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Abstract 
Background:  Blood pressure (BP) variability (BPV) is an emerging risk factor for cognitive impairment and dementia, but relationships 
with cognition in the context of antihypertensive strategies remain unclear. We examined whether visit-to-visit BPV relates to cogni-
tive change based on antihypertensive treatment type.

Methods:  In this post hoc analysis of the SPRINT MIND trial, 2,348 participants underwent 4 BP measurements over a 9-month 
period after treatment randomization (standard vs. intensive BP lowering) and ≥ 1 neuropsychological evaluation thereafter. BPV 
was calculated as tertiles of BP SD. Participants underwent cognitive testing at baseline and every 2 years during the planned 4-year 
follow-up. Cognitive composite scores were calculated for global cognition, memory, language, executive function, and processing 
speed. Linear mixed models investigated relationships between BPV, antihypertensive treatment group, and time on cognitive com-
posite scores.

Results:  Elevated BPV was associated with the fastest decline in processing speed (ß = −.07 [95% CI −.12, −.01]; P = 0.02) and executive 
function (ß = −.08 [95% CI −.16, −.006]; P = 0.03) in the standard treatment group only. BPV was not related to cognitive change in the 
intensive treatment group. Mean/minimum/maximum BP was not associated with cognitive composite scores over time in either 
antihypertensive treatment group.

Conclusions:  Elevated BPV remains a risk for cognitive decline despite strictly controlled BP levels, in the standard treatment group. 
Specific declines were observed in processing speed and executive function, domains often impacted by cerebrovascular disease 
and may underpin risk for dementia and cerebrovascular disease associated with BPV. Clinical trial information: ClinicalTrials.gov; 
NCT01206062.
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Graphical Abstract 

Blood pressure (BP) control is a promising therapeutic target for 
reducing the incidence and progression of dementia, possibly 
through associations with cerebrovascular disease.1,2 Results 
from the Systolic Blood Pressure Intervention Trial (SPRINT) 
Memory and Cognition in Decreased Hypertension (MIND) clin-
ical trial highlighted this approach, suggesting individuals with 
intensive BP lowering (target < 120  mm Hg systolic BP), when 
compared to individuals with standard BP lowering (target < 
140 mm Hg systolic BP), had reduced risk of incident mild cogni-
tive impairment (MCI) and a combined MCI/probable dementia 
outcome,3 and significantly slower progression of white matter 
hyperintensities,4 a hallmark feature of cerebrovascular disease. 
Findings from the SPRINT MIND clinical trial have fueled ongo-
ing interest in understanding relationships between BP control 
and brain health.

In addition to managing mean BP levels, there is now a 
burgeoning interest in considering the variability in BP levels. 
Growing evidence suggests elevated BP variability (BPV) is an 
emerging risk factor for stroke, cerebrovascular disease, cogni-
tive impairment and decline, and incidence and progression of 
dementia, including Alzheimer’s disease (AD), with prognostic 
value beyond that afforded by mean BP levels.5–11 One recent 
SPRINT MIND study found that individuals with the highest 
tertile of BPV had the greatest risk of progression to MCI and 
probable dementia.12 Importantly, findings did not depend 
on treatment condition and increased risk was found in both 
standard and intensive groups.12 However, it remains unclear 

how BPV may be related to changes in specific domains of cog-
nitive function (vs. clinical diagnosis) based on treatment con-
dition, and findings could help elucidate potential mechanisms 
underlying the strong relationship between BPV and demen-
tia risk.5 For example, declines in memory may be related to 
pathophysiology impacting function of medial temporal regions 
or other networks underpinning memory acquisition, consoli-
dation, or retrieval.13 Alternatively, impairment in executive 
functions and processing speed may reflect pathologic changes 
impacting frontal-subcortical network function.14 Additionally, 
prior studies relating BPV to cognitive decline have largely relied 
on observational data where individuals had varying degrees 
of BP control.5 Less is known about change in specific cognitive 
domains under strict BP control. Our post hoc analysis exam-
ined the longitudinal relationship between BPV and cognitive 
function over time based on treatment condition.

