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Objectives: To assess the reliability and validity of measuring resting cerebral
blood flow (CBF) and hippocampal CBF using a single-post-labeling delay (PLD)
and a multi-PLD pseudo-continuous arterial spin labeling (pCASL) protocol for
cerebrovascular reactivity (CVR) testing.

Methods: 25 healthy, midlife adults (57 ± 4 years old) were imaged in a Siemens
Prisma 3T magnetic resonance imaging (MRI) scanner. Resting CBF and
hippocampal CBF were assessed using two pCASL protocols, our modified
single-PLD protocol (pCASL-MOD) to accommodate the needs for CVR
testing and the multi-PLD Human Connectome Project (HCP) Lifespan
protocol to serve as the reference control (pCASL-HCP). During pCASL-MOD,
CVR was calculated as the change in CBF from rest to hypercapnia (+9 mmHg
increase in end-tidal partial pressure of carbon dioxide [PETCO2]) and then
normalized for PETCO2. The reliability and validity in resting gray matter (GM)
CBF, white matter (WM) CBF, and hippocampal CBF between pCASL-MOD and
pCASL-HCP protocols were examined using correlation analyses, paired t-tests,
and Bland Altman plots.

Results: The pCASL-MOD and pCASL-HCP protocols were significantly
correlated for resting GM CBF [r = 0.72; F (1, 23) = 25.24, p < 0.0001], WM
CBF [r = 0.57; F (1, 23) = 10.83, p = 0.003], and hippocampal CBF [r = 0.77; F (1,
23) = 32.65, p < 0.0001]. However, pCASL-MOD underestimated resting GM CBF
(pCASL-MOD: 53.7 ± 11.1 v. pCASL-HCP: 69.1 ± 13.1 mL/100 g/min; p < 0.0001),
WM CBF (pCASL-MOD: 32.4 ± 4.8 v. pCASL-HCP: 35.5 ± 6.9 mL/100 g/min; p =
0.01), and hippocampal CBF (pCASL-MOD: 50.5 ± 9.0 v. pCASL-HCP: 68.1 ±
12.5 mL/100 g/min; p < 0.0001). PETCO2 increased by 8.0 ± 0.7 mmHg to induce
CVR (GM CBF: 4.8% ± 2.6%; WM CBF 2.9% ± 2.5%; and hippocampal
CBF: 3.4% ± 3.8%).

Conclusion: Our single-PLD pCASL-MOD protocol reliably measured CBF and
hippocampal CBF at rest given the significant correlation with the multi-PLD
pCASL-HCP protocol. Despite the lower magnitude relative to pCASL-HCP, we
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recommend using our pCASL-MOD protocol for CVR testing in which an exact
estimate of CBF is not required such as the assessment of relative change in CBF to
hypercapnia.

KEYWORDS

brain health, cerebral blood flow (CBF), cerebrovascular reactivity (CVR), magnetic
resonance imaging (MRI), and arterial spin labeling (ASL) MRI

Introduction

The human brain receives 15%–20% of total cardiac output to
meet its metabolic demands. Resting cerebral blood flow (CBF) can
be a prognostic and diagnostic factor in determining brain health
(Scheef et al., 2010; Tosun et al., 2010; Wierenga et al., 2014) as
alterations or abnormalities in resting CBF are associated with mild
cognitive impairment and can precede clinical dementia
(Alexopoulos et al., 2012; Wolters et al., 2017). Disruptions in
resting CBF contribute to the pathophysiology of Alzheimer’s
disease (AD) and related dementias, even in the absence of
amyloid-β accumulation or brain atrophy (Iadecola, 2004;
Ruitenberg et al., 2005). When matched for age, AD patients
demonstrate a ~40% decrease in resting CBF compared to
cognitively normal adults (Asllani et al., 2008).

Among the techniques to measure CBF, magnetic resonance
imaging (MRI) offers superior spatial resolution whereas other
techniques (e.g., transcranial Doppler, near-infrared spectroscopy)
have better temporal resolution but are limited to estimations from a
single cerebral artery or brain region. MRI can also distinguish
between perfusion of gray matter (GM), the brain tissue most
involved in information processing because it contains a high
density of neuronal cell bodies and dendrites, and white matter
(WM), the myelinated neuronal tracts used for communication
between gray matter regions (Filley, 2012). An important region
of interest concerning AD risk includes the hippocampus, a brain
structure responsible for memory encoding and recall that is affected
by normal aging, cognitive impairment, and AD (Fjell et al., 2014).

