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Abstract

Cerebrovascular reactivity (CVR), the capacity of the brain to increase cerebral blood flow (CBF) to meet changes in
physiological demand, is an important biomarker to evaluate brain health. Typically, this brain “stress test” is performed
by using a medical imaging modality to measure the CBF change between two states: at baseline and after vasodilation.
However, since there are many imaging modalities and many ways to augment CBF, a wide range of CVR values have
been reported. An understanding of CVR reproducibility is critical to determine the most reliable methods to measure
CVR as a clinical biomarker. This review focuses on CVR reproducibility studies using neuroimaging techniques in
32 articles comprising 427 total subjects. The literature search was performed in PubMed, Embase, and Scopus. The
review was conducted using the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA). We
identified 5 factors of the experimental subjects (such as sex, blood characteristics, and smoking) and 9 factors of the
measuring technique (such as the imaging modality, the type of the vasodilator, and the quantification method) that have
strong effects on CVR reproducibility. Based on this review, we recommend several best practices to improve the
reproducibility of CVR quantification in neuroimaging studies.
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Cerebrovascular reactivity (CVR) is an important mea-
sure of the ability of the brain vasculature to increase
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determine the health of brain tissues as well as the

future risk of cerebrovascular diseases."*> CVR reduc-
tion has been linked with several risk factors including
vessel stenosis and/or occlusion in sickle cell disease,’
deposition of vasoconstrictors such as endothelin-1 and
p-amyloid in Alzheimer’s disease,*> and small and
large vessel damage in patients with diabetes.®
Impaired CVR deleteriously affects the amount of
vasodilation of the brain under stress conditions and
can cause chronic neuropathology.” Specifically, with-
out enough capacity or reserve, CBF cannot increase to
meet higher physiological demand to sustain the func-
tion and metabolism of brain tissues. Diminished CVR
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levels have been linked with stroke, dementia, cognitive
impairment, and hypertension.>**

Two key components can affect the measurement
and reproducibility of CVR: the CBF quantification
technique and the method to achieve the vasoactive
stimulus. A typical CVR exam involves two CBF meas-
urements separated by the administration of the vaso-
active stimulus. The CBF measurement techniques
include different medical imaging modalities such as
Transcranial Doppler (TCD) ultrasound, single-
photon emission computerized tomography (SPECT),
positron emission tomography (PET), and magnetic
resonance imaging (MRI). The main advantage of
TCD is that it is relatively easy to perform CBF or
CVR measurements at the bedside, making it a fast
and practical technique for screening patients at high
risk of cerebrovascular diseases.'® However, since TCD
measures blood flood in the arteries, it lacks the spatial
specificity of identifying abnormal CBF or CVR in dif-
ferent regions of the brain. The first CVR study was
conducted using Xe-133 SPECT to measure the aug-
mentation of CBF induced by CO, challenge in diabe-
tes patients.'' Results from this study showed that
patients with a lower CVR experienced a higher risk
of cerebrovascular disease because they were unable to
meet the increasing demand for CBF. In addition to
Xe-133, I-123 iodoamphetamine (IMP) is another com-
monly used radiotracer for SPECT-based CBF and
CVR measurement.'> Due to the long half-life of
IMP (13.22 hours), however, the CVR experiments
must be performed on multiple days to ensure that
the tracer administered in the baseline condition does
not affect the CBF measurement after vasodilation.

More recently, PET-based techniques have become
the reference standard technique of CVR studies due to
their high accuracy in CBF quantification both before
and after the administration of vasodilators."* On the
other hand, PET data is limited in spatial resolution
due to a combination of factors including the physical
size of the detector, positron range, sampling geometry,
and statistical noise.'* In a typical CVR study using
PET, radiolabeled '*O-water is commonly used as the
tracer.'> The relatively short half-life of '"O-water
water (2.04 minutes) allows the pre- and post-
vasodilation CBF measurements to be obtained in a
single imaging session. The tracer injected in the base-
line condition can decay completely before the admin-
istration of vasodilators so that no remaining tracer is
left to alter the CBF measurement after vasodilation.
On the other hand, the short half-life of '>O-water
water requires that PET imaging and tracer production
(cyclotron) facilities must be nearby, limiting the wide-
spread use of PET for CVR experiments.

As a non-invasive and radiation-free modality, MRI
has allowed both direct and indirect CVR

measurements using such techniques as phase contrast
(PC), blood oxygenation level dependent (BOLD)
imaging, and arterial spin labeling (ASL). Compared
with PET and SPECT, the advantages of MRI include
higher spatial resolutions and that procedures can be
repeated more easily without the additional supply of
tracers or contrast agents. For example, the spatial res-
olution of the commonly used T1-weighted MRI can
be in the order of 1 x 1 x 1 mm?® and the spatial resolu-
tion of functional MRI scans such as BOLD is around
3.5% 3.5 x 5mm?>,'® making MRI a preferred modality
to assess subtle spatial variations. In PC-based CVR
experiments, the blood flow volume (measured in ml/
min) of the individual carotid and vertebral arteries can
be used to measure CBF, but CVR cannot be assessed
at the individual voxel level.'” In BOLD-based CVR
studies, the percentage change of BOLD signal inten-
sity is considered to reflect a complex combination of
arterial oxygenation, CBF, cerebral blood volume, and
oxygen extraction fraction.'® Arterial spin labeling
(ASL) uses magnetically labeled blood water and ena-
bles the direct quantification of absolute CBF and
CVR of the whole brain and regional brain territo-
ries.'”” ASL measurements, however, can be inaccurate
in regions with very short or very long arterial
transit time.

The choice of vasoactive stimulus can be broadly
divided into intravenous drug administration and gas
challenges, both of which act by increasing arterial par-
tial pressure of CO,, which causes robust cerebral vaso-
dilation. Acetazolamide (ACZ), a carbonic anhydride
inhibitor, is the most widely used vasodilation drug
administered intravenously.”® Gas challenge stimuli
include having the subject control their breathing (pri-
marily through hyperventilation or breath-holding
approaches) to change blood CO, or having them
inhale gas mixtures with alterations of the CO, concen-
tration to cause hypocapnia and hypercapnia.’!:>?
Factors affecting the selection of vasoactive stimuli
used in CVR experiments include the desired extent
of vasodilation, the number of vasodilation challenges
performed per imaging session, availability of the vaso-
active stimulus, and potential side effects. Thus, the key
considerations for the implementation and interpreta-
tion of a CVR experiment are selecting a specific neu-
roimaging technique and vasoactive stimulus suitable
to the population of interest.

