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ORIGINAL ARTICLE

Older Adults With Higher Blood Pressure Variability Exhibit
Cerebrovascular Reactivity Deficits

Isabel J. Sible,"* Jung Yun Jang,>* Shubir Dutt,' Belinda Yew,'# John Paul M. Alitin,? Yanrong Li,?
Anna E. Blanken,>® Jean K. Ho,? Anisa J. Marshall,” Arunima Kapoor, MSc’ Fatemah Shenasa,’
Aimée Gaubert,2 Amy Nguyen,? Virginia E. Sturm,®®° Mara Mather,® Kathleen E. Rodgers,
Xingfeng Shao,'" Danny J. Wang,'" and Daniel A. Nation?”:

BACKGROUND

Elevated blood pressure (BP) variability is predictive of increased risk
for stroke, cerebrovascular disease, and other vascular brain injuries,
independent of traditionally studied average BP levels. However, no
studies to date have evaluated whether BP variability is related to
diminished cerebrovascular reactivity, which may represent an early
marker of cerebrovascular dysfunction presaging vascular brain
injury.

METHODS

The present study investigated BP variability and cerebrovascular
reactivity in a sample of 41 community-dwelling older adults (mean
age 69.6 [SD 8.7] years) without a history of dementia or stroke.
Short-term BP variability was determined from BP measurements
collected continuously during a 5-minute resting period followed by
cerebrovascular reactivity during 5-minute hypocapnia and hyper-
capnia challenge induced by visually guided breathing conditions.
Cerebrovascular reactivity was quantified as percent change in cere-
bral perfusion by pseudo-continuous arterial spin labeling (pCASL)-
MRI per unit change in end-tidal CO,.

RESULTS

Elevated systolic BP variability was related to lower whole brain ce-
rebrovascular reactivity during hypocapnia (8 = —0.43 [95% Cl —0.73,
—0.12]; P=0.008; adjusted R?>=.11) and hypercapnia (8 = —0.42 [95% Cl
—0.77,-0.06]; P = 0.02; adjusted R?> = 0.19).

CONCLUSIONS

Findings add to prior work linking BP variability and cerebrovascular
disease burden and suggest BP variability may also be related to prod-
romal markers of cerebrovascular dysfunction and disease, with po-
tential therapeutic implications.
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Hypertension is strongly linked with increased risk for
stroke, cerebrovascular disease, and dementia."? The es-
tablished link was further supported by findings from the
SPRINT trial suggesting intensive blood pressure (BP)
lowering was associated with fewer cardiovascular event
outcomes (e.g., stroke),’ slower progression of white matter
hyperintensities, and decreased risk for incident mild
cognitive impairment.® These results have fueled interest
in other aspects of BP control that could potentially fur-
ther reduce cardiovascular, cerebrovascular, and dementia
risk.® BP variability (BPV), or the change in BP over a pe-
riod of seconds to minutes (known as “short-term” BPV) or
months to years (known as “long-term” BPV or “visit-to-
visit” BPV), is now an emerging risk factor for stroke, cere-
brovascular disease, and dementia, independent of average
BP levels.”? Specifically, a growing number of studies have
found that elevated BPV is related to cognitive decline?
progressions of dementia,'®!! and greater cerebrovascular le-
sion burden on MRI (e.g., white matter hyperintensities, ce-
rebral infarcts, and cerebral microbleeds)® and postmortem
evaluation (e.g., atherosclerosis in the Circle of Willis and
arteriolosclerosis).!>!*> However, less is known about the
relationships between BPV and putative markers of cere-
brovascular dysfunction or prodromal disease that may be
important for cognitive functioning. One such marker is ce-
rebrovascular reactivity (CVR), which represents the ability
of the brain’s vessels to dilate and constrict in response to vas-
oactive stimuli.'* Diminished CVR is predictive of stroke and
transient ischemic attack,'>® and lower CVR is associated
with cognitive impairment in older adults.'” Additionally,
CVR and cognitive functioning were improved in patients
with carotid artery atherosclerosis after carotid endarterec-
tomy.'® Furthermore, 1 recent study found that, compared to
healthy younger adults, cognitively unimpaired older adults
had attenuated CVR in response to both hypocapnia and hy-
percapnia breathing conditions.!”” Together these findings
support the hypothesis that CVR may be an early marker of
vascular dysfunction that predates vascular brain injury rel-
evant to dementia risk.