Arterial spin labeling (ASL) is an MRI technique that non-
invasively (i.e., without an exogenous contrast agent) labels water in
arterial blood using magnetic radiofrequency pulses to measure
cerebral perfusion (Alsop et al., 2010; Alsop et al., 2015; Melzer
et al., 2011). The basic concept of ASL is to use pairwise subtraction
of control images (noninverted blood proton magnetization) and
labeled images (inverted blood proton magnetization) to provide a
signal intensity that is converted to CBF (Haller et al., 2016). Pseudo-
continuous ASL (pCASL) is a variation of ASL that administers a
train of short radiofrequency pulses to emulate continuous labeling
and thus improve the signal-to-noise ratio and increase
reproducibility (Alsop et al., 2015; Wu et al., 2007; Dai et al.,
2008; Chen et al., 2011). Collectively, ASL and pCASL are
validated and well-correlated with the gold-standard H2

15O
positron emission tomography scan to measure CBF (Donahue
et al., 2006; Xu et al., 2010; Kamano et al., 2013; Heijtel et al., 2014).

In addition to CBF at rest being a measurement of brain vascular
health, cerebrovascular reactivity (CVR) offers a more dynamic
assessment. CVR quantifies the increase in CBF from rest in
response to a vasodilatory challenge, which reflects the ability of
cerebral blood vessels to respond to altered homeostasis. (Fierstra

et al., 2013; Fisher and Mikulis, 2021). CVR has the potential to be
more sensitive than CBF alone in predicting cognitive performance
in adults without cognitive impairment (Kim et al., 2021). One type
of vasodilatory challenge is the delivery of air mixed with CO2 to
induce hypercapnia (i.e., increased PaCO2) which promotes the
increase in CBF. Hypercapnia is well-tolerated for short periods and
is typically applied for less than 5 min to avoid uncomfortable side
effects from prolonged exposure such as headache, dizziness, and
hyperventilation.

A current dilemma for researchers seeking to quantify CBF is
that many different imaging protocols exist, thus making the
relatability between studies low. In an attempt to harmonize
imaging protocols across sites, a series of guidelines on imaging
and analysis protocols have been published by the Human
Connectome Project (HCP). The HCP is a major, NIH-funded,
multi-site neuroimaging initiative designed to acquire multimodal
imaging data related to the brain’s structural and functional
connectivity that could be adopted by other neuroimaging
laboratories as a reference standard for acquiring high-quality,
high-resolution data (Van Essen et al., 2012; Van Essen et al.,
2013; Uğurbil et al., 2013; Glasser et al., 2016). More recently,
the HCP has expanded their guidelines to characterize CBF using
a multi-post labeling delay (PLD) pCASL protocol implemented
with a 2D simultaneous multishot echo planar imaging (SMS-EPI)
pCASL pulse sequence across the lifespan (Li et al., 2015; Harms
et al., 2018; Somerville et al., 2018; Bookheimer et al., 2019;
Juttukonda et al., 2021). The multi-PLD used in the pCASL-HCP
improves the accuracy of the CBF measurement by measuring the
arterial transit time (ATT) or the time for the labeled blood to reach
the brain tissue being imaged.

While pCASL-HCP is regarded as a benchmark protocol for
measuring resting CBF, the longer scan time of this protocol
required by the multi-PLD is less desirable for protocols
involving CVR, which require fine-tuning of scan timings to fit
the duration of the hypercapnia challenge. To address this issue, our
laboratory implemented a single-PLD protocol using the
recommendations of the International Society on Magnetic
Resonance in Medicine (ISMRM) white paper (Alsop et al., 2015)
to examine CVR (pCASL-MOD). Single-PLD protocols are often
used in clinical practice due to time, availability, and simplicity in the
measurement (Clement et al., 2022). Indeed, a major goal of pCASL-
MOD with one PLD is to achieve the temporal resolution necessary
to examine CBF kinetics throughout the CVR test (e.g., minute-by-
minute). This increase in temporal resolution comes at the expense
of the limited ability to account for variations in ATT across brain
regions due to vascular anatomy.

