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Abstract

Background and Purpose—Blood pressure (BP) variability may increase the risk of stroke
and dementia. It remains inconclusive whether BP variability is associated with cerebral small
vessel disease (CSVD), a common and potentially devastating subclinical disease that contributes
significantly to both stroke and dementia.

Methods—A systematic review and meta-analysis of prospective cohort studies that examined
the association between BP variability and the presence or progression of established markers of
CSVD, including white matter hyperintensities, lacunes and microbleeds on magnetic resonance
imaging. We searched MEDLINE, EMBASE and Web of Science. Ten studies met the criteria for
qualitative synthesis and seven could be included in the meta-analysis. Data were synthetized
using random-effect models.

Results—These studies included a total of 2,796 individuals aged 74 (mean) £4 (SD) years, with
a median follow-up of 4.0 years. A one standard-deviation increase in systolic BP variability was
associated with increased odds of the presence or progression of white matter hyperintensities
(odds ratio [OR]: 1.26; 95% CI: 1.06-1.50). The association of systolic BP variability with the
presence of lacunes (OR: 0.93; 95%CI: 0.74-1.16) and the presence of microbleeds (OR: 1.13;
95%CI: 0.89-1.44) were not statistically significant.
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Conclusions—A larger BP variability may be associated with a higher risk of having a higher
burden of white matter hyperintensities. Targeting large BP variability has the potential to prevent
CSVD and thereby reducing the risk of stroke and dementia. The potential issue of reverse
causation and the heterogeneity in the assessment of CSVD markers should be better addressed in
future studies.
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Methods

Hypertension is an important contributor to cardiovascular disease and mortality globally.1: 2
Increasing evidence also links large BP variability over hours, days, months and even years,
to a higher risk of heart disease, stroke and dementia, beyond the effect of BP level per se.
3-7 Excessive fluctuation in BP is suggested to be particularly harmful for high flow organs
such as the brain.8 ® This hypothesis concurs with the evidence that the association with BP
variability appears stronger for stroke than for heart disease,” and that BP variability may
increase the risk of cognitive decline and dementia.® 7+ 10 It remains largely unknown
whether BP variability is associated with subclinical cerebral vascular injuries that may have
taken place many years preceding stroke and dementia.

Cerebral small vessel disease (CSVD), in particular, is a group of common and potentially
devastating subclinical conditions that contribute significantly to both symptomatic and
silent strokes, as well as cognitive impairment and dementia.11: 12 The cumulative damage to
small vessels could be crucial in a cascade of events linking BP variability to stroke and
dementia. With the development of sensitive non-invasive imaging techniques to detect
CSVD in vivo, Identifying the association of BP variability with imaging markers of CSVD,
including white matter hyperintensities (WMH), lacunar infarcts and microbleeds, could
offer important clinical insights into the early-stage etiology, and thus the prevention of
stroke and dementia.3 1415 A few prospective cohort studies have examined the association
of BP variability with CSVD markers, but these studies are largely limited by small sample
sizes and have reported mixed results.10: 16-29 Tg evaluate the current evidence and its
methodological strengths and limitations, we systematically reviewed the literature on the
association of BP variability with the presence and progression of CSVD in population-
based prospective studies.

The authors declare that all supporting data are available within the article and the online-
only Data Supplement. This study was performed in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA).30

Literature Search and Study Eligibility

We searched Medline (Ovid), Embase and Web of Science up to August 01, 2018, for full-
text articles in English, using designed search strategies provided in Supplemental Table I.
We included population-based prospective cohort studies in adults (irrespective of
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hypertension status) that focused on the association of BP variability with the presence or
progression of imaging markers of CSVD. Only community-based cohort studies were
included. The following studies were excluded: studies among institutionalized individuals
and hospital-based patients; studies recruiting patients with pre-existing major neurological
diseases at baseline, including dementia, stroke, multiple sclerosis and Parkinson’s disease;
studies with median or mean follow-up of less than 12 months. We did not exclude studies
conducted in a general population sample that may have a small proportion of participants
with major neurological diseases at baseline in order to ensure the representativeness. We
performed an additional analysis excluding the two studies with a small proportion of
dementia or stroke cases at baseline.