Hypertension can diminish CVR, possibly through
increased tortuosity, arterial remodeling, or shifts in the
cerebral autoregulatory curve.?*?! However, less is known
about how other aspects of BP, such as BPV, may be re-
lated to CVR. The present study investigated the relation-
ship between BPV collected continuously over a 5-minute
resting period and CVR during hypocapnia and hypercapnia
breathing conditions during pseudo-continuous arterial spin
labeling (pCASL)-MRI in a sample of community-dwelling
older adults.

METHODS
Participants

Study participants were recruited from ongoing studies of
aging at the University of California Irvine (UCI) and the
University of Southern California (USC), and from the local
Orange County and Los Angeles communities via flyers,
word-of-mouth, and community outreach events. Inclusion
criteria required participants to be aged 55-90 years and
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living independently in the community. Exclusionary
criteria included: History of dementia, stroke, traumatic
brain injury, learning disability, or other major systemic,
psychiatric, or neurological disorder known to affect the
central nervous system. All research participants underwent
neuropsychological testing and obtained a Mattis Dementia
Rating Scale- 2 (DRS-2)* total score > 126, an established
cutoff to rule out major neurocognitive impairment.?> The
study was approved by the Institutional Review Boards at
UCI and USC and all participants provided their written in-
formed consent.

BPV data was not collected on all participants enrolled
in the combined ongoing studies at USC and UCI (n = 126)
and some participant data were not included due to proce-
dural errors or noise. Therefore, the present study included
41 older adult participants (aged 55-88 years) who under-
went continuous BP monitoring over a 5-minute resting pe-
riod and breath control tasks during pCASL-MRI to induce
hypocapnia and hypercapnia and determine CVR.

Measures

MRI protocols.  Participants underwent brain MRI on
the same make and model device (3T Siemens MAGNETOM
Prisma) at either UCI (n = 23) or USC (n = 18). Three types
of scans were collected from all participants: (i) structural
MRI; (ii) cerebral perfusion pCASL-MRI; and (iii) T2-fluid
attenuated inversion recovery (FLAIR) MRI. First, a struc-
tural brain MRI was collected to obtain T1-weighted magnet-
ization prepared rapid gradient-echo (MP-RAGE) sequence
for high resolution anatomical images (TR = 2,300 ms;
TE = 2.98 ms; TI = 900 ms; slice thickness = 1.20 mm; flip
angle = 9% field of view = 256 mm). Next, whole brain ce-
rebral blood flow (CBF) was determined from cerebral
perfusion imaging using a pCASL method with back-
ground suppressed gradient and spin echo (GRASE)
readout, as previously described.'”* The following sequence
parameters were used for pCASL-MRI: TR = 5,000 ms;
TE = 36.3 ms (USC)/ 37.46 ms (UCI); FOV = 240 mm; res-
olution = 2.5 X 2.5 X 3.4 mm?; slice thickness = 3.42 mmy;
number of slices = 24; labeling duration = 1517 ms; post-
labeling delay = 2000 ms; number of measurements = 1 M0
image + 1 dummy image + 15 pairs of tag-control images
(32 total acquisitions); total scan time = 5:25. As previously
described,'” pCASL preprocessing included the following:
Motion correction, co-registration to structural T1-weighted
image, spatial smoothing with a 6 mm full-width at half-
maximum Gaussian kernel, tag-control subtraction. Finally,
participants also underwent T2-FLAIR MRI sequence
(TR = 10,000 ms; TE = 91 ms; TI = 2,500 ms; slice thick-
ness = 5.0 mm; flip angle = 150°; field of view = 220 mm)
to determine white matter lesion burden as previously
described.?® Severity of white matter lesions was estimated
by one rater blinded to other study measures as Fazekas
scores®* (0-3).

Breathing protocols.  Participants underwent three sep-
arate, sequential 5-minute breathing paradigms during brain
pCASL-MRI, as described elsewhere!?; (i) resting condition
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(breathe normally); (ii) paced breathing/hypocapnia (0.1 Hz
breathing); (iii) breath hold/hypercapnia (15-second breath
holds). To increase protocol compliance, participants were
instructed on each breathing paradigm first during training
exercises outside of the scanner and then guided with visual
stimuli during each scan, as previously described.!? For (i)
resting condition, participants were instructed verbally be-
fore the scan to breathe normally and were presented during
the scan with either a static green circle (USC) or a blank slide
(UCI).; For (ii) paced breathing/hypocapnia, participants
were shown a circle that was alternately filled with yellow for
5 seconds (“inhale”) and blue for 5 seconds (“exhale”).; and
For (iii) breath hold/hypercapnia, participants were shown
a circle that alternately filled with green for 25 seconds
(“breathe normally”) and red for 15 seconds (“hold breath”)
and were instructed to exhale before and after each breath
hold.