The purpose of this study was to determine the reliability and
validity of resting CBF and hippocampal CBF between the pCASL-
MOD protocol with a single PLD used during CVR testing and the
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pCASL-HCP protocol with multiple PLDs. We hypothesized that
our pCASL-MOD protocol would be well-correlated with pCASL-
HCP in measuring CBF and hippocampal CBF at rest but may
underestimate the absolute value of pCASL-HCP due to the single-
PLD not being able to capture peak blood flow to regions with ATT
that varied from the global average. Furthermore, we describe the
changes in CBF seen in the GM, WM, and hippocampus during
CVR testing and recommendations on using our single-PLD
protocol (pCASL-MOD).

Methods

Study participants

Twenty-five (25) healthy midlife adults, defined as the age of
50–64 years old (10 males/15 females) were recruited for this study
from Newark, Delaware, and surrounding areas. All participants

were non-smokers and free from chronic diseases and major
psychological or neurological disorders as assessed by medical
history questionnaires. None consumed medications or
supplements known to lower blood pressure, triglycerides, or
cholesterol. Participants were excluded for obesity defined as
body mass index (BMI) > 30 kg/m2 and body fat >25% for men
or >33% for women or if they had stage I hypertension or higher,
defined as systolic blood pressure >130 mmHg or diastolic blood
pressure >90 mmHg. Participants were also excluded if unable or
unwilling to participate in an MRI scan (e.g., metal implants,
claustrophobia). Women were at least 1 year post menopause
and not receiving any hormone replacement therapy. Informed
consent was obtained from all participants. The study was
approved by the University of Delaware’s Institutional Review
Board and all experimental testing conformed to the standards
outlined in the Declaration of Helsinki.

Testing session

Participants reported to the laboratory in the morning (07:
00–09:00) after an overnight fast (>8 h) and refrained from
alcohol and vigorous exercise for 24 h and over-the-counter
medications for 48 h. Height, weight, and blood biomarkers were
measured before the MRI brain scan, as seen in Figure 1. Blood was
sampled from the antecubital vein and sent to a commercial clinical
laboratory (LabCorp) for reporting of basic subject characteristics.

MRI acquisition

Brain scans used a 3T Siemens Prisma MRI scanner with a 64-
channel head coil (Siemens, Erlangen, Germany). Participants were in
the supine position with a foam pad under the legs for comfort and
instructed not to move throughout the scan. High-spatial-resolution
volumetric T1-weighted magnetization-prepared rapid acquisition
gradient-echo (MPRAGE) anatomical images of the brain were
acquired with the following parameters: repetition time (TR)/
inversion time (TI)/echo time (TE) = 2,300/900/2.32 ms, spatial
resolution = 0.9 × 0.9 × 0.9 mm (Wierenga et al., 2014) in-plane
spatial resolution, 8° flip angle, 192 slices per slab.

TABLE 1 Subject characteristics.

Variable Mean ± standard deviation

Sex (male/female) 10/15

Age (years) 57 ± 4

Body Mass (kg) 72.3 ± 14.2

Height (cm) 170.0 ± 8.5

Body Mass Index (kg/m2) 25.1 ± 3.6

Systolic Blood Pressure (mmHg) 114 ± 9

Diastolic Blood Pressure (mmHg) 69 ± 7

Mean Arterial Blood Pressure (mmHg) 84 ± 7

Heart Rate (beats per minute) 64 ± 7

Triglycerides (mg/dL) 91 ± 24

Total Cholesterol (mg/dL) 203 ± 26

LDL Cholesterol (mg/dL) 122 ± 22

HDL Cholesterol (mg/dL) 61 ± 19

FIGURE 1
Schematic of the testing session. Resting cerebral blood flow (CBF) wasmeasuredwith the pCASL-HCP protocol, and participants exitedMRI to prep
for cerebrovascular reactivity (CVR) test with the pCASL-MOD protocol.
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CBF from pCASL-HCP protocol
The pCASL-HCP is the multi-PLD protocol that measured