Included studies examined BP variability over time, including hour-to-hour variability
derived from ambulatory BP measurement, day-to-day variability usually derived from BP
measured at home, and visit-to-visit variability in BP spanning months or years generally
measured in cohort settings. These measures were selected because of their highlighted
clinical relevance as strong risk indicators for cardiovascular disease and mortality.® Studies
quantified variability in several ways, and if multiple metrics were used to assess BP
variability in the same study, metrics were considered according to the following order:
coefficient of variation (CV), standard deviation (SD), variation independent of mean,
average real variability and residual variability. Coefficient of variation and standard
deviation were preferred because these are the most commonly used measures, and because
the coefficient of variation assesses the variability after accounting for the average level of
BP. We primarily assessed variability in systolic BP because of its stronger association with
adverse health outcomes.3! We also reported findings on diastolic BP variability and pulse
pressure variability where available.

Studies that examined at least one of the following three established MRI markers of CSVD
were included: the burden or volume of WMH, the presence of cerebral microbleeds and
lacunes.12 15, 32 stydies that examined the combined components of any of the above were
assessed as a separate outcome.

Data Extraction

A pre-specified data extraction form was used by two independent reviewers (YM/AS) to
obtain information on characteristics of the study population (sample size, age, sex,
comorbidity at baseline, use of antihypertensive medication, and follow-up duration);
exposure assessment (BP measurement, time intervals, calculation methods); outcome
assessment (imaging characteristics, definitions of CSVD features); covariate adjustment;
and association estimates. Association estimates (hazard ratio, risk ratio and odds ratio for
categorical outcomes, and regression coefficient for continuous outcomes) were extracted
for each type of exposure measurement and the fully adjusted effect estimates were used for
quantitative synthesis, unless there was adjustment for intermediates. The relevant missing
information was requested by emailing the corresponding authors. Two independent
reviewers (YM/AS) assessed all the titles and abstracts. In case of disagreement, the opinion
of a third reviewer (SP) was considered.
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Quality Assessment

Risk of bias in study design was assessed by two independent reviewers (YM/AS) using a
modified version of the Newcastle Ottawa Scale (NOS), the recommended scale for
observational cohort design.33 This modified NOS scale is provided in the Supplement.
Specifically, study qualities were assessed from three domains, i.e. selection, comparability,
and outcome. A study can be awarded a maximum of one point for each of the three items
within the selection and outcome categories, and a maximum of two points for
comparability, with a total score of eight points indicating high quality. Any discrepancies
were addressed by a joint revaluation of the original article by a third reviewer (SP).

Statistical Analysis

Our primary analysis quantified the association between BP variability and CSVD using
random-effect models. Between-study heterogeneity was assessed by /. Given that several
studies reported results on more than one individual markers of CSVD, multi-level linear
models were used to allow for the dependence of related outcomes within the same study.3*
To allow quantitative synthesis across studies that reported different measures of association,
several calculations were performed to obtain the odds ratio of the outcome associated with
per standard-deviation increment in BP variability. Specifically, for associations reported by
quantiles of BP variability, the estimates were converted to the association with 1-SD
increase in BP variability, and it was estimated as 1/2.80 times the log odds ratio for the
comparison of the top and bottom quintiles,1/2.54 times the log odds ratio for the
comparison of the top and bottom quartiles, or 1/2.18 times for the log odds ratio for the
comparison for top and bottom tertiles.35 For studies that assessed the outcome as a
continuous variable, which is the case for WMH volume, standardized mean difference and
their corresponding SEs were converted to OR per SD increment in BP variability using the
approach described by Chinn.38 In studies that provided a continuous volumetric measure
for WMH as an outcome, we transformed it to an odds ratio using a standardized formula. 36
This odds ratio is interpreted as the change in the odds of one-SD increase in WMH volume
per one-SD increase in BP variability. For one study that reported risk ratio, risk ratio was
used as an approximate estimate of risk ratio.28 We also performed the same calculations for
diastolic BP variability separately.