As there are many combinations of imaging techni-
ques and vasodilatory challenge approaches, it is not
surprising that a wide range of CVR values have been
reported in both patients and healthy volunteers. We
define the factors (such as the type of imaging modality
and vasodilator) associated with the experimental
design and facilities as technological factors. In addi-
tion, CVR results may also depend on other factors,
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such as the age and sex of the participants and the
cognitive state during the experiments.”® >> We define
these intrinsic characteristics of the experimental sub-
jects as physiological factors. The broad range of CVR
variability between subjects may indicate that (1) the
true CVR of each individual is indeed highly different
from each other or (2) poor reproducibility of the cur-
rent measuring techniques masks the genuine CVR var-
iation of the population. It is important to distinguish
these two cases, as reproducibility is critically impor-
tant for making clinical decisions based on CVR infor-
mation. This work is a systematic review focused on
CVR reproducibility studies, using the Preferred
Reporting Items for Systematic Reviews and Meta-
Analysis (PRISMA) framework, with a focus on the
impact of technological factors associated with the
experimental design and physiological factors associat-
ed with the subject.

Methods

We followed the PRISMA checklist developed by
Mobher et al., throughout the systematic reviewing pro-
cess.”® Our search included subject headings and
keywords for 4 key concepts: (1) cerebrovascular
circulation including reserve and reactivity; (2) neuro-
imaging techniques; (3) vasoactive stimuli; (4) repro-
ducibility of results. The search was developed in
PubMed and then adapted for the additional informa-
tion sources, and the exact keywords of the full search
strategy for each information source are available in
tables of search queries in Appendix 1. The relevant
search query was performed in PubMed (https://
pubmed.ncbi.nlm.nih.gov/), Embase (https://www.
embase.com/#search), and Scopus (https://www.
scopus.com/search/form.uri?display = basic) on April
21, 2020. No date limits were placed on the search,
and the results were limited to English language studies
only. Animal studies were excluded from the search
results. All study types were included in the search
results except conference papers and abstracts.

Table 1. Inclusion and exclusion criteria.

Four steps were taken to select the relevant studies
from the search results. (1) All duplicated search results
were merged. (2) The title and abstract of each study
were screened using the Covidence software
(Covidence, Melbourne, Australia) and the inclusion
and exclusion criteria shown in Table 1 by the authors
of this work independently. The studies that did not
satisfy the criteria were excluded. If 2 authors could
not decide the relevance of a particular study based
on the title and abstract information only, this study
was retained for further screening in the next step.
(3) The full text of the selected studies in Step 2 was
screened using the same inclusion and exclusion criteria
in Table 1. All conflicts of opinions were resolved to
decide the relevance of each study, and the number of
papers excluded was recorded for each exclusion crite-
ria. (4) The studies selected from Step 3 formed the
collection of studies for data extraction. Information
extracted from the selected studies included the year
of publication, location of the study, funding sources,
subject information, sample size, experimental condi-
tion, imaging modality, region of interest (ROI), type
of vasodilatory challenge, data analysis method, and
time between repeated measurements.

Results

Summary of literature search

Applying the search queries to three databases, a total
of 1625 papers were identified, 737 of which were dupli-
cates, resulting in 888 unique articles for the initial title
and abstract screening. Among the 888 studies, 92 were
included in the full-text screening. After screening the
full text of the 92 papers, 32 were retained for content
extraction and quality assessment, leaving 60 studies
excluded due to reasons such as not a reproducibility
study, no quantitative CVR values, non-brain study,
and unable to find the full text as shown in Figure 1.
The 32 selected articles formed the basis for the rest of
this review, as listed in Table 2.

Inclusion criteria

Exclusion criteria

Peer reviewed journal article

Human studies

English language

Age of subjects greater than 18 years old

Vessel dilators included acetazolamide, gas challenge, and breath-hold

Reproducibility studies: at least two repeated
measurements using the same protocol

Reported quantitative CVR values

Full text available

Conference abstracts and conference papers
Animal and phantom studies

Non English language

Age of subjects less than or equal to 18 years old
Free breathing

Single session measurement or different protocols

No quantitative CVR measurement
Full text unavailable
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The 32 selected articles included reproducibility met-
rics on a total of 427 subjects (45% female in the
26 studies that reported sex distributions, age range:
18 and 83 years). Among these selected studies, the
primary metrics of reproducibility were the within-
subject coefficient of variation (wsCV) of repeated
CVR measurement (19 out of 32 studies, 59%) and
ICC (16 out of 32 studies, 50%); 8 studies (25%)
used both of them. A wsCV less than 33% or ICC
greater than 0.44 was considered the threshold for
good reproducibility by 15 studies. Other metrics
included the ratio between CVR differences and mean
of the repeated sessions, Wilcoxon signed-rank test,
and normalized standard deviation (SD) of repeated
CVR measurement. Linear regression between CVR
measurement of two sessions was used in 4 out of the
32 selected studies separately. In comparing the CVR
levels between the selected studies, the data were
grouped by the type of vasodilator used in the experi-
ment as shown in Figure 2: acetazolamide (CVR unit:
%); breath-hold (CVR unit %/mmHg); hypercapnia
gas challenge (CVR unit: %/mmHg). CVR studies
using hyperventilation were not included in this system-
atic review. After comparing the studies based on their
experimental facilities, types of vasodilators, and the
condition of the subjects before and during the experi-
ments, we identified 14 factors affecting the measure-
ment and reproducibility of CVR.

Physiological factors

Sex. The sex of the subjects was reported in 26 out of
the 32 studies with a male to female ratio of 243 to 118
(male accounting for 67%), and the sex of the

remaining 66 subjects was not reported. Kassner
et al., compared the CVR levels between male and
female healthy volunteers using BOLD MRI and
hypercapnia gas challenge as the vasodilator, and
found that the mean grey matter (GM) and white
matter (WM) CVR of men were both significantly
higher than women (GM CVR =0.181 vs 0.140%/
mmHg; WM CVR =0.096 vs 0.080 mm/Hg for male
and female, respectively).”> In a study including 166
healthy volunteers aged between 59 and 73 years,
Spencer et al., investigated the influence of sex on
CVR values and reproducibility measured by TCD
and hypercapnia gas challenge.”’ The group mean
wsCV metric showed that CVR reproducibility of
male subjects was marginally higher (wsCV=11.9%
for male vs 12.2% for female, no statistical tests
reported). However, the results were the opposite
when using the group mean ICC as the reproducibility
metric (ICC =0.86 for male vs 0.88 for female, no sta-
tistical tests reported).

Menopause. In a study that investigated the CVR
induced by gas inhalation hypercapnia challenge
using TCD, all female participants (N =388,
age =65+ 6 years) were post-menopause at the time
of the experiment.”’” Comparing the CVR levels com-
puted using the ratio between the flow velocity of MCA
and the change in CO, concentration, the CVR of post-
menopausal female subjects was significantly higher
(17%) than male subjects. However, no significant dif-
ferences in CVR reproducibility were observed between
female and male subjects (mean wsCV =12.0% and

| 1625 studies found for screening

|

| 888 studies screened

|

32 studies included

| 92 full-text studies assessed for eligibility |—) i 60 studies excluded

34 Not a reproducibility study
22 No quantitative CVR values
1 Non brain study

2 Duplicates

1 Unable to find the full text

Figure |. Search and screening results from three databases PubMed, Embase, and Scopus. After removing the duplicated papers, the
title, abstract, and full text of each study was assessed using the inclusion and exclusion criteria.
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Table 2. CVR studies included in this review.