resting CBF, as previously described (Li et al., 2015; Harms et al.,
2018; Bookheimer et al., 2019; Juttukonda et al., 2021). Imaging
parameters used for the pCASL-HCP protocol were as follows:
TR = 3,705 ms; TE = 26.4 ms; voxel size = 2.5 × 2.5 × 2.3 mm3; 90°

flip angle, 215 × 215 mm2 FOV; 86 x 86 matrix, 43 slices, slice
thickness 2.27 mm; 43 pairs of control/label images; total

acquisition time = 5.5 min. The labeling duration was
1,500 ms with five PLDs = 200 ms (control/label pairs = 6),
700 ms (pairs = 6), 1,200 ms (pairs = 6), 1,700 ms (pairs = 10), and
2,200 ms (pairs = 15). Signal readout was implemented using 2D
multi-band gradient-echo EPI using partial Fourier = 6/8 and
SMS acceleration factor = 1.

CBF from pCASL-MOD
The pCASL-MOD is a single-PLD protocol, modified to agree

with the ISMRM white paper (Alsop et al., 2015) used for
measuring CBF at rest and during the CVR testing. Imaging
parameters used for pCASL-MOD protocol were as follows: TR =
4,510 ms; TE = 20 ms; voxel size: 2.5 × 2.5 × 2.3 mm3; flip angle:
90°; 215 × 215 mm2 FOV; 86 x 86 matrix; 60 slices; slice thickness:
2.27 mm; 60 pairs of control/label images; total acquisition time =
9.5 min. A labeling duration of 1,800 ms with a single-PLD of
1,800 ms. The signal readout was implemented using 2D multi-
band gradient-echo EPI using partial Fourier = 6/8 and SMS
acceleration factor = 6.

The pCASL-MOD was designed to measure CBF during the
CVR test consisting of 3 min of simulated room air (rest), 3 min
of air mixed with +9 mmHg increase in end-tidal partial pressure
of carbon dioxide [PETCO2] (hypercapnia), and 3 min of
simulated room air (recovery). Hypercapnia was achieved
using an MR-compatible prospective end-tidal targeting
system which allows for precise and repeatable manipulation
of PETCO2 on a breath-by-breath basis using a computerized gas
blender (RespirAct™) (Mark et al., 2010; Winter et al., 2010;
Fisher, 2016). The soft plastic mask was sealed to the face using
an adhesive tape designed for use on the skin (Tegaderm 3M
Healthcare, St. Paul, MN, United States), with an additional 6-
inch tubing fed through the head coil to connect with the tubing
circuit of the RespirAct™ unit. Participants were asked to breathe
deeply and consistently to accurately and continuously target
PETCO2. To measure minute-by-minute CBF during the 9-min
CVR test, 6 to 7 control/label pairs from pCASL-MOD were
analyzed per minute. Resting CBF was averaged over the entire
3 min (20 control/label pairs) and CBF during hypercapnia was
averaged from the last 2 of 3 min to reach a steady state
(12–14 control/label pairs). CVR was calculated as the percent
change in resting CBF to hypercapnia The percent increase in
hypercapnia-induced CBF was then normalized for PETCO2

change in mmHg as follows: CVR = 100 × [((CBFHypercapnia –

CBFrest)/CBFrest)/ΔPETCO2].

Image processing

CBF maps were obtained with a standard kinetic-model
inversion using the Bayesian algorithm under the graphic user
interface BASIL in FSL (Chappell et al., 2009). For both the
pCASL-MOD and pCASL-HCP protocols, two equilibrium echo
magnetization (M0) images were acquired at the scan’s end and
averaged to produce a calibration image. Perfusion maps were
calibrated onto the proton density-weighted M0 image using
voxel-wise calibration mode with a sequence TR = 8 s and a
calibration gain = 1. CBF for each voxel was calculated using the
following formula:

FIGURE 2
Correlation of resting cerebral blood flow between pCASL-MOD
and pCASL-HCP in gray matter (A), white matter (B) and hippocampal
(C). N = 25 participants.
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CBF � 6000 * λ * SIcontrol − SIlabel( ) * e
PLD
T1b

2 * α * T1b * SIPD * 1 − e−
τ

T1b( )
ml/100g/min[ ]

where λ = 0.9 mL/g (brain/blood barrier partition coefficient);
SIcontrol and SIlabel = time-averaged signal intensities of control

and label images; T1b = 1.65 s (longitudinal relaxation time of
blood); α = 0.85 (labeling efficiency); SIPD = signal intensity of
proton density-weighted image; τ = labeling duration. The factor of
6,000 was used to convert the units from mL/g/s to mL/100 g/min
(Alsop et al., 2015).

