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Abstract: Assessment of cerebrovascular function is crucial for managing neurological
disorders, with cerebral blood flow (CBF) measurement being key. Single photon emis-
sion computed tomography (SPECT), a traditional method, uses radiation exposure.
Blood oxygenation level-dependent (BOLD) magnetic resonance imaging (MRI) with car-
bon dioxide (CO2) is a non-invasive cerebrovascular reactivity (CVR) alternative, but di-
rect SPECT-MRI CO:z comparisons for MRI's replacement potential are limited. This study
directly compared CVR from SPECT and MRI CO: in nine healthy participants. Delay-
based MRI (tcMRI) with stimulus timing correction was analyzed alongside conventional
MRI. Results showed no significant CVR differences between SPECT and tcMRI (p = 0.688)
or SPECT and conventional MRI (p = 0.813), indicating comparable overall CVR. However,
tcMRI significantly differed from conventional MRI (p = 0.016) and showed a greater sim-
ilarity to SPECT. Regionally, the largest CVR differences were observed between tcMRI
and conventional MR, particularly in the cingulate cortex, frontal lobe, and basal ganglia.
These discrepancies suggest that tcMRI may capture subtle CVR abnormalities not de-
tected by conventional MRI. The findings support the clinical utility of CO.-MRI, espe-
cially with stimulus timing correction, as a safe, repeatable, and radiation-free alternative
to SPECT. In particular, tcMRI may offer advantages for repeated CVR assessments in
long-term clinical monitoring.

Keywords: cerebrovascular reactivity; CO2; magnetic resonance imaging; single photon
emission computed tomography

1. Introduction

Recent advances in neuroimaging techniques have revolutionized our understand-
ing of cerebrovascular physiology, highlighting the intricate link between cerebral blood
flow (CBF) and various neurological disorders. Cerebrovascular reactivity (CVR), the dy-
namic capacity of cerebral arterioles to dilate and constrict in response to vasoactive
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stimuli, is not merely a physiological parameter but a critical homeostatic mechanism.
CVR ensures adequate cerebral perfusion across a range of physiological challenges, re-
flecting the health and resilience of the cerebrovascular system. CVR assessment is clini-
cally relevant for evaluating preoperative prognosis and monitoring functional recovery
following neurological events [1-4]. Several imaging modalities are employed for CVR
measurement, including single photon emission computed tomography (SPECT), mag-
netic resonance imaging (MRI), and positron emission tomography (PET). These tech-
niques typically involve administering a vasodilatory stimulus, such as acetazolamide
(ACZ) or COy, to induce changes in CBF [5-9]. ACZ, a carbonic anhydrase inhibitor, exerts
its vasodilatory effect by dilating cerebral arterioles approximately 10-30 min post admin-
istration [10,11]. Inhaled COz, conversely, readily diffuses across the blood-brain barrier,
leading to an increased hydrogen ion concentration (lowered pH) through the formation
and dissociation of carbonic acid. This pH change directly relaxes cerebral arteriolar
smooth muscle, resulting in rapid vasodilation and increased CBF, with the magnitude of
vasodilation exhibiting a dose response relationship with CO:z concentration [1,3]. SPECT,
using radiopharmaceuticals such as *mTc-hexamethyl propyleneamine oxime (HMPAO)
and ethylcysteinate dimer (ECD), remains a valuable tool for assessing regional CBF due
to its widespread availability and established clinical utility [9,12-14]. The high quantita-
tive accuracy of ®O-water PET for perfusion measurement comes at the cost of requiring
the administration of a radioactive tracer [5].

While MRI offers alternative techniques for assessing CBF, including perfusion MRI
and arterial spin labeling (ASL), each approach presents practical considerations. Perfu-
sion MR, reliant on contrast agents, raises concerns about nephrogenic systemic fibrosis,
especially in vulnerable renal populations. ASL, while contrast free, often grapples with
inherent limitations in signal to noise ratio and extended scan times [15-18]. In contrast,
blood oxygenation level-dependent (BOLD) functional MRI (fMRI) with CO: challenge
has become a prominent non-invasive approach for CVR assessment [6,19-21]. Driven by
neurovascular coupling, the BOLD effect arises from neuronal activity induced modula-
tions in CBF, which in turn trigger shifts in deoxyhemoglobin and oxyhemoglobin con-
centrations, ultimately yielding detectable T2*-weighted signal intensity variations. Build-
ing on this mechanistic understanding, the BOLD signal, while commonly interpreted as
a surrogate marker for CBF, more comprehensively reflects a multifactorial composite of
localized hemodynamic and metabolic variables, prominently including CBF, cerebral
blood volume, and oxygen extraction fraction [1,18,22,23].