METHODS
Data were obtained from the SPRINT MIND trial, a publicly avail-
able de-identified dataset from the National Heart, Lung, and 
Blood Institute that has been described in detailed elsewhere.15,16 
The present investigation was a post hoc analysis of this data. 
Briefly, SPRINT was a multicenter randomized, controlled study 
cohort trial in the United States and Puerto Rico investigating 
whether intensive BP lowering could reduce cardiovascular risk 
when compared to standard BP treatment. Participants were aged 
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50 years and older, had hypertension (systolic BP 130–180 mm Hg 
at screening), and were at high risk for cardiovascular disease 
(clinical or subclinical cardiovascular disease,15 chronic kidney 
disease [estimated glomerular filtration rate < 60 mL/min per 1.73 
m2], Framingham cardiovascular disease risk ≥ 15%, or ≥ 75 years 
of age). Exclusionary criteria were as follows: history of stroke, 
diabetes, or heart failure, residing in a nursing home, diagnosis of 
dementia based on medical record review, receiving medication 
primarily used to treat dementia. SPRINT was approved by an IRB 
board at each site. All participants provided their informed con-
sent before treatment randomization.

Measures
BP assessment.
Participants underwent seated BP measurements several times 
throughout the study, as previously described.17 Briefly, clinic 
visits occurred at baseline, 1-, 2-, and 3-months follow-up, 
and then once every 3 months for up to 6 years follow-up. At 
each study visit, participants were instructed to rest for 5 min 
before an automated BP monitor took a series of 3 seated BP 
measurements. An average of the 3 serial BP measurements 
was recorded for each visit, resulting in a single BP value per 
visit. BP levels reached a relatively stable plateau at 3-months 
follow-up in both the intensive and standard treatment 
groups.18 BPV was determined from BP values collected at 3-, 
6-, 9-, and 12-months follow-up to reduce the effect of initial 
BP fluctuation in the intensive treatment group, consistent 
with other studies of BPV using the SPRINT MIND dataset.18,19 
Intraindividual BPV was calculated as the standard deviation 
(SD) over the 4 BP measurements. BPV values were then divided 
into tertiles of SD and used in all analyses. Mean BP was cal-
culated from the 4 BP measurements taken between 3- and 
12-months follow-up. Minimum BP and maximum BP values 
collected between 3- and 12-months follow-up were also deter-
mined. Mean/minimum/maximum BP values were also divided 
into tertiles for supplementary analyses investigating relation-
ships with cognitive change.

Cognitive assessment.
All participants were administered a screening battery at 
study baseline and follow-up (2-, 4-years follow-up and study 
closeout if it was >1 year after the 4-year follow-up) that 
included the Montreal Cognitive Assessment, Logical Memory 
I and II, and Digit Symbol Coding. Participants also under-
went further neuropsychological testing at these visits which 
included the Hopkins Verbal Learning Test—Revised, Modified 
Rey-Osterrieth Complex Figure, 15-item Boston Naming Test, 
Category Fluency—Animals, Trail Making Test parts A and 
B, and Digit Span. Testing procedures are described in more 
detail in Supplementary Materials. As previously described,16,20 
standardized composite scores for 5 cognitive domains—global 
cognition, memory, language, processing speed, executive 
function—were computed from the individual tests. Briefly, 
the composite scores were determined as follows: memory 
(Logical Memory I and II, Modified Rey-Osterrieth Complex 
Figure—immediate recall, Hopkins Verbal Learning Test—
Revised—delayed recall); language (15-item Boston Naming 
Test, Category Fluency—Animals); executive function (Trail 
Making Test part B minus part A, Digit Span); processing 
speed (Trail Making Test parts A and B, Digit Symbol Coding); 
global cognition (all tests included in all cognitive domain 
scores, does not include the Montreal Cognitive Assessment). 

Individual test scores were standardized ([raw score—baseline 
median]/ baseline IQR), and composite scores were calculated 
as the mean of individual standardized scores in that domain. 
Composite scores were then further standardized to ensure 
all domain scores had similar scales. Further information on 
composite scores can be found in Supplementary Materials. 
Adjudicated outcomes of MCI, probable dementia, and a com-
bined MCI/probable dementia composite were determined, as 
described in detail elsewhere.3 The present analysis catego-
rized individuals as being cognitively unimpaired throughout 
the study vs those with an adjudicated outcome diagnosis of 
MCI/probable dementia.