Capnography assessment.  End-tidal CO, (etCO,) was
measured during each pCASL-MRI via a Phillips Medical
Systems MRI-compatible carbon dioxide device and nasal
cannula, as described elsewhere.!” Briefly, etCO, was deter-
mined at every expiration for the hypocapnia condition, and
the maximum etCO, per breath hold was used for the hyper-
capnia condition. Participants who failed to adhere to each
condition (e.g., breathing through the mouth as evidenced
by no discernable positive peaks in etCO, waveform) were
excluded from analyses.

CVR assessment. CVR was estimated as the percent
change in CBF per unit change in etCO,, based on estab-
lished methods.!#1?5 The following was used to calcu-
late whole-brain CVR maps for each participant for each
breathing paradigm:

100 x (CBFmaximum - CBFminimum) / CBFminimum

CVR =
etcozmaximum - etcozminimum

BP assessment.  BP was collected continuously using a
Biopac MRI-compatible BP monitoring device during the
5-minute resting pCASL-MRI scan, as previously described.?®
Briefly, data were processed offline using a custom pipeline
scripted in AcqgKnowledge.?*?¢ Intraindividual BPV was cal-
culated as variation independent of mean (VIM), an increas-
ingly used index of BPV that is uncorrelated with average BP
levels.!®>*27-31 We conducted a bivariate correlation between
BPV and average BP to confirm that BPV was not signifi-
cantly correlated with average BP levels (systolic: r = —0.04,
P = 0.80; diastolic: = 0.003, P = 0.99). VIM was calculated
as: VIM = standard deviation (SD)/mean*, where the power
x was derived from nonlinear curve fitting of BP SD against
average BP using the nls package in R Project, as previously
described.!22327:2930 'The present investigation focused on
systolic BPV based on prior work suggesting systolic, and
not diastolic, short-term BPV is related to simultaneous CBF
in older adults.?

Other measurements.  Blood samples from venipunc-
ture were used to determine APOE e4 carrier status (>1
e4 allele), as previously prescribed.*> Body mass index
(BMI [kg/m?]) was calculated from study screening body
measurements. Participants self-reported antihypertensive
medication use at study screening and participants were
categorized as those taking antihypertensive medication (all
classes) vs. those who were not.

Data availability statement.
available upon request.

Study data and code are

STATISTICAL ANALYSIS

BPV and CVR data were screened for outliers (+/— 3 SD
from the mean), resulting in the removal of one participant’s
whole brain CVR during hypocapnia. Multiple linear regres-
sion was used to examine the relationship between BPV and
whole brain CVR during the hypocapnia and hypercapnia
breathing conditions separately. All models were controlled
for age and sex. Sensitivity analyses included the following
covariates (separate models tested to preserve statistical
power): (i) antihypertensive medication use; (ii) severity of
white matter hyperintensities (e.g., Fazekas score, 0-3); (iii)
BMI; (iv) average BP; and (v) MRI site (UCI and USC) (see
Supplementary Table S1). All analyses were 2-sided with sig-
nificance set at P < 0.05. All analyses were carried out in the
R Project.

RESULTS

Clinical and demographic information are summarized in
Table 1.

During hypocapnia, elevated systolic BPV was related to
significantly lower whole brain CVR (8 = -0.43 [95% CI
-0.73, —0.12]; P = 0.008; adjusted R*> = 0.11) (Figure 1A).
Higher systolic BPV was also associated with significantly
lower whole brain CVR during hypercapnia (8 = —0.42 [95%
CI -0.77, —0.06]; P = 0.02; adjusted R* = 0.19) (Figure 1B).

Sensitivity analyses

All hypocapnia findings remained significant when con-
trolling for (i) antihypertensive medication use; (ii) se-
verity of white matter hyperintensities (e.g., Fazekas score,
0-3); (ili) BMIL (iv) average BP; and (v) MRI site (UCI
and USC) (see Supplementary Table S1). All sensitivity
analyses for hypercapnia findings remained significant, ex-
cept for antihypertensive medication use (P = 0.06) (see
Supplementary Table S1).

DISCUSSION

Findings indicate elevated short-term BPV is associ-
ated with lower CVR during hypocapnia and hypercapnia
breathing conditions in a sample of community-dwelling,
cognitively unimpaired older adults, independent of average
BP levels. A number of studies link higher BPV with greater
cerebrovascular disease burden on MRI and postmortem
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Table 1. Demographic and clinical information.