Study Population Imaging Modality Reproducibility Metric
Vasodilator: Acetazolamide
Filesdi et al.” N=10 TCD IcC
no age or sex info
Spilt et al.*’ N=8 PC MRI (1.5T) wsCV
18-26 years; 8 males
Yen et al.?® N=12 ASL MRI (1.5T) Ratio between difference
23-71 years; 9 males and mean CVR
Kimura et al.” N=42 SPECT
58-62 years; 28 males
Puig et al.?’ N=10 Ol 5-water PET wsCV
21-28 years; 10 males ASL MRI (3T)
Vasodilator: Breath hold
Magon et al.®® N=II BOLD MRI (3T) wsCV
20-42 years; 5 males
Bright and Murphy®? N=12 BOLD MRI (37) ICC
No age info; 7 males
Lipp et al.®* N=15 BOLD MRI (3T) wsCV & ICC
21-28 years; 8 males
Pinto et al.*® N=10 BOLD MRI (3T) wsCV & ICC
no age info; 5 males
Cohen et al.*® N=10 ASL & BOLD MRI (3T) ICC
20-50 years; 6 males
Peng et al.* N=9 BOLD MRI (1.5T & 3T) wsCV & ICC

21-29 years; 3 males

Vasodilator: Hypercapnic gas inhalation

Mayberg et al.’!

. . 2
Smielewski et al.

Totaro et al.*!

Leontiev et al.*

Goode et al.?'

van Beek et al.>?

Kassner et al.??

Ances et al.”®

McDonnell et al.>’

Sousa et al.*°

Heijtel et al.®®

Strohm et al.®

Tancredi et al.**

27
Spencer et al.

Lajoie et al.3

N=10
no age or sex info
N=10

44-83 years; no sex info
N =45

20-74 years; 21 males
N=10

24-40 years; 5 males
N=8

19-34 years; no sex info
N=1I

no age info; 9 males
N=19

2142 years; 10 males
N=16

no age info; 12 males
N=10

2046 years; no sex info
N=9

18-28 years; 4 males
N=16

20-24 years; 9 males
N=10

22-36 years; 6 males
N=8

2240 years; no sex info
N=166

no age info; 78 males
N=8

no age info; 4 males

TCD

NIRS

TCD

ASL & BOLD MRI (3T)
BOLD MRI (1.5T)
TCD

BOLD MRI (1.57T)

ASL & BOLD MRI (3T)
TCD

BOLD MRI (37T)
O15-water PET

ASL MRI (3T)

TCD

ASL & BOLD MRI (37T)

TCD

ASL & BOLD MRI (3T)

Normalized SD
ICC

wsCV

wsCV

wsCV & Signed rank test
wsCV

ICC

ICC

wsCV & ICC
wsCV

ICC

wsCV

wsCV & ICC

wsCV

(continued)
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Table 2. Continued.

Study Population Imaging Modality Reproducibility Metric
Sobczyk et al.'® N=1I5 BOLD MRI (3T) wsCV
20-53 years; |5 males
Ravi et al.* N=10 BOLD MRI (3T) wsCV
no age info; 4 males
Thrippleton et al.® N=15 BOLD MRI (1.5T) wsCV
20-50 years; || males
Dengel et al.>® N=1I BOLD MRI (3T) wsCV & ICC
18—40 years; 5 males
Hou et al.”” N=10 BOLD MRI (3T) Linear regression of CVR
no age info, 3 males Between sessions
Evanoff et al.* N=II BOLD MRI (3T) wsCV & ICC

no age info, 5 males

12.2%; ICC =0.89 and 0.87 for female and male sub-
jects, respectively).?’

Effects of caffeine. Among the 32 seclected studies in
Table 2, 13 restricted the subjects from consuming caf-
feine before conducting the experiment, accounting for
69% of the total subjects (293 out of 427). Eight studies
(15% of all subjects) required participants to refrain
from caffeine products at least 8§ hours (maximum 12
hours) before the study®®>> while the other 5 studied
required less than 8 hours with a minimum of just 2
hours.'®?73%3% According to the correlation between
the mean wsCV and the number of hours without con-
suming caffeine in the 13 studies that restricted caffeine
consumption, a higher reproducibility (lower wsCV
value) was associated with a longer period of time for
subjects to refrain from caffeine (r=—0.42, p <0.05).
No significant correlation was obtained between the
reproducibility measured by ICC and the time for the
subject spent without consuming products with
caffeine.

Effects of smoking. Five studies restricted smokers from
participating in the study, and the number of non-
smokers accounted for 50% (212 out of 427) of the
total subjects.'®?"-313237 The CVR reproducibility of
these subjects was between 5.97% and 37.3% when
measured by wsCV and between 0.429 and 0.891
when measured by ICC, both within the range of
values of the other 27 studies that did not restrict
smoking. However, no direct comparison was made
to assess the CVR levels and the reproducibility
between smokers and non-smokers.

Brain regions. A total of 19 studies investigated the
regional CVR levels and reproducibility of different
brain regions as well as the full brain, accounting for
50% of all subjects (212 out of 427). Four studies

compared the GM and WM CVR measured by
BOLD MRI (3T) using a gas inhalation hypercapnia
challenge,'®?">*3% and the CVR reproducibility of GM
was significantly higher than WM in all subjects. For
example, in a study that investigated the CVR of 19
healthy subjects using a controlled respiratory chal-
lenge, Kassner er al. demonstrated that CVR was
more reproducible in GM than WM for both within-
day (ICC=0.92 and 0.88 for GM and WM, respective-
ly) and between-day (ICC =0.81 and 0.66 for GM and
WM, respectively) comparisons.>® Similar results have
been reported in a study that measured the CVR of
8 healthy subjects in two sessions using a 1.5T MRI
and hypercapnic gas challenge. In this work, the CVR
reproducibility in GM was higher than in WM for the
BOLD data analyzed using both box-car and automat-
ed regression models.?'