Other measurements.
The following variables were determined from standardized ques-
tions during baseline clinical evaluation15: education (self-report; 
< college/other vs. college vs. graduate), race/ethnicity (self-re-
port; Black vs. White vs. Hispanic vs. Other).

Data availability statement.
All data are available through the SPRINT group.

Statistical analysis
Linear mixed models were used to examine a three-way interac-
tion of BPV by time by treatment group on cognitive composite 
scores. Random intercepts for participant and site were included 
in all models. Time was calculated as days since study randomi-
zation. We also conducted analyses of the three-way interaction 
of mean/minimum/maximum BP by time by treatment group on 
cognitive composite scores in order to directly compare potential 
effects with BPV (see Supplementary Materials). Supplementary 
analyses used BPV coefficient of variation (CV [100 × SD/mean]). 
The present investigation focused on systolic BPV since the 
SPRINT MIND trial targeted systolic BP lowering, similar to other 
post hoc analyses of BPV using this dataset.12,18 All models cova-
ried for age, sex, race/ethnicity, education, adjudicated clinical 
diagnosis, history of cardiovascular disease,15 and mean BP over 
the same 9-month period BPV was determined. Model effects are 
reported as standardized beta (ß), where ß represents SD change 
in composite score per SD increase in BPV. No adjustment was 
made for multiple comparisons. All analyses were two-tailed 
with significance set at P < 0.05. All analyses were carried out in 
R Project.21

RESULTS
Of the 2,736 participants who had ≥ 1 neuropsychological assess-
ment after BPV was determined at 12-months follow-up, 388 had 
insufficient BP data. Therefore, in our study, a total of 2,348 partic-
ipants contributed to 9,392 BP measurements and 5,481 cognitive 
composite scores (median 3 cognitive composite scores) after BPV 
was determined at 12-months follow-up. The median time inter-
val between BPV determination and cognitive composite score 
was 1,278 days (IQR: 744 days). Table 1 summarizes clinical and 
demographic information.

BPV
Elevated BPV was associated with the fastest decline in process-
ing speed (ß = −.07 [95% CI −.12, −.01]; P = 0.02) and executive 
function (ß = −.08 [95% CI −.16, −.006]; P = 0.03) composite scores 
in the standard treatment group only (Figure 1). No significant 
relationships were observed between BPV and the memory (ß 

http://academic.oup.com/ajh/article-lookup/doi/10.1093/ajh/hpac128#supplementary-data
http://academic.oup.com/ajh/article-lookup/doi/10.1093/ajh/hpac128#supplementary-data
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= .003 [95% CI −.06, .07]; P = 0.92), language (ß = −.004 [95% CI 
−.06, .06]; P = 0.90), or global cognition (ß = −.04 [95% CI −.08, .01]; 
P = 0.13) composite scores based on treatment group (data not 
shown). A similar pattern was found with BPV CV, particularly for 
processing speed (see Supplementary Results).

Mean/minimum/maximum BP
Mean/minimum/maximum BP were not significantly associated 
with any cognitive composite score based on treatment group (all 
P’s >.13) (see Supplementary Results).

DISCUSSION
Study findings indicate participants with the highest tertile of 
BPV exhibited the fastest decline in processing speed and execu-
tive function composite scores among individuals in the standard 
treatment group but not those in the intensive treatment group. 
Additionally, BPV was not associated with change in memory, 
language, or global cognitive function in either treatment group. 

Results add to our understanding of how BPV is related to cogni-
tive decline in patients with strictly controlled BP levels, whether 
through standard or intensive treatment.