FIGURE 3
Comparison in resting cerebral blood flow between pCASL-MOD and pCASL-HCP in gray matter (A), white matter (B), and hippocampal (C). Bland
Altman plots of resting cerebral blood flow between pCASL-MOD and pCASL-HCP showing a mean difference in gray matter (D), white matter (E), and
hippocampal (F). N = 25 participants. Data presented as mean ± standard deviation.
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Statistical analysis

Participant anthropometric and clinical laboratory values are
presented as the mean ± standard deviation. Shapiro–Wilk tests
were used to evaluate the normality of GM CBF, WM CBF,
hippocampal CBF, and PETCO2 responses. A Pearson correlation
coefficient assessed the strength of our single-PLD protocol (pCASL-
MOD) compared to the reference multi-PLD protocol (pCASL-HCP).
Paired sample t-tests and Bland Altman analysis (95% limits of
agreement) were used to compare differences between pCASL-MOD
and pCASL-HCP. Further, paired sample t-tests were used to compare
differences in PETCO2 and CBF from rest to hypercapnia during CVR
testing. Statistical analysis and figures were generated using GraphPad
Prism 8.0 (GraphPad Software, San Diego, California United States)
with statistical significance determined at p < 0.05.

Results

Participant characteristics are presented in Table 1. The
pCASL-MOD protocol was significantly correlated with

pCASL-HCP in resting GM CBF (Figure 2A; r = 0.72; F (1,
23) = 25.24, p < 0.0001), WM CBF (Figure 2B; r = 0.57; F (1, 23) =
10.83, p = 0.003), and hippocampal CBF (Figure 2C; r = 0.77; F (1,
23) = 32.65, p < 0.0001). Compared to pCASL-HCP, pCASL-
MOD underestimated GM CBF (Figure 3A; pCASL-MOD: 53.7 ±
11.1 v. pCASL-HCP: 69.1 ± 13.1 mL/100 g/min; p < 0.0001), WM
CBF (Figure 3B; pCASL-MOD: 32.4 ± 4.8 v. pCASL-HCP: 35.5 ±
6.9 mL/100 g/min; p = 0.01), and hippocampal CBF (Figure 3C;
pCASL-MOD: 50.5 ± 9.0 v. pCASL-HCP: 68.1 ± 12.5 mL/
100 g/min; p < 0.0001). The Bland Altman plots report a
mean difference in GM CBF (Figure 3D; −15.4 ± 9.2 mL/
100 g/min), WM CBF (Figure 3E; −3.0 ± 5.8 mL/100 g/min),
and hippocampal CBF (Figure 3F; −17.6 ± 8.1 mL/100 g/min)
between pCASL-MOD and pCASL-HCP protocols. While ATT
from single-PLD pCASL-MOD protocol was fixed at 1.8 s, the
multi-PLD pCASL-HCP protocol measures GM ATT (Figure 4A;
1.22 ± 0.11 s) and WM ATT (Figure 4B; 1.35 ± 0.05 s).

During CVR testing with our pCASL-MOD protocol, four
participants were excluded from analysis due to an inability to
achieve our laboratory’s predefined cutoff for a sufficient increase
in PETCO2 (≥6.5 mmHg). In the 21 participants, the GM CBF,
WM CBF, and hippocampal CBF kinetics during the CVR test on
a minute-by-minute basis were reported in Figures 5A–C,
respectively. PETCO2 increased by 8.0 ± 0.7 mmHg (rest:
38.8 ± 3.72 hypercapnia: 46.7 ± 3.4 mmHg; p < 0.001) which
increased GM CBF by 20.1 ± 11.0 mL/100 g/min (Figure 5D; rest:
55.0 ± 11.0; hypercapnia: 75.1 ± 14.4 mL/100 g/min; p < 0.0001),
WM CBF by 7.3 ± 6.7 mL/100 g/min (Figure 5E; rest: 32.9 ± 4.8;
hypercapnia: 40.2 ± 6.4 mL/100 g/min; p < 0.0001), and
hippocampal CBF by 11.8 ± 13.3 mL/100 g/min (Figure 5F;
rest: 51.7 ± 8.7; hypercapnia: 63.5 ± 13.5 mL/100 g/min; p =
0.0004). CVR values are reported after being normalized for
PETCO2 (Figure 6; GM CBF: 4.8% ± 2.6%; WM CBF 2.9% ±
2.5%; and hippocampal CBF: 3.4% ± 3.8%). A summary of
PETCO2 and CBF responses from CVR testing during pCASL-
MOD can be found in Table 2.