Total sample (N = 41)

Age (years) 69.6 (8.7)
Sex (male/female) 14/27
Education (years) 16.2 (2.7)
APOE-€4 carriers (n, %) 19 (46.3%)
DRS-2 total (scaled score)* 11.7 (2.4)
Body mass index (kg/m?) 25.5 (4.8)
Fazekas score (n, %)

0 3 (7.3%)

1 24 (58.5%)

2 11 (26.8%)

3 3(7.3%)
Antihypertensive use (n, %) 13 (31.7%)
Systolic BP(mmHg)

Average 132.7 (21.0)

VIM 3.4 (2.0
Diastolic BP(mmHg)

Average 76.2 (12.4)

VIM 5.2 (2.9)

Means and SDs has shown unless otherwise indicated.

*DRS-2 total scaled scores are age- and education-adjusted.

Abbreviations: APOE e4 = apolipoprotein e4; DRS-2 = Dementia
Rating Scale — second edition; BP = blood pressure; VIM = varia-
bility independent of mean

Hypocapnia

o

wn

wm

Whole brain CVR (% ACBF/AmmHg etC0O2)

B)

Whole brain CVR (% ACBF/AmmHg etC0O2)

o

evaluation.®1?13 The present findings add to this work by
suggesting BPV may also be associated with prodromal cere-
brovascular dysfunction that could presage cerebrovascular
disease and related cognitive impairment.

BP is naturally highly dynamic, and fluctuations occur
spontaneously and in response to internal (e.g., emotional)
and external (e.g., physical exertion) stimuli” However,
these BP changes must be regulated to ensure adequate
pressure and flow of blood to the body’s organs. Over time,
autoregulatory forces such as baroreflex function may
wane, leaving BP levels less regulated and more variable.?
The brain is especially vulnerable to disruptions in CBF
given its high metabolic demand.** A number of studies
suggest the smaller vascular compartments (i.e., arterioles
and capillaries) are often where most age-related cerebral
arterial changes occur.®® Consistently, elevated BPV over
the short-term and long-term has been linked with arte-
rial remodeling and stiffening®®3” as well as microvascular
damage.”'>!3 Furthermore, it has been hypothesized that ar-
terial stiffening may amplify BP fluctuations, and that their
combined effect may be even more detrimental to arterial
health.” It is unclear whether elevated BPV is a cause or ef-
fect—or even an index—of arterial stiffening”-*® and longi-
tudinal and/or interventional studies may help clarify this
relationship. However, BPV is increasingly being considered
an important independent marker of vascular change that
may predate vascular brain injury and dementia risk.

Diminished CVR is predictive of stroke and white matter
hyperintensities and may reflect prodromal cerebrovascular
dysfunction.!>!6 Just as age-related arterial stiffening may exac-
erbate BPV, stiffer arteries may impact CVR by limiting the ce-
rebral vessels ability to mount a response to vasoactive stimuli.*

Hypercapnia

E

-

25 7.5

5.0
Systolic BPV (mmHg)

25 7.5

5.0
Systolic BPV (mmHg)

Figure 1. Elevated short-term systolic BPV is associated with CVR during hypocapnia and hypercapnia. Scatterplots display the relationship be-
tween short-term systolic BPV and whole brain CVR during (A) hypocapnia and (B) hypercapnia. Lines are shaded with 95% Cl. Abbreviations: BPV = blood

pressure variability.
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Specifically, arterial stiffening may dampen dilation and constric-
tion of the vessel walls and lead to a less robust CVR response.
Hypertension may additionally attenuate CVR by shifting the
cerebral autoregulatory curve, which could in turn establish
more opportunities for hypoperfusion, microvascular damage,
and cerebrovascular disease.”*?! Our findings add to this liter-
ature by suggesting that BPV, independent of average BP levels,
may be a risk indicator for emerging cerebrovascular dysfunc-
tion and disease. Importantly, results are in line with prior work
linking BPV to frank cerebrovascular disease burden detectable
on MRP® and autopsy,'*!* and may elucidate relationships with
even earlier markers of cerebrovascular dysfunction.

Recent BPV research has highlighted that aspects of
antihypertensive treatment other than lowering average BP
levels may be important for brain health outcomes. For ex-
ample, some studies suggest that certain antihypertensive
classes, or a combination of classes, may reduce BPV and
the risk of stroke.** Due to the relatively small sample size, it
was not possible to assess differential antihypertensive class
effects on BPV and CVR. However, this remains an impor-
tant area for future research.

