKD, 1877 with a history of 

cardiovascular disease, and 2636 age 75 years or older. Recruitment for SPRINT-MIND 

targeted 2800 participants at baseline, enriched for older SPRINT participants, while a 

subset of SPRINT-MIND, SPRINT-MIND Magnetic Resonance Imaging (MRI), targeted 

approximately 640 MIND participants for brain imaging. All participants provided written 

informed consent. The study was approved by the institutional review board at each 

participating study site.

Study Variables

Study laboratory measurements were drawn at the baseline SPRINT visit. Serum creatinine 

concentration was measured by enzymatic procedure on a Roche analyzer, and is IDMS-

traceable for calibration. Urine albumin was measured by an immunoturbidometric method 

on a Roche analyzer, while cholesterol was measured enzymatically on a Roche analyzer 

using a cholesterol esterase/cholesterol oxidase method. Urine albumin was quantified along 

with urine creatinine in random spot urine specimens, with the urine albumin-creatinine ratio 

(ACR, in mg/g) used to account for urine concentration. For this report, the CKD-EPI (CKD 

Epidemiology Collaboration) creatinine equation was used to estimate GFR. Blood pressure 

was the average of three automated measurements assessed while participants were seated in 

isolation following 5 minutes of rest. Although diabetes was an exclusion criterion, 

individuals not on medications for diabetes with a screening hemoglobin A1c below 6.5% 

were eligible.

Cognitive Testing

Cognitive tests were administered in a private room by SPRINT cognitive test 

administrators, all of whom had undergone detailed training on the cognitive test battery 

through an iterative process of test administration and feedback. Cognitive test 

administrators were certified to a criterion level of performance prior to testing with annual 

review of test materials and recertification. All SPRINT participants underwent a cognitive 
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screen at baseline, consisting of the Montreal Cognitive Assessment (MoCA), the Digit 

Symbol Substitution Test, and the Logical Memory Subtest of the Weschler Memory Scale 

(4th edition, Story A). The expanded MIND cognitive battery targeted a subset of 2800 

SPRINT participants, with tests selected to provide detailed information on multiple 

cognitive domains. Cognitive tests were a priori assigned to specific cognitive domains 

(Table S1, available as online supplementary material). Trail Making Test scores were 

converted to speed by taking the reciprocal, and summary scores were generated for each of 

these 5 domains. For participants missing data on up to 2 individual tests, results for these 

missing tests were imputed using k nearest neighbors (kNN), while, for participants missing 

3 or more test results, these were set to missing. Individual test results were standardized 

using the SPRINT-MIND cohort as [(X-median)]/[interquartile Range (IQR)]. These scores, 

similar to z scores, were then summed to create domain scores. Higher domain scores 

represent better performance.

Magnetic Resonance Imaging

Brain MRI in SPRINT was performed using 3.0-T scanners.18 The University of 

Pennsylvania managed MRI quality control, with each field center performing quarterly 

phantom scans for the evaluation of scanner stability and image distortion. The MRI scanner 

performance across the clinical centers was stable over the duration of the study. After 

preprocessing T1 scans to correct intensity in-homogeneities, the brain was partitioned into 

148 anatomical regions of interest and then into 10 larger regions by applying a multi-atlas 

consensus-based label fusion method.19 White matter lesions were segmented to further 

characterize brain tissue as normal or abnormal using a supervised learning-based 

multimodal segmentation technique.20 Abnormal white matter volume, which has been 

associated with cardiovascular disease risk factors and presence of cerebrovascular 

disease,21,22 was operationally defined as a non-mass lesion having fast spin-echo fluid 

attenuated inversion recovery (FLAIR) signal intensity greater than that of normal gray 

matter in a vascular distribution.

Statistical Analyses

Models were sequentially fit regardless of univariate associations. Unadjusted linear 

regression models evaluate the association between either eGFR or natural log-transformed 

urine ACR and cognitive domains. Model 2 further adjusts for age, race, education and study 

network, while model 3 adjusts for model 2 variables as well as sex; history of diabetes; 

cardiovascular disease; use of angiotensin-converting enzyme inhibitors or angiotensin 

receptor blockers; systolic blood pressure; diastolic blood pressure; total, LDL, and HDL 

cholesterol; and either eGFR or log-transformed albuminuria. Because eGFR often has a 

non-linear association with cross-sectional and longitudinal outcomes, reflecting the 

association of serum creatinine concentration with muscle mass, we further examined 

clinically relevant eGFR strata.3 We used quantile regression, with abnormal white matter 

volume as the dependent variable, to explore the association of both urine ACR and eGFR 

with abnormal white matter volume, reflecting the highly skewed distribution of abnormal 

white matter volume. These models adjust for similar variables as models evaluating the 

association between kidney markers and cognitive performance.
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Results