Discussion

Resting cerebral blood flow (CBF) and cerebrovascular reactivity
(CVR) are important physiological parameters for determining
brain health and risk for cognitive impairment and dementia.
The purpose of this study was to assess the reliability and
validity of resting CBF and hippocampal CBF in healthy midlife
adults using a modified single-post-labeling delay (PLD) protocol
(pCASL-MOD) that we specifically designed for CVR testing. To do
so, we compared our pCASL-MOD with the standard multi-PLD
protocol from the Human Connectome Project (pCASL-HCP). The
main finding from this study is that resting gray matter (GM) CBF,
white matter (WM) CBF, and hippocampal CBF from our pCASL-
MOD are significantly correlated with measures from pCASL-HCP.
The finding that the pCASL-MOD protocol underestimated CBF
compared to the pCASL-HCP protocol agrees with our hypothesis.
Therefore, we can only safely recommend the use of our pCASL-
MOD protocol for CVR testing in which an exact estimate of CBF is
not required such as the assessment of relative change in CBF to
hypercapnia.

FIGURE 4
Individual data showcasing the variations in arterial transit time
measured from pCASL-HCP being compared to fixed pCASL-MOD in
gray matter (A) and white matter (B). N = 25 participants.
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Resting cerebral blood flow
This study utilized a within-subjects design to measure GM CBF,

WM CBF, and hippocampal CBF using two distinct arterial spin
labeling (ASL) protocols, employing single vs. multiple PLDs. The
pCASL-MOD was intended specifically for CVR testing, and unlike
pCASL-HCP, required different parameters used according to the

recommendations of the International Society on Magnetic
Resonance in Medicine (ISMRM) white paper (Alsop et al., 2015).
However, we sought to determine whether resting CBFwas comparable
to the established pCASL-HCP protocol (Harms et al., 2018; Somerville
et al., 2018; Bookheimer et al., 2019; Juttukonda et al., 2021). Our CBF
data obtained using the pCASL-HCP protocol was slightly higher than

FIGURE 5
Kinetics of cerebral blood flow during cerebrovascular reactivity testing for gray matter (A), white matter (B), and hippocampal (C). The hyperemic
response in cerebral blood flow from 3 min of rest to the last 2 min of hypercapnia for gray matter (D), white matter (E), and hippocampal (F). N =
21 participants. Data presented as mean ± standard deviation.
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previous reports from a similar age-matched group (Juttukonda et al.,
2021). Variability is common in reports of CBF usingMRI, even in age-
matched studies (Calamante et al., 1999), an effect that can be derived
from small sample sizes and perfusion-modifying factors such as
biological sex, and blood composition and components (Clement
et al., 2018). To limit the variability in CBF using different imaging
protocols, the Human Connectome Project was developed to provide
precision and uniformity in measuring resting CBF using a multi-PLD
protocol. However, this multi-PLD requires longer scan times and does
not provide the temporal resolution to examine CBF during
CVR testing.