To the best of our knowledge, no studies to date have
examined the relationship between BPV and CVR. While
most studies on CVR have focused on either hypocapnia
or hypercapnia,'* the present investigation included
both breathing conditions. This allowed us to appreciate
relationships with periods of vasoconstriction and vasodi-
lation. The study is limited by the small sample size with rel-
atively minimal cerebrovascular risk (e.g., 66% had Fazekas
scores < 1). Future work with larger samples and varying
degrees of vascular disease may help to further elucidate ce-
rebrovascular risk associated with BPV and CVR.

Elevated BPV is associated with lower CVR in community-
dwelling older adults without history of dementia or stroke.
Findings add to prior work linking high BPV to cerebrovas-
cular disease burden on MRI and at postmortem evaluation
and suggest BPV may be an understudied vascular risk in-
dicator associated with prodromal cerebrovascular disease.

SUPPLEMENTARY MATERIAL

Supplementary data are available at American Journal of
Hypertension online.

FUNDING

This work was supported by the National Institute
of Health/National Institute of Aging (RO1AG064228,
R0O1AG060049, P30AG066519, and P01AGO052350), the
National Science Foundation (DGE1418060), and the
Alzheimer’s Association (AARG-17-532905).

ACKNOWLEDGMENTS

We would like to thank the study participants and their
families.

DISCLOSURE

None.

REFERENCES

1.

10.

11.

12.

Ettehad D, Emdin CA, Kiran A, Anderson SG, Callender T,
Emberson ], Chalmers J, Rodgers A, Rahimi K. Blood pressure
lowering for prevention of cardiovascular disease and death: a system-
atic review and meta-analysis. Lancet 2016; 387:957-967. doi: 10.1016/
S0140-6736(15)01225-8.

. Ding J, Davis-Plourde KL, Sedaghat S, Tully PJ, Wang W, Phillips C,

Pase MP, Himali JJ, Gwen Windham B, Griswold M, Gottesman R,
Mosley TH, White L, Gudnason V, Debette S, Beiser AS, Seshadri S,
Ikram MA, Meirelles O, Tzourio C, Launer LJ. Antihypertensive
medications and risk for incident dementia and Alzheimer’s di-
sease: a meta-analysis of individual participant data from prospec-
tive cohort studies. Lancet Neurol 2020; 19:61-70. doi: 10.1016/
S$1474-4422(19)30393-X.

. Wright JT, Williamson JD, Whelton PK, Snyder JK, Sink KM,

Rocco MV, Reboussin DM, Rahman M, Oparil S, Lewis CE, Kimmel PL,
Johnson KC, Goff DC, Fine L], Cutler JA, Cushman WC, Cheung AK,
Ambrosius WT. A randomized trial of intensive versus standard blood-
pressure control. N Engl ] Med 2015; 373:2103-2116. doi: 10.1056/
NEJMoal511939.

. Group TSMI for the SR. Association of intensive vs standard blood

pressure control with cerebral white matter lesions. JAMA 2019;
322:524-534. doi: 10.1001/jama.2019.10551.

. Williamson JD, Pajewski NM, Auchus AP, Bryan RN, Chelune G,

Cheung AK, Cleveland ML, Coker LH, Crowe MG, Cushman WC,
Cutler JA, Davatzikos C, Desiderio L, Erus G, Fine L], Gaussoin SA,
Harris D, Hsieh M-K, Johnson KC, Kimmel PL, Tamura MK,
Launer LJ, Lerner AJ, Lewis CE, Martindale-Adams ], Moy CS,
Nasrallah IM, Nichols LO, Oparil S, Ogrocki PK, Rahman M, Rapp SR,
Reboussin DM, Rocco MV, Sachs BC, Sink KM, Still CH, Supiano MA,
Snyder JK, Wadley VG, Walker J, Weiner DE, Whelton PK, Wilson VM,
Woolard N, Wright JTJ, Wright CB. Effect of intensive vs standard
blood pressure control on probable dementia: a randomized clinical
trial. JAMA 2019; 321:553-561. doi: 10.1001/jama.2018.21442.

. Nagai M, Kato M, Dote K. Visit-to-visit blood pressure variability in

mild cognitive impairment: a possible marker of Alzheimer’s disease in
the SPRINT study? J Clin Hypertens 2021; 23:2129-2132. doi: 10.1111/
jch.14388.

. Parati G, Ochoa JE, Lombardi C, Bilo G. Assessment and management

of blood-pressure variability. Nat Rev Cardiol 2013; 10:143-155. doi:
10.1038/nrcardio.2013.1.