Participant Characteristics

Among 2921 SPRINT participants receiving the extended cognitive battery, 214 were 

missing key data, including urine ACR (n=152), eGFR (n=22) or sufficient cognitive testing 

(n=64) with 26 of these individuals missing more than one of these items, resulting in 2707 

participants with complete essential data. Participants with missing data were similar to 

those with complete data except for slightly lower educational achievement. Mean baseline 

eGFR was 70.8 ± 20.9 ml/min/1.73 m2 and median baseline urine ACR was 9.7 (IQR, 5.7–

22.5) mg/g (Tables 1 and 2). Mean age was 68.4 ± 8.6 years, 36.7% were women, 30.4% 

were black, and 20.1% had a history of cardiovascular disease. A majority of participants 

had normal albuminuria levels (51.2%), while 28.7% had high normal albuminuria (10–29 

mg/g), 17.2% had moderate albuminuria (30–299 mg/g), and 2.9% had severe albuminuria 

(≥300 mg/g). There were 493 (18.2%) participants with an eGFR of 45 to <60 ml/min/1.73 

m2 and 306 (11.3%) with eGFR below 45 ml/min/1.73 m2. Higher urine ACR was 

associated with older age, prevalent cardiovascular disease, higher systolic blood pressure 

and lower eGFR, while lower eGFR was associated with older age, white race, prevalent 

cardiovascular disease, lower diastolic blood pressure and higher urine ACR. Other 

characteristics stratified by ACR and eGFR categories are shown in Tables 1 and Table 2.

Kidney Markers and Cognitive Function

Raw scores on cognitive tests stratified by urine ACR and by eGFR are presented in tables a 
and b, respectively, of Item S1. In unadjusted analyses, higher urine ACR levels were 

associated with significantly worse performance on all cognitive domains. The association 

between urine ACR and cognition remained robust to partial and full adjustment for all 

cognitive domains except language and a borderline statistically significant association with 

memory (Table 3, Figure 1a, Figure S1). To place these into context, each doubling of urine 

ACR had the same association with cognitive performance as being 7 months older for 

global cognitive function, 10 months for executive function, 6 months for memory, and 14 

months for attention/concentration. In unadjusted analyses, lower eGFR was associated with 

worse performance of tests of global cognitive function, executive function, attention/

concentration and memory. These associations were attenuated after multivariable 

adjustment but remained significant for global cognition and memory (Table 3, Figure 1b). 

While the relationship between log transformed ACR and cognitive performance appeared 

continuous, there appeared to be a threshold eGFR effect, such that only at an eGFR below 

60 ml/min/1.73m2 was performance significantly poorer on tests of global cognitive 

function, executive function, and memory, compared to individuals with an eGFR 75–90 

ml/min/1.73m2, while individuals with eGFR levels >90 ml/min per 1.73m2 also had slightly 

poorer performance on global cognitive function and executive function domains (Figure 1b, 

Table S2).

Kidney Markers and Brain Abnormal White Matter Volume

A subset of 637 participants in SPRINT-MIND had concurrent brain MRI. SPRINT-MIND 

MRI participants were younger, had less cardiovascular disease and higher eGFR than those 

who did not undergo imaging (Table S3). In multivariable models, higher urine ACR was 
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associated with significantly larger abnormal white matter volume (Table 4). There was no 

association between eGFR and abnormal white matter volume after adjustment for age, 

intracranial volume, sex, race, education, and scanner.

Discussion

Among SPRINT-MIND participants, higher urine albumin concentration was independently 

associated with worse cognitive functioning in multiple domains, including global cognitive 

function, executive function and attention, while lower eGFR was independently associated 

with worse global function and memory. The magnitude of association between urine ACR 

and cognitive performance was notable, with each doubling of the urine ACR akin to the 

effect of being 6 to 14 months older for most cognitive domains. In the subset of SPRINT-

MIND participants who had brain MRI, higher urine ACR was associated with a greater 

burden of abnormal white matter volume. Albuminuria and reduced eGFR had independent 

associations with global cognition with different patterns of affected domains, such that both 

were statistically significant in multiple models that adjusted for both CKD markers. The 

association of urine ACR with executive function and attention in conjunction with the 

association between urine ACR and abnormal white matter volume suggests that reductions 

in these cognitive domains could be mediated at least in part by cerebrovascular disease and 

altered brain perfusion. In contrast, the pattern of cognitive impairment associated with 

reduced eGFR and the absence of an association with abnormal white matter volume 

suggests that reduced eGFR may reflect a partially distinct pathophysiologic process of 

cognitive dysfunction.