Two studies investigated CVR in cortical and sub-
cortical regions using BOLD MRI and hypercapnia
gas as the vasodilator. For example, in a study that inves-
tigated the CVR of 9 healthy volunteers in a paced deep
breathing task, CVR measurements in the frontal lobe
were found to be the most reproducible while the CVR in
the cerebellum was the least reproducible (ICC =0.90 vs
0.42 for frontal lobe and cerebellum, respectively).*’
Using BOLD MRI, Lajoie et al. demonstrated that the
CVR in the anterior cingulate was found the be the most
reproducible while the CVR in the precuneus was the
least reproducible (wsCV =24% and 35% for anterior
cingulate and precuneus, respectively).*®

Technological factors

Time between repeated experiments. The time between
repeated CVR measurements of 14 of the 32 studies
was shorter than or equal to a week while 12 were
longer than a week; 4 studies included reproducibility
measurements for both time intervals, while 2 did not
provide any information. For all imaging techniques, a
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(a)

TCD

E Supine Position (N=10)

|

TCD Repeated Measurement > 1 week (N=10)
1.5T (N=20)

3T (N=10)

MRI Repeated Measurement =< 1 week (N=10)
MRI Repeated Measurement > 1 week (N=20)
PASL (N=12)

PCASL (N=10)

150-Water PET (N=10)

Range of CVR Induced by Acetazolamide

— Supine Position (N=45} .
g Repeated Measurement = 1 week (N=45) .
L Repeated Measurement > 1 week (N=45) .
p— 1.5T (N=9)

3T (N=65) .

MRI Repeated Measurement = 1 week (N=30) Ls

MRI Repeated Measurement > 1 week (N=44) .

Range of CVR Induced by Breath Hold

L Different order of Fourier Models (N=9) .

20 40 60 80 100
CVR (%)

0.0

— Supine Position (N=65)
Sitting Position (N=20)

[ TCD Repeated Measurement = 1 week (N=75)
Morning Measurement (N=10)
Afternoon Measurement (N=10)
1.5T (N=38)1 ® .

3T (N=79)1 =

MRI Repeated Measurement = 1 week (N=35)1 *

MRI Repeated Measurement > 1 week (N=61)1 »

— PCASL (N=24)
150-Water PET (N=16)

Range of CVR Induced by Hypercapnia

0.5 2.0 2.5

1.0 1.5
CVR (%/mmHg)

3 4 5 6
CVR (%/mmHg)

Figure 2. The range of CVR values using different modalities and vasodilators of all selected studies. (A) The range of CVR induced
by ACZ was the largest among the three vasodilators. (B) The lowest wsCV was found in CVR induced by BH. (C) The range of CVR
using PET and inhaling hypercapnia gas challenge was the lowest among all methods. Modalities that did not appear in any studies

(N =0) were excluded in the figure.

longer time between repeated measurements led to
lower reproducibility. For example, comparing the
reproducibility of CVR induced by breath-hold and
hypercapnic gas challenge using TCD in 45 healthy
volunteers (aged between 20 and 74 years), the ICC
of CVR induced by BH was reduced by 59% (from
0.41 to 0.17) when the time interval increased from
1 hour to 24 hours.*' A similar observation was
found for the reproducibility of CVR induced by a
hypercapnic gas challenge, in which the ICC reduced
from 0.55 to 0.43 when the measurements were repeat-
ed after 24 hours.*! In a study that compared the CVR
reproducibility of 19 healthy volunteers using BOLD

MRI at 5 and 15days, the wsCV of both GM and WM
CVR increased by 62% and 57%, respectively, at the
longer time interval (Figure 3(c)).”®> Results from a
CVR study on carotid artery occlusion patients also
demonstrated that longer time between repeated ses-
sions led to lower reproducibility as measured by nor-
malized SD (reduced by 14.3% as the time between
measurements increased from 10min to 3days).*
These data indicated that the time between measure-
ments is an important factor to assess reproducibility.

Time of day. One studied compared CVR of 10 healthy
subjects measured at different times of the day using
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TCD.** In this work, the CVR experiments were con-
ducted in the mornings (8—10am) and afternoons (5—
7pm) of two consecutive days using hypercapnic gas
challenge for 2 to 4 minutes. For both sessions, CVR
measured in the afternoon was significantly lower than
in the morning (mean CVR =3.30 and 2.65%/mmHg
for the morning and afternoon of day 1; mean
CVR =3.05 and 2.54%/mmHg for the morning and
afternoon of day 2; Figures 2(c) and 4(c)). There was,
however, no change in reproducibility depending on
the time of the day (ICC=0.65 and 0.68 for morning
and afternoon measurements respectively).

Imaging modality. Two studies compared the CVR of 26
healthy subjects measured by different imaging modal-
ities using PET and MRI with ACZ and hypercapnia
gas as the vasodilators.”>** In general, PET was the
more reproducible measurement technique if the

CVR was induced by the inhalation of hypercapnia
gas (Figure 3(c), indicated by *) while it was less repro-
ducible than MRI if the CVR was induced by ACZ
(Figure 3(a)). Heijtel er al. compared the test-retest
CVR of 16 healthy volunteers (age: 20-24 years,
9 males) using PET and ASL MRI with the subjects
inhaling 5% CO, gas.* In two sessions separated by
34 days, the reproducibility of PET was higher than
ASL MRI for both CVR and CBF measurement, as
measured by the ICC. By contrast, using simultaneous
PET/MRI that allows the PET and MRI data to be
collected at the same time, Puig et al. demonstrated
that ASL MRI had higher CVR reproducibility
induced by ACZ than PET based on the wsCV of 10
healthy men (age: 21-28 years).”” This study also
showed that the CVR measured by ASL was signifi-
cantly lower than the PET CVR by 3% to 12% in dif-
ferent regions of the brain.

1.5T (N=8)

3T (N=22)

MRI Repeated Measurement = 1 week (N=10)
MRI Repeated Measurement > 1 week (N=20)
PASL (N=12)

PCASL (N=10)

150-Water PET (N=10)

@) Range of wsCV of CVR Induced by Acetazolamide

0

3T (N=43) -

MRI Repeated Measurement = 1 week (N=18) .

— Different order of Fourier Models (N=9)

(b) Range of wsCV of CVR Induced by Breath Hold
— 15T (N=9) .

MRI Repeated Measurement > 1 week (N=34) L
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Figure 3. The range of wsCV using different modalities and vasodilators of all selected studies. (A) The range of wsCV of CVR

induced by ACZ was the largest among the three vasodilators. (B) the wsCV of CVR induced by BH showed the lowest range. (C) The
hypercapnia gas challenge technique was adopted by the highest number of studies among all methods. Overall, PET with hypercapnia
gas challenge is the most reproducible technique (indicated by * in the subplot C). Modalities that did not appear in any studies (N = 0)

were excluded in the figure.
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Subject’s posture in TCD. Among the 7 studies that used
TCD for CVR measurement, 3 studies adopted the
supine posture; 2 studies were performed using the sit-
ting posture; 2 studies used both positions. As shown in
Figure 2(a), the CVR ranged from 1.79% to 48% when
CVR was induced by gas inhalation hypercapnia chal-
lenge and from 20% to 30% when ACZ was used.
Overall, the reproducibility metrics of both wsCV and
ICC (Figures 3(c), 4(a), and 4(c)) from these studies
suggested that all subjects should remain in the same
posture for a reliable CVR measurement using TCD
and that the sitting position resulted in higher repro-
ducibility than the supine position. CVR measured in
the sitting position demonstrated significantly higher
reproducibility than the value measured in the supine
position (ICC=0.822 vs 0.734 for sitting and supine
positions, respectively [p < 0.001]) while no significant
CVR differences were observed.?” In a study that inves-
tigated the impact of changing positions during the

repeated CVR experiments, different postures of the
subjects could significantly affect the repeatability of
TCD-based CVR measurement when subjects were
examined in different positions (supine or sitting) in
repeated sessions.”!