. De Heus RAA, Tzourio C, Lee EJL, Opozda M, Vincent AD, Anstey KJ,

Hofman A, Kario K, Lattanzi S, Launer LJ, Ma Y, Mahajan R,
Mooijaart SP, Nagai M, Peters R, Turnbull D, Yano Y, Claassen JAHR,
Tully PJ. Association between blood pressure variability with dementia
and cognitive impairment: a systematic review and meta-analysis.
Hypertension 2021; 78:1478-1489. doi: 10.1161/HYPERTENSION
AHA.121.17797.

. Ma Y, Song A, Viswanathan A, Blacker D, Vernooij MW, Hofman A,

Papatheodorou S. Blood pressure variability and cerebral small vessel
disease: a systematic review and meta-analysis of population-based
cohorts. Stroke 2020; 51:82-89. doi: 10.1161/STROKEAHA.119.026739.
de Heus RAA, Olde Rikkert MGM, Tully PJ, Lawlor BA, Claassen JAHR.
Blood pressure variability and progression of clinical Alzheimer di-
sease. Hypertension 2019; 74:1172-1180. doi:10.1161/HYPERTENSIO
NAHA.119.13664.

Lattanzi S, Luzzi S, Provinciali L, Silvestrini M. Blood pressure vari-
ability predicts cognitive decline in Alzheimer’s disease patients.
Neurobiol Aging 2014; 35:2282-2287. doi: 10.1016/j.neurobiolag
ing.2014.04.023.

Sible IJ, Bangen KJ, Blanken AE, Ho JK, Nation DA. Antemortem
visit-to-visit blood pressure variability predicts cerebrovascular lesion
burden in autopsy-confirmed Alzheimer’s disease. ] Alzheimers Dis
2021; 83:65-75. doi: 10.3233/JAD-210435.

American Journal of Hypertension 36(1) January 2023 67


https://doi.org/10.1016/S0140-6736(15)01225-8
https://doi.org/10.1016/S0140-6736(15)01225-8
https://doi.org/10.1016/S1474-4422(19)30393-X
https://doi.org/10.1016/S1474-4422(19)30393-X
https://doi.org/10.1056/NEJMoa1511939
https://doi.org/10.1056/NEJMoa1511939
https://doi.org/10.1001/jama.2019.10551
https://doi.org/10.1001/jama.2018.21442
https://doi.org/10.1111/jch.14388
https://doi.org/10.1111/jch.14388
https://doi.org/10.1038/nrcardio.2013.1
https://doi.org/10.1161/HYPERTENSIONAHA.121.17797
https://doi.org/10.1161/HYPERTENSIONAHA.121.17797
https://doi.org/10.1161/STROKEAHA.119.026739
https://doi.org/10.1161/HYPERTENSIONAHA.119.13664
https://doi.org/10.1161/HYPERTENSIONAHA.119.13664
https://doi.org/10.1016/j.neurobiolaging.2014.04.023
https://doi.org/10.1016/j.neurobiolaging.2014.04.023
https://doi.org/10.3233/JAD-210435

Sible et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Ma Y, Blacker D, Viswanathan A, van Veluw SJ], Bos D, Vernooij MW,
Hyman BT, Tzourio C, Das S, Hofman A. Visit-to-visit blood pressure
variability, neuropathology, and cognitive decline. Neurology 2021;
96:€2812-¢2823. doi: 10.1212/WNL.0000000000012065.

Liu P, De Vis JB, Lu H. Cerebrovascular reactivity (CVR) MRI with
CO2 challenge: a technical review. Neuroimage 2019; 187:104-115. doi:
10.1016/j.neuroimage.2018.03.047.

Markus H, Cullinane M. Severely impaired cerebrovascular reactivity
predicts stroke and TIA risk in patients with carotid artery stenosis and
occlusion. Brain 2001; 124:457-467. doi: 10.1093/brain/124.3.457.
Reinhard M, Schwarzer G, Briel M, Altamura C, Palazzo P, King A,
Bornstein NM, Petersen N, Motschall E, Hetzel A, Marshall RS,
Klijn CJM, Silvestrini M, Markus HS, Vernieri F. Cerebrovascular re-
activity predicts stroke in high-grade carotid artery disease. Neurology
2014; 83:1424-1431. doi: 10.1212/WNL.0000000000000888.

Sur S, Lin Z, LiY, Yasar S, Rosenberg P, Moghekar A, Hou X, Kalyani R,
Hazel K, Pottanat G, Xu C, van Zijl P, Pillai ], Liu P, Albert M, Lu H.
Association of cerebrovascular reactivity and Alzheimer pathologic
markers with cognitive performance. Neurology 2020; 95:€962-e972.
doi: 10.1212/WNL.0000000000010133.