High BPV in the standard group was associated with worse 
processing speed and executive function over time, despite strict 
control of mean BP levels. Specifically, processing speed compos-
ite scores declined over about a 5.5-year period on average .25 
points for individuals with the highest tertile of BPV when com-
pared to.07 points to those with the 1st tertile of BPV (.18 point 
between-group difference). In contrast, BPV was not significantly 
related to change in processing speed (or any other cognitive 
composite score) in the intensive treatment group: decline of .25 
points for 1st BPV tertile vs. .15 points for 3rd BPV tertile (.10 point 
between-group difference). Findings with SD and CV indices of 
BPV were similar, particularly for processing speed. Even these 
relatively small declines in cognitive function over a few years 
may be of substantial clinical significance when one considers 
the slow, insidious nature of cognitive decline, often developing 
over several decades before onset of dementia.22 Thus, early stage 
identification of potentially modifiable risk factors like BPV may 

Table 1 | Baseline clinical and demographic information

 Intensive
(n = 1169) 

Standard (n = 1179) F or x2 P-value 

Age (years) 68.6 (8.3) 68.2 (8.3) .859 0.35

Sex (n, % female) 414 (35.4%) 433 (36.7%) .383 0.54
Race/ethnicity (n, %) 4.917 0.18
  White 718 (61.4%) 705 (59.8%)
  Black 313 (26.8%) 357 (30.3%)
  Hispanic 110 (9.4%) 96 (8.1%)
  Other 28 (2.4%) 21 (1.8%)
Education (n, %) .177 0.92
  Less than college/other 694 (59.4%) 690 (58.5%)
  College 171 (14.6%) 175 (15.0%)
  Graduate school 304 (26.0%) 314 (26.6%)
Adjudicated MCI/probable dementia diagnosis (n, %) 129 (11.0%) 113 (9.6%) 1.184 0.28
BMI (kg/m2) 29.7 (6.2) 29.5 (6.2) .566 0.45
FRS 10-year risk score 19.6 (10.5) 19.5 (10.7) .088 0.77
Medical history (n, %)
  Cardiovascular disease 232 (19.9%) 230 (19.5%) .023 0.88
  Hypertension 1096 (93.8%) 1098 (93.1%) .280 0.60
  Diabetes mellitus 14 (1.2%) 14 (1.2%) .000 0.99
  Atrial fibrillation 93 (8.0%) 97 (8.2%) .028 0.87
  Stroke 8 (0.7%) 5 (0.4%) .327 0.57
History of smoking (n, %) .478 0.92
  Never 509 (43.5%) 509 (43.2%)
  Past 512 (43.8%) 547 (46.4%)
  Current 148 (12.7%) 123 (10.4%)
History of alcoholism (n, %) 48 (4.1%) 40 (3.4%) .642 0.42
Medication use (n, %)
  Antihypertensive agents 1076 (92.1%) 1063 (90.2%) 2.341 0.13
  Aspirin 628 (53.7%) 598 (50.7%) 1.999 0.16
No. antihypertensive agents used 1.9 (1.0) 1.9 (1.1) 1.176 0.28
Systolic BP (mmHg)
  Baseline 138.4 (16.1) 138.6 (15.7) .074 0.79
  Min 111.4 (9.0) 123.5 (10.2) 968.1 <0.001
  Max 132.6 (13.0) 147.2 (12.3) 808.3 <0.001
  Mean 121.4 (8.8) 135.2 (8.4) 1495 <0.001
  SD 9.6 (5.6) 10.6 (6.0) 20.2 <0.001
Diastolic BP (mmHg)
  Baseline 77.1 (11.3) 77.2 (11.7) .098 0.76
  Min 61.9 (8.6) 68.4 (9.5) 305.4 <0.001
  Max 74.5 (9.8) 82.4 (10.3) 369.9 <0.001
  Mean 68.1 (8.4) 75.3 (9.1) 403.4 <0.001
  SD

5.6 (2.9) 6.3 (3.1) 27.52 <0.001

Means and SDs shown unless otherwise indicated.
BP, blood pressure; BMI, body mass index; SD, standard deviation; MCI, mild cognitive impairment; FRS, Framingham Risk Score.

http://academic.oup.com/ajh/article-lookup/doi/10.1093/ajh/hpac128#supplementary-data
http://academic.oup.com/ajh/article-lookup/doi/10.1093/ajh/hpac128#supplementary-data
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be important for development of primary and secondary preven-
tion strategies.