Rater’s bias for TCD. In measuring CVR using TCD, a
well-trained rater (or observer) is needed to interpret
the flow velocity data of the arteries of interest, making
the bias of the rater a potential factor for reproducibil-
ity. McDonnell et al. investigated the influence of dif-
ferent raters in the CVR levels of the healthy control
subjects examined in supine and sitting positions.?” The
results indicated that the inter-rater reproducibility
assessed by ICC was significantly higher when the sub-
jects were in the sitting position (ICC =0.504 vs 0.081
for sitting and supine respectively), indicating that the
CVR test should be conducted in the sitting position if
the level of experience of the rater is low.

(a)

[ Supine Position (N=10)
TCD Repeated Measurement > 1 week (N=10)

TCD

Range of ICC of CVR Induced by Acetazolamide

0.0

n[ TCD Repeated Measurement = 1 week (N=45)
TCD Repeated Measurement > 1 week (N=45)
— 1.5T (N=9)

3T (N=54)

MRI Repeated Measurement = 1 week (N=18)

MRI Repeated Measurement > 1 week (N=45)

PCASL (N=10)

— Different order of Fourier Models (N=10)

(b) Range of ICC of CVR Induced by Breath Hold

0.2 0.4 0.6 0.8 1.0
IcC

0.0

— Supine Position (N=55) .
Sitting Position (N=31)
TCD Repeated Measurement = 1 week (N=76) .

TCD

TCD Repeated Measurement > 1 week (N=45)
Morning Measurement (N=10)

— Afternoon Measurement (N=10)
— 1.5T (N=19)
3T (N=41)

MRI Repeated Measurement = 1 week (N=50)

MRI Repeated Measurement > 1 week (N=51)
- PASL (N=186)

(c) Range of ICC of CVR Induced by Hypercapnia

0.2 0.4 0.6 0.8 1.0
ICC

0.0

0.2 0.4 0.6 0.8 1.0
ICC

Figure 4. The range of ICC using different modalities and vasodilators of all selected studies. (A) Only one TCD study employed ICC
as the metric for reproducibility. (B) The ICC of CVR was the highest using 3 T MRI with the measurement repeated within a week.
(C) The range of ICC was the largest using inhaling hypercapnia gas as the vasodilator. Modalities that did not appear in any studies

(N =0) were excluded in the figure.
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MRI field strength. Among 23 MRI studies, 6 studies
were performed using 1.5T MRI systems; 18 studies
used 3T; 1 study used both 1.5T and 3T. Using a
gas inhalation hypercapnia challenge at 1.5T, CVR
values in 3 studies ranged between 0.02% /mmHg and
0.56%/mmHg (Figure 2(c)).>*3*%* The range was
between 0.1%/mmHg and 5.4%mmHg in 7 studies per-
formed using 3T MRI systems and a hypercapnia
challenge for BOLD and ASL MRI (Figure 2
(c)).'6:344043746 UUsing ACZ as the vasodilator, the
spectrum of the CVR values measured at 1.5T from
20 healthy subjects in 2 studies was between 13.3—
64.5%;**47 at 3T, the range was 26.8-95.9% for 10
subjects.”’ According to the healthy cohort data
(N=9) from a study that performed breath-hold, the
CVR reproducibility measured using a 3T MRI system
was 29% higher than that measured using a 1.5T MRI
for short term measurements within 30 minutes, while
the reproducibility was essentially the same
(WsCV =5% at 3T vs 7% at 1.5T).>° The same study
demonstrated that reproducibility for both field
strengths was worse when the time between repeated
scans was longer (68-92 days), but was not significantly
different at the 2 field strengths (wsCV =11% at 3T vs
12% at 1.5T, p>0.05; ICC=0.79 at 3T vs 0.71 at
1.5T, p>0.05).%°

ASL techniques. Among the studies that used MRI in
CVR quantification, pulsed arterial spin labeling
(PASL) techniques were used in 2 studies and
pseudo-continuous arterial spin labeling (PCASL) in
S studies. The range of CVR measured by PCASL
(N=24) was 1.71%/mmHg and 5.4%/mmHg using
gas inhalation hypercapnia challenge (Figure 2
(©).** For ACZ-induced CVR values, the range
was 13.3% and 64.5% for PASL and 30.8% and
65.2% for PCASL.?** Although the range of wsCV
of repeated CVR measurements differed between the
two ASL techniques (wsCV between 12.9% and
46.9% for PCASL and between 23.0% and 40.6% for
PASL), 29364345 16 direct comparison of CVR repro-
ducibility between PASL and PCASL was reported in
the selected studies. One study measured CVR using
percentage of signal change induced by vasodilator,
instead of percentage of absolute CBF change.*® The
result (78.3 £27.4% signal increase) of this work was
excluded from Figure 2 due to inconsistent units.

BOLD MRI techniques. Among 18 studies that used
BOLD MRI, one study investigated the impact of
BOLD MRI sequence design on the CVR quantifica-
tion and reproducibility of 10 healthy volunteers (age
21-37 years, 4 males).* In this work, three BOLD pro-
tocols were compared using different combinations of
scanning parameters (TR/TE=1500/30ms vs 1500/

21 ms vs 800/22.5ms; FA =60°, 89°, 72°, respectively)
on the CVR induced by inhaling hypercapnia gas for
50 seconds. The results showed that the BOLD tech-
nique with the longest TR/TE (1500/30ms) and
lowest FA (60°) produced the highest CVR values,
with a mean CVR greater than 0.2%/mmHg and sig-
nificantly higher than the CVR measured by the other
two sequences. However, the reproducibility of the
three sequences was not significantly different when
assessed using wsCV of the repeated measurements.

BOLD analysis models. The impact of using different
models to quantify BOLD signal change on CVR
quantification and reproducibility was investigated by
2 studies in 19 healthy subjects.”’** Among the various
BOLD data analysis techniques, the general linear
model with different Fourier orders has been widely
applied to estimate BOLD response.*’ ! Pinto et al.
compared the impact of using different orders of the
Fourier model (from Oth to the 4th order) on GM CVR
induced by BH for 20 seconds.*® CVR increased signif-
icantly with the order of the Fourier model (from 0.18
to 0.27%/mmHg, Figure 2(b)). CVR reproducibility,
however, only improved up to the 3rd order of the
Fourier model (ICC increased from 0.54 to 0.75,
Figure 4(b)) but deteriorated when using the 4th
order of the Fourier model (ICC=0.70). In a study
that investigated the CVR of 10 subjects using hyper-
capnia gas challenge and BOLD data collected from a
1.5T MRI system, Goode et al. demonstrated that
CVR derived using percent signal intensity changes of
the BOLD data showed good reproducibility (mean
wsCV = 7.4%, Figure 3(c)).>' Comparing between the
CVR measured by BOLD and TCD, we have identified
4 studied that applied the computer-controlled system
and the CVR measurement modalities included TCD
and BOLD MRI.'®%3436 The range of ICC of the
repeated CVR measurements in these 4 studies was
between 0.30 and 0.84 while the range of ICC of the
other studies was between 0.015 and 0.92. The source
of data in Figures 2 to 4 can be found in Tables 3 to 5
respectively.