Lattanzi S, Carbonari L, Pagliariccio G, Bartolini M, Cagnetti C,
Viticchi G, Buratti L, Provinciali L, Silvestrini M. Neurocognitive
functioning and cerebrovascular reactivity after carotid endarterectomy.
Neurology 2018; 90:e307-e315. doi: 10.1212/WNL.0000000000004862.
Yew B, Jang JY, Dutt S, Li Y, Sible IJ, Gaubert A, Ho JK, Blanken AE,
Marshall A, Shao X, Wang DJJ, Nation DA. Cerebrovascular reactivity
deficits in cognitively unimpaired older adults: vasodilatory versus
vasoconstrictive responses. Neurobiol Aging 2022; 113:55-62. doi:
10.1016/j.neurobiolaging.2022.02.006.

Ficzere A, Valikovics A, Filesdi B, Juhasz A, Czuriga I, Csiba L.
Cerebrovascular reactivity in hypertensive patients: a transcranial
Doppler study. J Clin Ultrasound 1997; 25:383-389. doi: 10.1002/
(sici)1097-0096(199709)25:7<383::aid-jcu6>3.0.c0;2-6.

Hajjar I, Zhao P, Alsop D, Novak V. Hypertension and cerebral
vasoreactivity. Hypertension 2010; 56:859-864. doi: 10.1161/HYPERT
ENSIONAHA.110.160002.

Griffiths S, Sherman EMS, Strauss E. Dementia rating scale-2.
In: Kreutzer JS, DeLuca J, Caplan B, eds. Encyclopedia of Clinical
Neuropsychology. Springer New York: New York, NY, 2011, pp 810-811.
Sible IJ, Yew B, Dutt S, Li Y, Blanken AE, Jang JY, Ho JK, Marshall A]J,
Kapoor A, Gaubert A, Bangen KJ, Sturm VE, Shao X, Wang DJ,
Nation DA. Selective vulnerability of medial temporal regions to short-
term blood pressure variability and cerebral hypoperfusion in older
adults. Neuroimage Rep 2022;2:100080. doi: 10.1016/j.ynirp.2022.100080.
Fazekas F, Chawluk JB, Alavi A. MR signal abnormalities at 1.5 T in
Alzheimer’s dementia and normal aging. A JR Am ] Roentgenol 1987;
8:421-426.

Marshall O, Lu H, Brisset J-C, Xu F, Liu P, Herbert J, Grossman RI, Ge Y.
Impaired cerebrovascular reactivity in multiple sclerosis. JAMA Neurol
2014; 71:1275-1281. doi: 10.1001/jamaneurol.2014.1668.

Sturm VE, Sible IJ, Datta S, Hua AY, Perry DC, Kramer JH, Miller BL,
Seeley WW, Rosen HJ. Resting parasympathetic dysfunction predicts
prosocial deficits in behavioral variant frontotemporal dementia.
Cortex 2018; 109:141-155.

68 American Journal of Hypertension 36(1) January 2023

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Rothwell PM, Howard SC, Dolan E, O’Brien E, Dobson JE, Dahlof B,
Sever PS, Poulter NR. Prognostic significance of visit-to-visit varia-
bility, maximum systolic blood pressure, and episodic hypertension.
Lancet 2010; 375:895-905. doi: 10.1016/S0140-6736(10)60308-X.
Rouch L, Cestac P, Sallerin B, Piccoli M, Benattar-Zibi L, Bertin P,
Berrut G, Corruble E, Derumeaux G, Falissard B, Forette F, Pasquier F,
Pinget M, Ourabah R, Danchin N, Hanon O, Vidal JS. Visit-to-visit
blood pressure variability is associated with cognitive decline and inci-
dent dementia: the S.AGES cohort. Hypertension 2020; 76:1280-1288.
doi: 10.1161/HYPERTENSIONAHA.119.14553.

Sible IJ, Nation DA. Long-term blood pressure variability across the
clinical and biomarker spectrum of Alzheimer’s disease. ] Alzheimer’s
Dis 2020; 77:1655-1669. doi: 10.3233/JAD-200221.

Sible IJ, Yew B, Dutt S, Bangen KJ, Li Y, Nation DA. Visit-to-visit blood
pressure variability and regional cerebral perfusion decline in older
adults. Neurobiol Aging 2021; 105:57-63. doi: 10.1016/j.neurobiolag
ing.2021.04.009.