We further performed subgroup analyses and meta regression for WMH, the most
commonly used marker of CSVD in the included studies. Analyses were stratified by 1) time
scales of BP variability measurements (short-term variability over hours or days versus visit-
to-visit BP variability), 2) metrics of BP variability (CV, SD and residual variability), 3)
length of follow-up (<=5 versus >5 years), 4) risk interval (presence at a single visit and the
progression over two scans), 5) score on study quality (NOS scale<=6 versus >6) and
quantitative methods (visual rating scale versus volumetric measure). Meta-regression was
used to examine the effect of the following factors (defined a priori) on the association
between BP variability and CSVD: baseline age, sex, antihypertensive medication and
geographical area of the study. Publication bias was intended to be assessed by funnel plots
and Egger’s test if more than ten studies were included.
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All effect estimates were reported using 95% confidence intervals. All p-values presented
are two sided, with a p-value of 0.05 or less considered statistically significant. Statistical
analyses were performed using R version 3.4.2 (R Foundation).

Results

Characteristics of the included studies

Figure 1 is the study screening and selection flowchart. The search identified 1,291 items,
from which 1,258 were excluded after review of the title and abstract. Of the remaining 33
articles that were reviewed in full text, 23 articles were excluded because of the lack of
defined exposure or outcome, using cross-sectional or case-control designs (not prospective),
conference abstracts, or having less than one year’s follow-up. Ultimately, we included 10
independent population-based prospective cohort studies in our qualitative synthesis. Table 1
summarizes the characteristics of the included studies. Seven studies used similar analytical
methods so they could be included in the meta-analysis, reporting on a total of 2,796
participants with a mean age of 74 years. The median follow-up was 4 (range: 2.3-20) years,
contributing to 20,546 person-years in total. Figure 2 graphically represents the key design
components of these studies, including timing of BP measurements and MRI scanning, and
length of follow-up. Seven out of ten studies examined visit-to-visit BP variability and the
other three examined day-to-day and hour-to-hour variability. Most studies assessed WMH
(n=6) as the indicator for CSVD while studies on lacunes (n=2) and microbleeds (n=1) were
limited. Only four studies assessed CSVD both at baseline and subsequent follow-up, and
only three examined the progression of CSVD. Overall, the included studies were of
reasonable quality; detailed quality assessments are provided in Supplemental Table I1.

BP variability and neuroimaging markers of CSVD

Figure 3 shows the association of systolic BP variability with individual and combined
components of CSVD. Overall, the odds ratio of having a higher burden of WMH associated
with each one-SD increase in systolic BP variability was 1.26 (95% CI: 1.06-1.50). The
odds of having lacunes (OR: 0.93, 95%CI: 0.74-1.16) or having microbleeds (OR: 1.13,
95%Cl: 0.89-1.44) did not increase significantly with each one-SD increase in systolic BP
variability. The association of systolic BP variability with CSVD appeared to differ by
WMH, lacunes and microbleeds (P=0.05). For diastolic BP variability, four out of seven
studies reported findings on its association with CSVD markers, and the association was not
statistically significant for WMH (OR: 0.96, 95%CIl: 0.77-1.21) (Supplemental Figure I).
Two studies examined pulse pressure variability but only one study reported detailed results.
24, 26 Neither of these two studies identified a statistically significant association of pulse
pressure variability with the presence or progression of cerebral small vessel disease.