Cerebrovascular disease often manifests with neurocognitive changes in processing speed, 

concentration and executive functioning, skills necessary for complex attention, shifting 

between mental tasks, and initiating and stopping actions.23 This pattern of cognitive 

impairment has been referred to as ‘subcortical’, reflecting a pattern of brain white matter 

changes associated with deficits in these cognitive domains.24 Executive functions have 

particular significance for an individual’s ability to engage in medical decision-making and 

medication management and may affect health behaviors and outcomes.25,26 These results 

from SPRINT-MIND are consistent with those of prior studies showing an association 

between CKD and poorer cognitive function, particularly executive function and attention/

concentration domains,7,10,27–30 and expand on those findings by demonstrating an 

independent and potentially differential association of urine ACR and reduced eGFR with 

cognitive function and brain vascular disease in a large cohort of community-dwelling adults 

with hypertension with detailed assessment of cognitive function.

Albuminuria is both an indicator of glomerular disease and a robust marker of 

cardiovascular disease risk.3,31–33 Reduced eGFR is also a powerful predictor of 

cardiovascular disease risk,3 with the caveat that serum creatinine concentration is not only a 

marker of glomerular filtration but also is associated with muscle mass. Accordingly, a high 

eGFR (consistent with low serum creatinine concentration) may reflect cachexia rather than 

kidney function and, therefore, may also be associated with worse clinical outcomes, 

explaining the absence of an association within higher eGFR levels.34–36 While it is possible 

that kidney disease itself contributes to worse cognitive function, it is more likely that the 
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presence of CKD is a marker of cardiovascular disease risk, reflecting overall vascular 

disease burden. Endothelial dysfunction and other sequelae of vascular disease lead to a loss 

of vascular integrity in the glomerulus and subsequent albuminuria;37 in the setting of 

similar systemic factors, it is likely that the brain microvasculature has processes like those 

in the kidney, resulting in increased levels of abnormal brain white matter. These 

hypothesized mechanisms are consistent with our findings in SPRINT-MIND and SPRINT 

MRI, where, in addition to the aforementioned associations between abnormal white matter 

and urine albumin concentration, lower eGFR was associated with higher cerebral blood 

flow, a potential marker of impaired cerebrovascular autoregulation.18

Much of the literature evaluating the association between cognition and kidney disease 

markers relies on cognitive screening tests,11–14 while few studies have employed more 

detailed neurocognitive testing. In addition, few studies have concurrent measurements of 

albuminuria and eGFR. Separate analyses from the Cardiovascular Health Study (CHS) 

demonstrated associations between albuminuria and incident dementia, in a pattern most 

consistent with vascular dementia,9 and between reduced eGFR and incident dementia, 

again in a pattern most consistent with vascular dementia;27 however these analyses did not 

account for both kidney markers simultaneously. In both the cross-sectional Maastricht 

Study and the longitudinal Rancho Bernardo Study, albuminuria but not GFR was associated 

with worse cognitive performance, with both of these population-based studies having 

relatively low prevalence of CKD and including participants with diabetes.15,28 Several 

smaller cohorts of CKD stages 3–5 also show poorer performance on tests of executive 

function.38,39 Supporting the relationship between CKD markers and worse cognitive 

functioning, one study of 335 elderly individuals with substantial comorbidity described an 

independent association of albuminuria with larger white matter disease burden and with 

worse cognitive performance, particularly in executive function.10 In a longitudinal analysis 

of 19,399 adults without cognitive impairment at baseline participating in the REGARDS 

(Reasons for Geographic and Racial Disparities in Stroke) Study, Kurella Tamura and 

colleagues noted that, when eGFR was preserved, albuminuria was associated independently 

with incident cognitive impairment defined using the 6-item screener; however, when 

albuminuria was minimal (<10 mg/g), low eGFR was associated independently with 

cognitive impairment, suggesting that albuminuria and low eGFR identify different risk 

states for incident cognitive impairment. SPRINT consolidates many of these findings in a 

non-diabetic, non-stroke cohort with a high prevalence of CKD by demonstrating that higher 

urine ACR level is associated with worse cognitive function and larger abnormal white 

matter volume and suggesting that reduced eGFR is also associated with cognitive function 

as eGFR declines below 60 ml/min/1.73m2.