Neither high BPV nor minimum systolic BP were associated 
with deleterious cognitive outcomes in the intensive treat-
ment group. Findings are important for the larger discussion 
of whether intensive BP lowering may increase risk for cerebral 
hypoperfusion. In particular, there may be concern that large 
fluctuations in BP in the context of intensive treatment may 
increase risk for cerebral hypoperfusion.6,7,23–25 However, the 
present study findings did not identify any relationship between 
BPV and cognitive change in patients undergoing intensive anti-
hypertensive treatment. Future studies directly investigating 
cerebral perfusion in the context of high BPV and intensive anti-
hypertensive treatment may help elucidate the present study 
findings.

Notably, BP levels changed more dramatically in the intensive 
treatment group to reach the initial target of < 120 mm Hg before 
leveling off after this period. In addition to lower mean BP levels—
the main focus of the SPRINT trial—BPV was significantly lower 
in the intensive treatment group when compared to the standard 
treatment group, raising the possibility of a floor effect of both BP 
indicators in the intensive group. Intensive BP lowering may have 
reduced the mean and variability of BP to a greater extent than 
standard BP lowering. It may be that this difference is related to 
the observed associations with cognitive decline in the standard 
treatment group only.

One possible explanation for the observed differences by treat-
ment group is that white matter hyperintensities may progress 
slower under intensive lowering compared to standard treat-
ment,4 a critical finding amid growing evidence that high BPV 
is associated with cerebral small vessel disease.6,7 High BPV in 
the standard treatment group was associated with declines in 
processing speed and executive function specifically, cognitive 
domains that rely heavily on frontal systems vulnerable to cer-
ebrovascular disease.14,26 Conversely, BPV was not significantly 

associated with global cognition, memory, or language compos-
ite scores in either treatment group. Additionally, no significant 
relationships were observed between mean/minimum/maximum 
BP and any cognitive composite score in either treatment group. 
These findings highlight the specific contribution of BPV (and not 
mean/minimum/maximum BP) to cognitive decline in standard 
treatment but not under intensive treatment, especially in pro-
cessing speed and executive function, possibly through associ-
ations with cerebrovascular disease. However, more studies are 
needed.

Findings from the current study are consistent with a recent 
SPRINT MIND study that higher BPV was related to increased 
risk for MCI/probable dementia, despite strictly controlled 
BP levels.12 Although the prior study observed increased BPV-
associated risk for MCI/probable dementia in both standard 
and intensive treatment groups, the present study found that 
only individuals in the standard treatment group exhibited 
BPV-associated declines in the specific cognitive domains of 
processing speed and executive function. Other studies to 
come out of the SPRINT MIND trial also offer mixed findings 
for treatment effects depending on whether observed out-
comes were domains of cognition,16 MCI/probable dementia 
risk,3 and/or brain imaging-based changes.4,20,27 Additionally, 
one recent study reported no significant treatment group dif-
ferences on AD regional atrophy, cerebral blood flow, or mean 
fractional anisotropy.20 Given prior mixed findings, how could 
the present findings relate to modern BP treatment standards? 
Our findings suggest that elevated BPV remains a risk factor for 
cognitive decline despite excellent control of mean BP levels, 
especially in the context of standard BP treatment. It may be 
that intensive BP lowering also lowers BPV, and that the com-
bined benefits of intensive BP and BPV lowering predict better 
cognitive trajectories in older adults with hypertension and at 
high risk for cardiovascular disease. The present investigation 
was a post hoc analysis and future interventional studies that 

Figure 1 | Elevated BPV is associated with processing speed and executive function decline in standard treatment group only. Conditional effects 
of BPV by time by antihypertensive treatment group on (A) standardized processing speed composite score and (B) standardized executive function 
composite score. Lines represent rate of change for each tertile of BPV (blue = 1st tertile of BPV; orange = 2nd tertile of BPV; green = 3rd tertile of BPV). 
Models adjusted for age, sex, race/ethnicity, education, adjudicated clinical diagnosis, history of cardiovascular disease, and mean BP. BPV, blood 
pressure variability.
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directly assess the role of BPV in antihypertensive strategies 
are needed.