Discussion

In this work, we reviewed multiple studies that investi-
gated the reproducibility of CVR using different imag-
ing modalities and various vasodilators. This
systematic review compared the reproducibility of dif-
ferent CVR techniques, including TCD, MRI, PET,
and SPECT. We identified 32 articles from 3 databases
with a total of 427 subjects. Among the factors affect-
ing the reproducibility of CVR, the physiological fac-
tors associated with the experimental subject included
sex, consuming caffeine before CVR studies, and
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smoking; the technological factors associated with the
design and implementation of the CVR test included:
type of imaging modality, subject’s posture during
TCD experiments, and data analysis method. The pri-
mary findings of this paper were: (1) consuming caf-
feine before had a significant impact on CVR and its
reproducibility and at least 12 hours of caffeine restric-
tion is recommended; (2) the sitting posture should be
used for CVR studies using TCD and data should be
interpreted by the same rater; (3) the scanning param-
eters and analysis method must be taken into account
when evaluating CVR studies using BOLD MRI.

Physiological factors

The CVR difference between male and female subjects
was investigated in two studies that used BOLD MRI
and TCD with hypercapnia gas challenge as the vaso-
dilator.**” The between-gender differences may be
partially explained by the previous observation that
the different levels of total hemoglobin in male and
female are linked to a 20% greater BOLD signal
change associated with functional activation in

Table 3. Studies referenced in Figure 2 of the main manuscript.

Conditions References

(A) CVR induced by acetazolamide

TCD supine position &

TCD repeated measurement >| week ™

15T 28,47

3T 29

MRI repeated measurement <| week 2

MRI repeated measurement >| week 2847

PASL 28

PCASL 2

15 O-water PET >

(B) CVR induced by breath hold

TCD supine position 4

TCD repeated measurement <| week 4

TCD repeated measurement > 1| week 4

15T 30

3T 30,38, 48,6365

MRI repeated measurement <| week 30448,63

MRI repeated measurement >1| week 30. 386465

Different order of Fourier models 8

(C) CVR induced by hypercapnia

TCD supine position 31,3741

TCD sitting position 33,37

TCD repeated measurement <| week 31,33.37.41

Morning measurement 33

Afternoon measurement 33

15T 23,39,44

3T 16,34,40, 43—46

MRI repeated measurement <| week 40,4446

MRI repeated measurement >1 week 16.23.34,43
43,44

PCASL
|5 O-Water PET 43

Table 4. Studies referenced in Figure 3 of the main manuscript.

Conditions References
(A) wsCV of CVR induced by acetazolamide

15T ¥

3T 28,29

MRI repeated measurement <| week »

MRI repeated measurement >| week 2847

PASL 28

PCASL >

|5 O-water PET »

(B) wsCV of CVR induced by breath hold

15T 30

3T 30,48,64,65
MRI repeated measurement <| week 3048,

MRI repeated measurement >1| week 30,6465
Different order of Fourier models *

(C) wsCV of CVR induced by hypercapnia

TCD sitting position 32

TCD repeated measurement >| week 32

15T 21,2339

3T 16,34,35,43-46
MRI repeated measurement <| week 23,34,35,4044,46
MRI repeated measurement >1 week 16.23.34,35.43
PASL *

PCASL 3

I5 O-water PET »

Table 5. Studies referenced in Figure 4 of the main manuscript.

Conditions References

(A) ICC of CVR induced by acetazolamide

TCD supine position &

TCD repeated measurement >1| week 7

(B) ICC of CVR induced by breath hold

TCD repeated measurement <| week 4

TCD repeated measurement >| week 4

15T 30

3T 30,38,48,64.63

MRI repeated measurement <| week 30
30,38,63,64

MRI repeated measurement >1| week
PCASL 3

Different order of Fourier models 8

(C) ICC of CVR induced by hypercapnia

TCD supine position 37:41
TCD sitting position 32.33.37
TCD repeated measurement <| week 32,33.3741
TCD repeated measurement >1 week 4

TCD morning measurement 33

TCD afternoon measurement 33

15T >

3T 34,35,40,76
MRI repeated measurement <| week 23,34,35:40
MRI repeated measurement >| week 343576
PASL 7e
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males.*> Such CVR differences may also help identify
factors that lead to a higher risk of migraine and lower
incidence of stroke in females.” Although one study
showed that CVR reproducibility of men was slightly
lower than women, no studies have shown statistically
significant differences. Therefore, while CVR levels
may differ between the sexes, there does not appear
to be an effect on reproducibility.?’

Since caffeine and smoking are both vasoactive sub-
stances, we examined their impact on CVR quantifica-
tion and reproducibility based on the duration that the
subject was asked to refrain from caffeine and smok-
ing. Higher reproducibility was correlated with a longer
period of caffeine restriction (between 2 and 8 hours in
5 studies), implying that it is essential for experimental
participants not to consume caffeine for the same or
longer period of time before CVR studies. Another
important consideration is the different impact on
CBF and CVR due to acute and regular caffeine con-
sumption. It has been shown that the short-term effect
of caffeine on blood flow was more pronounced in
individuals consuming a low dose (less than 200 mg/
day) of caffeine.® Since caffeine has been shown to
downregulate vascular adenosine receptors, CBF
tends to normalize in regular caffeine users.>
According to a study that applied PET imaging to mea-
sure CBF, the baseline CBF prior to caffeine consump-
tion had a strong influence on the magnitude of the
caffeine-induced variation.® In studies that applied
BOLD MRI for CBF and CVR measurements,
BOLD signal was significantly correlated with caffeine
consumption and the BOLD signal change in visual
cortex was significantly greater in subjects with high
caffeine consumption (greater than 300mg/day).”’
Therefore, acute caffeine consumption of large quanti-
ties should be strictly restricted in CVR measurements.
The influence of smoking on CVR was challenging to
assess directly due to the lack of a systematic compar-
1son of CVR between smokers and non-smokers. Thus,
future work is needed to evaluate the role of smoking
and other lifestyle factors on CVR measurement.