The primary difference between our modified protocol and that
of the Human Connectome Project is that ours utilizes a single-PLD

whereas the pCASL-HCP uses multiple PLDs. The PLD is the time
delay between the end of the labeling pulse and the start of image
acquisition, which can affect measurement accuracy as there is
variability between individuals in how long it takes blood to flow
from the labeling plane to the imaging plane. The observed
discordance in resting CBF between the two protocols is most
likely explained by the differences in PLD between the two
protocols. Quantification of CBF from a single-PLD protocol
(pCASL-MOD) uses a model that assumes the arterial transit
time (ATT) to be shorter than the PLD. Single-PLD protocols
are more often recommended in the clinical setting due to being
short, direct, and reliable (Alsop et al., 2015). In contrast, a multi-
PLD protocol can account for ATT heterogeneity between
participants and specific regions of the brain, using the measured
ATT to inform a more accurate two-compartment model which
provides more precise quantification of CBF (Wu et al., 2014).
Therefore a multi-PLD protocol, or more specifically the pCASL-
HCP, was elected as our reference control protocol (Alsop et al.,
2015; Mezue et al., 2014). Our data agrees with simulated data that a
single-PLD protocol will underestimate CBF compared to a multi-
PLD protocol (Bladt et al., 2020). Our work focuses onmidlife adults
due to their susceptibility to future cerebrovascular and cognitive
risk factors. Therefore, the effect of aging on the reduction in blood
velocity and longer ATTs in the carotid arteries (Kochanowicz et al.,
2009) could have further implications on the PLD and accuracy of
CBF compared to younger individuals (Hu et al., 2020). In all of our
midlife participants, ATT measured from pCASL-HCP in GM and
WM was less than the fixed ATT from our pCASL-MOD, which
could contribute to the discrepancy in CBF values.

Despite the underestimation of resting CBF, our pCASL-MOD
protocol was significantly correlated with the pCASL-HCP protocol
for GM CBF, WM CBF, and hippocampal CBF. While CBF is an
important clinical marker, it lacks the dynamic and integrative
information that can be gathered by observing the cerebral blood
vessels in response to stimuli during CVR. Previous work has noted
the association between CVR impairment and increased risk of
death (Portegies et al., 2014). While the pCASL-HCP protocol is the
preferred method for measuring CBF at rest, we do not suggest our
pCASL-MOD protocol to serve as a replacement. Instead, we
recommend the use of our pCASL-MOD protocol for CVR
testing in which an exact estimate of CBF is not required such as
the assessment of relative change in CBF to hypercapnia.

Cerebrovascular reactivity
The inclusion of CVR testing in cerebrovascular research holds

promising value as it is more sensitive than resting CBF alone for
predicting cognitive performance in adults at risk of cognitive
decline (Kim et al., 2021). To date, only a few studies have
investigated hypercapnia-induced CVR using pCASL techniques
(De Vis et al., 2015; Zhou et al., 2015). A major advantage of our
CVR protocol includes the use of a system to control CO2 delivery
and improved spatiotemporal imaging resolution. Using a
prospective end-tidal targeting system to control CO2, we can use
MRI to obtain the temporal (e.g., minute-to-minute) and spatial
(e.g., regions of interest such as the hippocampus) resolution to
measure changes in CBF during hypercapnia. While the current
study provides novelty in reporting GM and WM CBF, our
laboratory is interested in researching hippocampal CBF. The

FIGURE 6
Cerebrovascular reactivity testing for gray matter, white matter,
and hippocampal cerebral blood flow. N = 21 participants. Data
presented as mean ± standard deviation.

TABLE 2 End-tidal CO2 and cerebral blood flow responses to air mixed with
CO2 to induce hypercapnia for cerebrovascular reactivity testing. N =
21 participants. Data presented as mean ± standard deviation.

Variable Mean ± standard
deviation

Resting end-tidal CO2 (mmHg) 38.8 ± 3.2

Hypercapnia end-tidal CO2 (mmHg) 46.7 ± 3.4

Change in end-tidal CO2 (mmHg) 8.0 ± 0.7

Resting GM CBF (ml/100 g/min) 55.0 ± 11.0

Hypercapnia GM CBF (ml/100 g/min) 75.0 ± 14.4

Change in GM CBF (ml/100 g/min) 20.1 ± 10.8

GM CBF cerebrovascular reactivity (%) 4.8 ± 2.6

Resting WM CBF (ml/100 g/min) 32.9 ± 4.8

Hypercapnia WM CBF (ml/100 g/min) 40.2 ± 6.4

Change in WM CBF (ml/100 g/min) 7.3 ± 6.7

WM CBF cerebrovascular reactivity (%) 2.9 ± 2.5

Resting hippocampal CBF (ml/100 g/min) 51.7 ± 8.7

Hypercapnia hippocampal CBF (ml/
100 g/min)

63.5 ± 13.5

Change in hippocampal CBF (ml/100 g/min) 11.8 ± 13.2

Hippocampal CBF cerebrovascular
reactivity (%)

3.1 ± 3.4
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hippocampus has a unique role in memory encoding and recall (Fjell
et al., 2014), making hippocampal CBF and its responses to CVR
insightful for cerebrovascular research to understand the
pathophysiology of AD and related dementias.