Most studies on BPV and cognition have used observa-
tional data and were not able to assess possible antihyper-
tensive treatment effects as rigorously as those provided by 
randomized control trials such as SPRINT MIND. For example, 
the majority of prior observational studies included individ-
uals with a wide range of BP values and sub-optimal BP con-
trol in terms of adherence, initiation, discontinuation, and 
monitoring. Additionally, to our knowledge, this is the first 
study to evaluate the association between BPV and specific 
domains of cognitive function under different antihyperten-
sive strategies (intensive vs. standard). Findings could inform 
our understanding of the potential impact on specific cogni-
tive processes that may be obscured by adjudicated clinical 
diagnostic outcomes reported in a prior post hoc analysis of 
BPV in the SPRINT MIND trial.12 In doing so, we were able to 
appreciate a particular association between BPV levels and 
decline in cognitive abilities typically underpinned by frontal/
executive networks. We might speculate that part of the pre-
viously reported benefit of intensive BP lowering on cognitive 
outcomes3 may relate to BPV lowering and the decoupling of 
BPV from processing speed and executive function. However, 
it remains unclear why the intensive group showed overall 
slightly slower speed of processing. Therefore, more studies are 
needed. Critically, processing speed and executive function are 
often impaired with increasing cerebrovascular disease bur-
den,14 and recent evidence suggests intensive BP lowering may 
slow the progression of white matter hyperintensities more 
than standard BP treatment.4 This finding is particularly strik-
ing, given the well-established association between BPV and 
cerebrovascular disease both on MRI and postmortem evalua-
tion6,8,28 and the lack of findings with other cognitive domains 
(e.g., memory, language, global cognition). However, the study 
was limited to individuals without initial cognitive impair-
ment, which precluded investigation in samples with greater 
cognitive impairment. Additionally, participants already had 
increased cardiovascular risk when they entered the trial, 
which may be related to cognitive findings associated with cer-
ebrovascular burden. Elevated BPV is associated with AD and 
vascular dementia.9–11 Therefore, the detrimental effects of BPV 
on cognition may be wider than those observed in the present 
investigation, especially given the contribution of vascular fac-
tors to AD.29 The present findings are strengthened by the fact 
that BPV was determined after BP levels stabilized following 
initial treatment effects, consistent with other SPRINT MIND 
studies on BPV.18,19 BPV was calculated from BP measurements 
that were collected using methods employed in routine clin-
ical visits, highlighting the clinical utility and accessibility of 
BPV as a risk indicator available in most primary care settings. 
Additionally, the study sample was diverse in terms of race/
ethnicity and level of education and adds to previous work 
based on samples of largely non-Hispanic white and highly 
educated individuals.24,30–35 A limitation of the present study 
is the heterogeneity of cognitive function within the SPRINT 
MIND sample over the course of the trial (i.e., some individuals 
remained with normal cognition, some converted to MCI and/
or probable dementia). Due to the small number of individu-
als with MCI/probable dementia, it was not possible to strat-
ify by clinical diagnosis. We used composite scores recently 
published by the SPRINT group16,20 to promote consistency 
in the SPRINT literature, but there are several ways to deter-
mine these scores,36 such as factor analysis. Additionally, no 

adjustment was made for multiple comparisons. Another lim-
itation of the present study is the length of follow-up of cogni-
tive outcomes. Due to benefit finding for cardiovascular events, 
the SPRINT trial was terminated early, and patients’ cognitive 
functioning was followed up for only a few years. Clinical trials 
with longer follow-up may help to clarify relationships with 
cognitive change, especially in samples with high vascular risk. 
Nevertheless, the present study findings add to ongoing work 
suggesting BPV may have an impact on cognition, independent 
of mean BP levels that have traditionally been the focus of BP 
treatment trials.

Elevated BPV remains a risk factor for cognitive decline even 
with strictly controlled BP levels, especially in the standard 
treatment group. Findings are consistent with growing evidence 
relating high BPV to poor cognitive outcomes and support the 
possibility that lowering both the mean and variability in BP may 
confer the greatest benefit for brain health. Relationships in the 
standard treatment group were particularly apparent with pro-
cessing speed and executive function, which are often impacted 
by cerebrovascular disease and may underpin the risk for demen-
tia and cerebrovascular disease associated with BPV.

Supplementary Data
Supplementary materials are available at American Journal of 
Hypertension (http://ajh.oxfordjournals.org).
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