Technological factors

TCD is an ultrasound technique that provides a global
CVR measurement by quantifying blood flow velocities
in the intracranial vessels. TCD is widely available and
inexpensive but provides limited information about
brain parenchymal perfusion.’® An important assump-
tion of TCD measurements is that the arterial blood
vessel diameter remains unchanged during the chal-
lenge.”® Since flow is equal to velocity (measured)
times area (not measured), changes in CBF due to
alterations of vessel cross sectional area may make it
difficult to compare TCD CVR measurements with

modalities that focus on CBF. The administration of
hypercapnia gas has in fact been shown to increase
vessel diameter in several studies, which potentially vio-
lates this assumption.®® %> One TCD study demonstrat-
ed better CVR reproducibility in the sitting position.*’
In the same study, the data also suggested that inter-
rater bias was also the lowest for the sitting position.
Therefore, the most reproducible CVR procedure using
TCD should be conducted in the sitting position and
the data examined by a single rater, assuming this is
feasible.

BOLD is a commonly used MRI technique to mea-
sure CVR due to its relatively high sensitivity to cere-
bral hemodynamic MRI signals induced by a
vasodilator. The CVR measurement of BOLD MRI
depends on both the implementation of the BOLD
sequence and the data analysis technique. Among the
studies that applied BOLD MRI with a single-echo, the
TE ranged from 21 to 60ms with values between 30
and 40ms being the mostly widely used.'®?3-3363765 1¢
should be noted that the TE values chosen are related
to the T2* of gray matter, which depends on the field
strength of the static magnetic field (1.5T and 3T). In
the study that compared the CVR using different
BOLD scanning parameters, the sequence with a long
TR/TE and low FA achieved the highest CVR levels
induced by inhaling hypercapnia gas.*® The reproduc-
ibility of the different implementations of the BOLD
sequence, however, did not show significant differen-
ces. These results suggested that when evaluating the
reported CVR values measured by BOLD it is impor-
tant to assess them in the context of the imaging
parameters used, particularly TR, TE, and FA. The
analysis method can also introduce variations in
BOLD CVR values when different models are used.
Although the general linear model is the most widely
applied technique to detect the signal changes in BOLD
data, the model can be implemented with different
degrees of complexity.’’ In a study that investigated
the modeling techniques for BOLD responses to BH
tasks in CVR studies, the data showed that Fourier
series were suitable for modeling BOLD signal
response and that higher degrees of the Fourier
model to analyze BOLD MRI data were found to
improve the CVR reproducibility, but only up to the
3rd order of the model.** Beyond that threshold, more
complex models tend to overfit the data, leading to
reduced robustness. The inclusion of sinusoidal compo-
nents in the Fourier model was found to better explain
the BOLD data than the convolution between task
timing and hemodynamic response function.®® It also
showed advantages to accommodate incorrect task per-
formance in non-compliant subjects, thus making it a
more robust model for processing BOLD data of
patient.®* The Fourier model approach should be



Zhao et al.

13

equally applicable to other types of experimental
designs (such as end-expiration BH tasks) of CVR
experiments using BOLD MRI together with a well-
designed experiment and patient’s compliance to
ensure highly reproducible CVR results. For CVR
studies using BOLD MRI, we can conclude that the
analysis model is the dominant factor affecting the
CVR reproducibility for data collected using the same
technique, while the specific implementation of the
BOLD acquisition had a higher influence on the
actual CVR values than the reproducibility of the
measurement.

ASL is a quantitative MRI technique that enables
the measurement of CBF using magnetically labeled
blood water as the endogenous tracer. The primary
difference between the various ASL techniques is how
the spins of the arterial blood are inverted. Different
implementations such as pulsed or pseudo-continuous
ASL will result in different SNR. Although no direct
comparison of CVR has been made using the two ASL
techniques, the range of wsCV values showed a high
overlap among the five studies (12.9-46.9% for PCASL
and 23.0-40.6% for PASL).2%2:364345  Although
PCASL is the recommended approach for CBF mea-
surement at a resting condition, an open question is
whether this technique is also the most reproducible
for CVR measurement that requires CBF quantifica-
tion at both rest and stressed conditions.

Simultaneous PET/MRI enables the direct compar-
ison of CVR measured by PET and MRI at the same
time. According to a study that measured CVR
induced by ACZ using PET/MRI, ASL MRI was the
more reproducible modality for the CVR quantifica-
tion of healthy males, although the CBF agreement
before and after the administration of ACZ was poor
between the two modalities.”” CVR measured by PET
may have been more variable than MRI due to its sen-
sitivity to the attenuation bias and the choice of anal-
ysis models, while the ASL MRI data were collected
using an advanced sequence that accounted for the
potential errors due to arterial transit time. The atten-
uation correction was achieved using the structural
data from a separate CT scan that was previously
developed only for a specific group of patients instead
of a more general data-driven approach, which poten-
tially reduced the accuracy of the CVR measurement
using PET.®”%® Therefore, the data of this study
implied that despite 'O-water PET being the gold
standard for CBF quantification, ASL MRI may be
the more reproducible technique for CVR
measurement.

In both healthy subjects and patients, a higher
reproducibility is associated with a shorter gap between
repeated measurement for studies using TCD and
MRI.?#42 This is consistent with the notion that

many physiological markers remain relatively stable
during a short period of time in a normal external envi-
ronment. In this review, we set a week as the threshold
for the short and long time between repeated experi-
ments based on the distribution of the time in the
selected literature. A longer gap between repeated stud-
ies may lead to reduced reproducibility due to subtle
changes in the response to the vasodilator for different
physiological conditions, which depends on multiple
factors including cognition, heart rate, and blood pres-
sure.®” In the selected studies, however, these data were
unavailable and the investigation on the exact response
to different vasodilators was also limited. There is data
indicating no significant differences between the repro-
ducibility of CVR measured in the morning and after-
noon.*® But this same study showed differences in CVR
itself based on time of day. Therefore, a rule of thumb
for selecting the time of CVR study is that the time
between repeated measurements should be as consis-
tent as possible for all subjects in the same experimental
condition while the actual time of the day to perform
the CVR measurement is less important as long as it is
consistent. Of course, this consistency is nearly impos-
sible to ensure in clinical studies, so ranges of CVR
based on time of day may be required to develop
normal ranges in order to detect significant CVR
changes, either between groups or within individuals
in longitudinal studies.