Xia Y, Liu X, Wu D, Xiong H, Ren L, Xu L, Wu W, Zhang H. Influence of
beat-to-beat blood pressure variability on vascular elasticity in hyperten-
sive population. Nature 2017; 7:1-8. doi: 10.1038/541598-017-08640-4.
Kapoor A, Gaubert A, Marshall A, Meier IB, Yew B, Ho JK, Blanken AE,
Dutt S, Sible IJ, Li Y, Jang JY, Brickman AM, Rodgers K, Nation DA.
increased levels of circulating angiogenic cells and signaling proteins
in older adults with cerebral small vessel disease. Front Aging Neurosci
2021; 13:711784. doi: 10.3389/fnagi.2021.711784.

Conway J, Boon N, Jones JV, Sleight P. Mechanisms concerned with
blood pressure variability throughout the day. Clin Exp Hypertens 1985;
A7:153-157. doi: 10.3109/10641968509073534.

Zlokovic BV. Neurovascular pathways to neurodegeneration in
Alzheimer’s disease and other disorders. Nat Rev Neurosci 2011;
12:723-738. doi: 10.1038/nrn3114.

Kisler K, Nelson AR, Montagne A, Zlokovic BV. Cerebral blood flow
regulation and neurovascular dysfunction in Alzheimer’s disease. Nat
Rev Neurosci 2017; 18:419-434. doi:10.1016/j.physbeh.2017.03.040.
Zhou TL, Henry RMA, Stehouwer CDA, Van Sloten TT, Reesink KD,
Kroon AA. Blood pressure variability, arterial stiffness, and arterial
remodeling the Maastricht study. Hypertension 2018; 72:1002-1010.
doi: 10.1161/HYPERTENSIONAHA.118.11325.

Nagai M, Hoshide S, Ishikawa J, Shimada K, Kario K. Visit-to-visit
blood pressure variations: new independent determinants for carotid
artery measures in the elderly at high risk of cardiovascular disease. J
Am Soc Hypertens 2011; 5:184-192.

Imai Y, Aihara A, Ohkubo T, Nagai K, Tsuji I, Minami N, Satoh H,
Hisamichi S. Factors that affect blood pressure variability: a community-
based study in Ohasama, Japan. Am ] Hypertens 1997; 10:1281-1289.
doi: 10.1016/S0895-7061(97)00277-X.

Peng S-L, Chen X, Li Y, Rodrigue KM, Park DC, Lu H. Age-related
changes in cerebrovascular reactivity and their relationship to cogni-
tion: a four-year longitudinal study. Neuroimage 2018; 174:257-262.
doi: 10.1016/j.neuroimage.2018.03.033.

Webb AJ, Fischer U, Mehta Z, Rothwell PM. Effects of antihypertensive-
drug class on interindividual variation in blood pressure and risk of
stroke: a systematic review and meta-analysis. Lancet 2010; 375:906-
915. doi: 10.1016/S0140-6736(10)60235-8.


https://doi.org/10.1212/WNL.0000000000012065
https://doi.org/10.1016/j.neuroimage.2018.03.047
https://doi.org/10.1093/brain/124.3.457
https://doi.org/10.1212/WNL.0000000000000888
https://doi.org/10.1212/WNL.0000000000010133
https://doi.org/10.1212/WNL.0000000000004862
https://doi.org/10.1016/j.neurobiolaging.2022.02.006
https://doi.org/10.1002/(sici)1097-0096(199709)25:7<383::aid-jcu6>3.0.co;2-6
https://doi.org/10.1002/(sici)1097-0096(199709)25:7<383::aid-jcu6>3.0.co;2-6
https://doi.org/10.1161/HYPERTENSIONAHA.110.160002
https://doi.org/10.1161/HYPERTENSIONAHA.110.160002
https://doi.org/10.1016/j.ynirp.2022.100080
https://doi.org/10.1001/jamaneurol.2014.1668
https://doi.org/10.1016/S0140-6736(10)60308-X
https://doi.org/10.1161/HYPERTENSIONAHA.119.14553
https://doi.org/10.3233/JAD-200221
https://doi.org/10.1016/j.neurobiolaging.2021.04.009
https://doi.org/10.1016/j.neurobiolaging.2021.04.009
https://doi.org/10.1038/s41598-017-08640-4
https://doi.org/10.3389/fnagi.2021.711784
https://doi.org/10.3109/10641968509073534
https://doi.org/10.1038/nrn3114
https://doi.org/10.1016/j.physbeh.2017.03.040
https://doi.org/10.1161/HYPERTENSIONAHA.118.11325
https://doi.org/10.1016/S0895-7061(97)00277-X
https://doi.org/10.1016/j.neuroimage.2018.03.033
https://doi.org/10.1016/S0140-6736(10)60235-8