While many stimuli can provoke an increase in CBF,
administration of hypercapnia is the preferred method for CVR
testing because it is non-invasive, uses a potent and rapid
vasodilatory stimulus, and quickly returns to baseline conditions
upon cessation of the CO2 delivery. Our results are consistent with
previous MRI studies that measured CVR in response to
hypercapnia in healthy participants (Mark et al., 2010; De Vis
et al., 2015; Zhou et al., 2015; Aslan et al., 2010; Bulte et al.,
2012; Gauthier et al., 2013). However, the majority of these
previous CVR studies use blood oxygenation level-dependent
(BOLD) imaging or inhalation of fixed CO2, whereas the current
study uses a pCASL protocol with prospective end-tidal targeting
system which allows for precise and repeatable manipulation of
PETCO2. Our study administered hypercapnia for 3 min, and only
the last 2 minutes of hypercapnia were used to calculate CVR as it
provided a more stable measurement for CBF to reach a steady state.
As PETCO2 is a surrogate for the partial pressure of CO2 in the blood,
including the time before steady-state when CO2 in the blood has yet
to be saturated to affect the blood vessels would hinder the CVR
results (Burley et al., 2020). Therefore, we recommend using the last
2-min label/control pairs during hypercapnia when performing CVR
analysis. Unexpectedly, not all of our participants experienced an
increase in CBF during hypercapnia. Most notable was the
hippocampus in which four participants experienced reduced
hippocampal CBF during CVR. We suspect the hippocampal
regions experienced inappropriate vasoconstriction during
hypercapnia due to stress response and/or inability to open
adequate potassium channels that reduce intracellular calcium via
hyperpolarization (Yoon et al., 2000). Further, brain parenchymal
volume has been documented to increase in response to hypercapnia
(van der Kleij et al., 2020), yet it is unclear if these effects are global or
region-specific to the brain.

Limitations

The order of pCASL protocols was not counter-balanced in this
study because CVR testing required participants to exit the scanner and
be fitted for a CO2 gas deliverymask.With this limitation, pCASL-HCP
was always performed before pCASL-MOD. Further, participants were
instructed to breathe deeply only during pCASL-MOD with the CVR
testing CO2 gas delivery a mask to ensure accurate targeting of PETCO2.
This could have induced a respiratory-autonomic-cardiovascular
response, which aside from differences in PLD, could add insight
into the explanation of lower CBF measurements from our pCASL-
MOD protocol. Lastly, this study was limited to midlife adults, and
future studies should investigate the agreement in resting CBF between
pCASL-HCP and pCASL-MOD in different age groups, non-healthy
populations, and during interventions known to alter CBF. We expect
similar resting CBF findings from the pCASL-MOD protocol in older
adults (≥65 years old) but improved accuracy in younger adults
(<45 years old) as this age group is less affected by differences in
PLD (Hu et al., 2020).While the expected reliability of pCASL-MODon
measuring resting CBF in those with pre-existing diseases or

undergoing an intervention that may improve CBF is less
predictable, we do reason that there is an added benefit of
measuring CVR as it can be more sensitive than CBF in predicting
future cognitive decline (Kim et al., 2021).

Conclusion

The utility of MRI for brain health, particularly the ability of pCASL
to measure CBF at rest and in response to vasodilatory stimuli such as
CVR, is an emerging area of research interest. Our study sought to
advance the field by introducing our pCASL-MOD protocol to measure
CBF during hypercapnia-induced CVR testing in midlife adults. Our
pCASL-MOD protocol reliably measured resting GM CBF, WM CBF,
and hippocampal CBF, and is suitable to measure the relative change in
CBF from rest to hypercapnia during CVR testing as a primary outcome.
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