Among the reviewed studies, three types of vasodi-
lators were applied to induce the change in CBF: ACZ,
inhaling hypercapnic gas, and BH. In considering the
impact of different breath-hold duration (9, 15, and
21 seconds) on CVR measurement and reproducibility,
the results revealed that a long BH was associated with
both high CVR levels and reproducibility.®> This can
be explained by the higher arterial CO, concentrations
during a longer BH that increased the BOLD signal
and the resulting CVR. Another important observation
was that a longer BH duration reduced the errors in
CVR computation caused by the early negative CBF
change. Without a long enough BH duration, such a
subtle CBF decrease could mask the actual autoregu-
lation response induced by the accumulation of CO,
concentration. However, one concern about long BH
is that many patients cannot comply with BH instruc-
tions.”> As the mostly widely used vasodilation mech-
anism, hypercapnia gas inhalation challenge was
applied in 21 out of 32 studies. The application of the
gas-inhalation techniques differed in the composition
of the gas mixture, concentration of CO, in the gas
mixture, and delivery method. In terms of the concen-
tration of CO, in the hypercapnia condition, it ranged
between 4% and 10% with 5% being the mostly fre-
quently applied in 11 studies. For the studies using 4%
to 7% concentration of CO,, we observed that a higher
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concentration led to larger CVR measurements and
lower wsCV values. However, this trend discontinued
at 10% concentration of CO», where the wsCV of the
whole brain was 25.8% higher (or less reproducible)
than the wsCV (17.5%) of the study that used 7%
CO,?' The delivery method of the gas mixture was
another factor that caused different CVR measure-
ments and reproducibility, and the primary considera-
tions was the duration of the delivery of hypercapnia
gas, which ranged from 30seconds to 5 minutes in the
studies that we reviewed. Considering the concentra-
tion and the delivery method together, we found that
keeping the concentration of the CO2 lower than 7%
and delivering for between 2 and 4 minutes yielded the
highest CVR reproducibility. The facility of the gas
delivery may also affect the outcome of CVR studies
due to the compatibility with the imaging modality and
comfort with the different positions of the experimental
subjects. A previous technical review outlined 3 com-
monly used gas delivery apparatus.’’ However, no data
were reported that compared the different gas delivery
facilities in relation to the reproducibility of the CVR
measurements. Comparing the CVR measurements
induced by hypercapnic-gas challenge for 2 minutes
and BH for as long as the subject can tolerate, the
reproducibility of using hypercapnic-gas challenge
was higher than BH in both same day and different
day (ICC=0.55 vs 0.41 for same day; ICC=0.43 vs
0.17 for different days).*! It should be noted that this
study was conducted using TCD with 5% CO, concen-
tration and the longest gap between the repeated meas-
urements was only 24 hours. Thus, we can conclude
that using TCD with hypercapnic-gas challenge
should be favored for short-term reproducibility of
CVR measurements. In terms of the use of ACZ in
CVR measurement, although the exact amount of
ACZ administered varied based on subject body
weight, no studies were found that investigated the
impact of different doses of ACZ on CVR in the
same session, likely because it takes a long time for
cerebral hemodynamics to return to the resting state
after the administration of ACZ.

Future considerations

The absence of reference CVR values of healthy sub-
jects across the age and sex spectra is a major challenge
for selecting the most appropriate imaging modality for
CVR studies. Among the various CVR methods
reviewed in this work, the reliability of recently devel-
oped gas-free (breath-hold) methods is worth further
investigation in different populations and compared
with the conventional acetazolamide- or CO,-based
methods. A set of practical considerations have been
outlined in a methodological guide including the

duration of the task, training and instructions for the
experimental subject, and data analysis methods.”!
These findings will provide insights on the potential
of using breath-hold as the endogenous vasodilator in
future CVR studies. To reduce the impact of varia-
tions, consideration should be given to measuring
each participant’s hemoglobin levels as part of the
CVR measurements using MRI modalities. For PET
based CVR studies, it is also important to evaluate
different scanning and reconstruction methods as well
as the how the availability of PET scanners and cyclo-
trons might affect the widespread application of PET
based CVR measurements. Furthermore, a consensus
on the standard CVR data analysis methods should be
established to enhance the reproducibility of future
prospective studies. Since CVR has the potential to
predict the risk of stroke, future studies should also
focus on the change in CVR of patients with a high
risk of stroke after treatment. The results from these
studies could establish reference values to evaluate the
effects of treatment on vascular hemodynamics as well
as outcomes in the population being studied. The large
variability of CVR measurements is one important
factor that has hindered the clinical application of
CVR for different cerebrovascular  diseases.
Therefore, more systematic studies investigating the
normal range of CVR for different population using
different modalities are desired to enable CVR to
become an effective biomarker for cerebrovascular
diseases.

Limitations

In this work, we identified 3 major types of vasodila-
tors, including hypercapnic gas inhalation, ACZ injec-
tion, and BH, based on their effects on expanding
blood vessels; each has its advantages and disadvan-
tages. The administration of vasodilators may cause
common side effects such as nausea and numbness.
For example, one study reported that 44% of the sub-
jects experienced the side effects of numbness and
motor weakness in a CVR study using 1g of ACZ
and SPECT imaging.”” However, the side effects of
the vasodilators on CVR reproducibility have not
been systematically investigated, in particular on how
the side effects influence the successful completion rate
of the test-retest CVR experiments. In this context, it is
worth documenting the actual success rate of the
repeated CVR measurement for each vasodilator used
in different imaging modalities. A questionnaire may
be employed to evaluate the physical and emotional
comfort of the patient after each CVR study, allowing
the optimal use of vasodilators for the most comfort-
able CVR study. It is also valuable to consider the
technical requirement of applying different types of
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vasodilators, which may affect the repeatability of
CVR measurements. For instance, breath-hold is
highly dependent on the tolerance of individuals and
may not be able to induce the same level of vasodila-
tion as CO, inhalation. Similarly, the inter-subject var-
iability in vasodilation induced by ACZ injection
remains an open question, which may be addressed
by a systematic study to investigate the response to a
fixed amount of ACZ (such as 1 g) in normal subjects.
Another limitation is the confounding effects from the
association between imaging and non-imaging data.
Among studies reviewed, no attempts were made to
investigate the sensitivity of the CVR measurement to
such confounds, which may lead to a systematic bias on
the true CVR levels. A possible solution to this chal-
lenge is modeling the potential impacts on the con-
founds using the general linear model employed to
resolve similar issues in the UK Biobank data.”
Future CVR studies could thus be planned based on
the potential impact of these confounds.

Conclusions

This review critically assesses the factors affecting CVR
reproducibility using different imaging modalities and
vasodilators. We identified multiple aspects of both the
measurement technique and subject-related factors that
can have an influence on both CVR values and the
reproducibility of the measurement. Based on the phys-
iological factors reviewed, CVR exams should be con-
ducted at approximately the same time of the day to
minimize the fluctuation of physiological factors and
subjects should be restricted from consuming caffeine
at least 12 hours before the study to ensure a high
reproducibility of the CVR measurements. Although
it was inconclusive to identify the perfect CVR exper-
iment, we have outlined several recommendations for
future CVR studies to improve reproducibility. As for
the different modalities, TCD should be performed in
sitting position and assessed by the same rater. Long
BH duration is preferred to ensure a more accurate
CVR measurement and reproducibility. A blood test
should be included as part of the routine CVR exam
to account for the impact due to variations in hemo-
globin and hematocrit levels. Future CVR studies
should be cognizant of these issues and designed to
minimize their impact. More study is required to eval-
uate rigorously other potential confounds, including
patient age, which has not been extensively studied.
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