Subgroup analyses and meta-regression

As shown in Figure 4, the subgroup analyses for WMH as the outcome shows that the
associations did not differ significantly by time scale of BP variability, metrics of BP
variability, length of follow-up, prevalent or incident outcomes. The strength of the
association appeared stronger after restricting the analysis to studies with high quality
(modified NOS scale >6) (OR:1.34, 95% CI:1.17-1.53) and for WMH assessed by
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volumetric measures (OR: 1.35, 95%ClI: 1.15-1.57). Meta regression did not reveal
significant effect modification attributable to age, sex, geographical region (USA, Europe,
and Asia) or antihypertensive medication use (All ~>0.05). We did not perform a formal
detection of publication bias, because such analyses would be statistically underpowered
given the small number of studies included (n=7). Our additional analysis excluding the two
studies that had a mall proportion of participants with dementia or stroke at baseline showed
similar results (Supplemental Figure I1). Specifically, the odds ratio of having a higher
burden of white matter hyperintensities associated with one-SD increase in systolic BP
variability was 1.30 (95%ClI: 1.03-1.64).

Discussion

We systematically reviewed the available evidence on the association of BP variability with
the presence or progression of neuroimaging markers of CSVD in population-based
prospective cohort studies. We found that large systolic BP variability was associated with
having a higher burden of neuroimaging markers of CSVD, especially for WMH. The
association did not differ significantly by the time scale of BP variability, but appeared to
differ by CSVD markers, with limited evidence on lacunes and microbleeds.

Large BP variability is associated with a higher risk of stroke, cognitive impairment and
dementia.3~® The association of larger BP variability with higher burden of WMH was also
observed after excluding studies with a small proportion of dementia and stroke cases at
baseline. This suggestive relationship may offer an important insight into the early-stage
etiology of stroke and dementia, given that these subclinical cerebral vascular injuries may
occur many years preceding stroke and dementia. We discuss several possible explanations.
12 First, large BP variability could increase pulsation of flow and dampen the smoothing of
blood flow as it progresses to small arteries particularly in high-flow organs such as the
brain, leading to the damage to brain microvasculature.8 The presence of arterial stiffness
could further amplify the harmful effect of wider pressure fluctuations and contribute to
WMH.38-40 Second, as suggested by animal studies, large BP variability could inhibit nitric
oxide production and impair endothelial function, contributing to “neurovascular unit”
injuries, blood-brain-barrier abnormality and thereby small vessel lesions.41-43 This process
could be a vicious cycle, as impaired endothelium-dependent synthesis of vasodilating and
vasoconstricting substances may affect the maintenance of a stable BP.44: 45 In line with
these putative biological pathways, recent trials in patients with lacunar strokes suggest the
promising therapeutic effects on small vessel disease progression of oral agents that improve
blood-brain barrier integrity, vasodilation, reducing inflammation.#6 Further studies that
elucidate the potential etiological mechanisms underlying large blood pressure variability
may help identify potential therapeutic targets to prevent or slow down CSVD. Alternatively,
reverse causation is possible, if subclinical brain changes affect the central autonomic
regulation to modulate BP, it could also lead to large BP variability.*

Several methodological issues are prevalent in these previous studies. First, the metrics,
numbers and time intervals of BP measurements used to assess BP variability varied largely
across studies and relevant data on diastolic BP variability and pulse pressure variability are
lacking. Second, the assessment of neuroimaging markers of CSVD is also heterogenous.
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Most studies assessed WMH while evidence on lacunes and microbleeds is sparse. For the
relation between BP variability and WMH, most studies assessed WMH using two
approaches, i.e. visual rating scales (such as the Fazekas and Scheltens scales*8) and
semiautomated volumetric techniques. The association with BP variability appeared stronger
for WMH measured by volumetric techniques, which concurs with the suggestive evidence
that WMH volume could be more sensitive than rating scales in differentiating clinical
symptoms of cognitive decline.® Last but not least, potential reverse causation remains a
major issue. Despite most studies excluded patients with pre-existing major neurological
disease at baseline, baseline screening of CSVD was absent in most studies possibly because
MRI scans were generally implemented at a later stage of an existing cohort. Such design
blurred the temporal order of any observed association because it is possible that pre-
existing subclinical vasculature pathology may affect central autonomic regulation, resulting
in a large BP variability, and vice versa. The short follow-up particularly in studies on visit-
to-visit BP variability further contributes to this issue. Studies that assessed the subsequent
progression of CSVD had less potential for reverse causation, but there were few such
studies.