These analyses from SPRINT-MIND stress the need to be aware of the heightened risk of 

worse cognitive performance among individuals with CKD and suggest that cognitive 

screening in some patients with CKD may have a role in interdisciplinary patient 

management. Knowledge of cognitive impairment in these individuals is important for 

optimizing multiple aspects of patient care. First, patients with cognitive impairment are 

susceptible to delirium, which can lead to premature death, functional decline, falls, and 

institutionalization.40 Second, patients with chronic conditions, including CKD, often 

receive complex medication regimens that require intact cognitive functioning to manage. In 
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fact, among SPRINT participants, those randomized to the intensive blood pressure target 

required 3 different blood pressure medications, on average, in addition to medications they 

were taking for other purposes.41 Third, the finding that markers of CKD are associated with 

cognitive function suggests that targeting CKD and vascular disease prevention could reduce 

the risk of subsequent cognitive impairment. In this regard, longitudinal analyses from 

SPRINT-MIND are eagerly awaited.

This study has several limitations. First, it is a cross-sectional report and conclusions 

regarding causality or reverse causation cannot be drawn. Longitudinal data from SPRINT-

MIND, likely available in 2018, will better be able to address this question. Second, 

although we adjusted for education, other social factors that were not available may 

confound the association between kidney disease markers and cognitive performance. Third, 

the associations, although statistically significant, are of uncertain clinical significance. 

However, the finding that each doubling of the urine ACR has a similar association with 

many cognitive domains as being 6 to 14 months older suggests that the presence of CKD is 

an important marker of cognitive performance. Differences in associations by domain should 

be interpreted with caution, as tests within a specific domain may be less precise than those 

within a different domain. Additionally, some of the cognitive tests have some intrinsic 

limitations; for example, the recorded Trail-Making Test, Part B, time is a function of both 

time and the number of errors, such that participants making five errors were automatically 

scored as having a maximum time score of 300 seconds. Critically, both components relate 

to underlying executive function capabilities. Fourth, serum creatinine-based GFR estimates 

may be confounded by muscle mass, particularly in older individuals. Finally, many 

cognitive tests do not precisely map to specific cognitive domains, making categorization of 

cognitive tests into specific categories somewhat arbitrary. This is partially addressed 

through use of a global cognition score.

This study has multiple strengths as well. It encompasses a large, community dwelling 

population which should be generalizable to clinical populations cared for in many 

outpatient settings. SPRINT recruited individuals without known stroke, reinforcing the 

concept that microvascular complications affect brain function. SPRINT also targeted older 

individuals and individuals with CKD, providing adequate numbers to examine relationships 

across the spectrum of kidney function. Finally, SPRINT-MIND utilized a comprehensive 

battery of cognitive tests and obtained brain imaging in nearly a quarter of these participants, 

providing sufficient data to support the hypothesized links among kidney disease markers, 

cognitive functioning and brain structure.

In conclusion, in a large population of non-diabetic community-dwelling adults with risk 

factors for cardiovascular disease, CKD markers are associated with worse cognitive 

performance. Most notably, the presence of albuminuria, even at very low levels, is 

associated with worse global cognitive function and worse performance on tests evaluating 

executive function and attention/cognition domains while concurrently identifying a higher 

burden of abnormal brain white matter disease. These findings suggest that vascular disease 

may mediate these interrelationships and identify patients with kidney disease as a high risk 

population for cognitive impairment.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Association of (a) urine albumin-creatinine ratio and (b) estimated glomerular filtration rate 

(GFR) with cognitive domains, showing non-linear associations between either urine ACR 

or estimated GFR equations and cognitive performance, shown on the y-axis as the 

parameter estimate for the ACR or GFR subgroup for each domain. Reference is ACR below 
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10 mg/g and eGFR of 75 to less than 90 ml/min/1.73m2, respectively. In multivariable 

analyses adjusting for model 3 variables including estimated GFR for ACR models and ACR 

for estimated GFR models, p for trend for the association with global cognitive function is 

0.03 and 0.02, for executive function 0.002 and <0.001, for memory 0.18 and 0.08, for 

attention/concentration 0.04 and 0.3, and for language 0.9 and 0.3, for ACR and GFR 

models, respectively. Lines are presented for only global cognitive function.
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