Several limitations of our study should be noted. The small number of eligible studies does
not allow for the detection of potential effect modifiers or publication bias. Given the nature
of summarizing data from different studies, we are limited to the methods used to control
confounding in original studies, so we cannot rule out the possibility of residual
confounding. However, as noted in Table 1, most studies provide detailed control for
confounding, therefore the potential for residual confounding is of no greater magnitude
than an epidemiologic study of good quality. The summarized findings are also susceptible
to potential reverse causation due to the limitations of included studies. Additionally, the
methodological limitations in the included studies may also limit our ability to draw a
definite conclusion on the relationship between BP variability and CSVD. Nevertheless, as
the first of its kind to systematically review the available literature on BP variability and
CSVD, this study offers important insights into the knowledge base and identifies critical
knowledge gaps and methodological considerations that may guide future research. Our
study assessed evidence originated from population-based cohort studies, which provides
some protection against selection bias.

Further studies that bypass the abovementioned major limitations are important to advance
the evidence base on BP variability and CSVD. First, it is important to reach a consensus on
the assessment of BP variability and to consider the role of antihypertensive treatment in the
putative relationships. Studies that elucidate the biological mechanisms underlying BP
variability across different time scales are needed to inform its clinical implications. Second,
assessing CSVD markers using standardized criteria will improve the comparability of the
results across studies. Our understanding on the role of BP variability in small vessel
impairment will also be enhanced by future studies that assess the emerging markers of
CSVD, such as microbleeds and perivascular space. Finally, given that subclinical brain
vascular lesions may be silently present from young adulthood (or earlier),%%: ®1 a baseline
screening of brain lesions is critical to clarify the temporal order of the relationship between
BP variability and the development of CSVD.
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The overall evidence suggests that large BP variability is associated with a higher burden of
white matter hyperintensities, which may offer important insights into the early-stage
etiology of stroke and dementia. Methodological issues such as reverse causation need to be
better addressed in future longitudinal studies. If the observed association is causal, the
relationship suggests a great potential to prevent cerebral small vessel disease, and thereby
stroke and dementia, through maintaining stable blood pressure.
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Medline (Ovid) Embase Web of Science
(n=478) (n=861) (n=724)

~ |

~

Records after duplicates removed (n=1,291)

Records excluded after screening

A\ 4

v

titles and abstracts (n=1,258)

Full-text articles assessed for eligibility (n=33)

23 full-text papers excluded because:

* 6 had no defined exposure

* 3 had no defined outcome

* 9 were cross-sectional or case control studies

'

\ 4
.

2 were conference papers

* 1 had maximum follow-up of < 1 year

* 1 measured imaging markers using CT

* 1 measured reading-to-reading variability of three
causal blood pressure readings at the same visit

Population-based cohort studies included in
qualitative synthesis (n=10)

Studies excluded from meta analysis because:

A\ 4

* 3 used heterogenous analytical approach

* Lacune (n=2)
* Microbleed (n=1)

Studies included in quantitative synthesis (n=7)
* White matter hyperintensity (n=6)

* Combined outcome (n=1)

Figure 1.

PRISMA flow diagram of the study selection process
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Key characteristics of the study design
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Figure 3.
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Odds Ratios (95% CI) per SD increase
in systolic BP variability

The association of systolic BP variability with imaging markers of cerebral small vessel

disease

*Defined as new WMH or incident lacunes during the follow-up. SD=standard deviation;
MSE=mean squared error (i.e. the variance of residual from linear regression of BP on age);
CV=coefficient of variation; WMH=white matter hyperintensities; CSVD=cerebral small

vessel disease.
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Figure 4.
The association of systolic BP variability with white matter hyperintensities in subgroup

analyses
*SD=standard deviation; MSE=mean squared error (i.e. the variance of residual from linear
regression); CV=coefficient of variation.
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