Despite the widespread clinical use of both SPECT and BOLD MRI for assessing cer-
ebrovascular function, the vasodilatory stimuli used have typically differed; SPECT has
primarily employed ACZ in clinical practice, while BOLD MRI has favored CO2 due to its
rapid kinetics compatible with fast MRI sequences. As a result, direct comparisons be-
tween SPECT and BOLD MRI using the same CO: stimulus—a method increasingly
adopted in MRI studies—remain surprisingly scarce [9,22,24-26]. This lack of direct CO»-
based comparison is critical, as different vasodilators can elicit distinct cerebrovascular
responses, making it difficult to assess the true comparability of the two modalities from
studies employing different stimuli. Therefore, this study aimed to directly compare the
efficacy of CO:z as a non-invasive vasodilator on CVR measurements obtained using both
SPECT and BOLD MRI. We developed a novel COz-based MRI technique for CVR acqui-
sition and, by measuring CVR in the same participants with both modalities, assessed
their agreement directly.
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2. Materials and Methods

2.1. Participants

This study was approved by the Institutional Review Board (IRB). In this preliminary
study, we recruited 10 healthy participants (eight males and two females, age 23.70 + 1.77
years). Inclusion criteria for healthy participants included no history of cerebrovascular
diseases, no contraindications to MRI, ability to perform the breathing protocol, ensuring
sufficient sleep the night before the study, and refraining from factors that could influence
CBF on the day of the study, such as caffeine intake or strenuous exercise. All participants
provided written informed consent after a thorough explanation of the SPECT imaging
and MRI scanning procedures. Data from one participant were excluded due to being un-
usable for analysis, resulting in a final sample of nine participants. Two participants who
inhaled room air instead of CO: were recruited as the control group in the SPECT experi-
ment to compare the CBF stimulation effect of COz. We also compared the CO2 SPECT
results with data from two patients with microvascular disease who underwent ACZ
SPECT.

2.2. COz Gas Delivery System

The experimental setup included a portable 1000 L gas tank, a mask, and a breathing
circuit. The breathing circuit featured a two-way non-rebreathing valve (Vacumetrics Inc.,
St. Ventura, CA, USA). The gas tank delivered 5% CO: at a flow rate of 13-15 L/min. Dur-
ing the MRI experiments, participants wore a head radiofrequency coil and breathed
through a mask connected to the breathing circuit. Participants could alternate between
inhaling 5% CO2 gas and room air via a switch controlled two-way valve integrated into
the breathing circuit (Figure 1). A 5 m breathing circuit connected the participants inside
the MRI room to the gas tank located outside, with a valve allowing for remote control of
the gas flow. In the SPECT experiments, the breathing circuit was shortened to 1 m to
minimize gas delivery delays. Blood pressure, heart rate, and respiratory rate were meas-
ured using a patient monitoring system (Bionix, BPM-770, Seoul, Republic of Korea). An
end-tidal CO:z (EtCO2) sensor (Philips, Loflo Sidestream EtCOz, Cambridge, MA, USA)
monitored EtCOz. All measurements were videorecorded for post processing analysis.

1. Mask

2. Hydrophobic filter

3. Two-way non-rebreathing valve
4. Y-connector

5. EtCO, sensor

Figure 1. Diagram of the gas delivery system. (A) Components of the gas delivery system, including
various tubes for breathing used in the study. (B) A representative participant comfortably posi-
tioned supine in the SPECT scanner gantry with the gas delivery system connected. SPECT, single
photon emission computed tomography; EtCO2, end-tidal CO..
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2.3. MRI Acquisition and CVR Processing

Due to limitations in the quality of the acquired EtCO: data, dynamic analysis of the
BOLD response using EtCO: as a regressor was not feasible in this study. The MRI CO:
experiment employed a block design with a total duration of 10 min. This design alter-
nated between 2 min blocks of room air inhalation (repeated three times) and 2 min blocks
of 5% CO: inhalation (repeated two times). Participants were instructed to lie still in the
MRI scanner, focus on the experiment, and avoid active thinking or meditation. MRI data
were acquired using a 3T scanner (Magnetom Verio, Siemens, Berlin, Germany) with a 12-
channel head matrix coil. To minimize head movement during the MRI scan, sponges
were placed between the head coil and the participant’s head.

MRI images were acquired using a two dimensional (2D) gradient echo planar imag-
ing (2D GE-EPI) sequence with the following parameters: repetition time (TR) 2500 ms;
echo time (TE) 25 ms; slice thickness 3.5 mm; number of slices 42; matrix size 64 x 64; flip
angle 90°; field of view (FOV) 220 x 220 mm?; acquisition time (TA) 10 min 10 s; volumes
244 (including four discarded volumes); voxel size 3.44 x 3.44 x 3.5 mm?. High resolution
T1-weighted anatomical images were acquired using the three dimensional (3D) magnet-
ization prepared rapid acquisition of gradient echo sequence with the following parame-
ters: TR 1900 ms; TE 2.93 ms; slice thickness 1 mm; inversion time (TT) 900 ms; number of
slices 176; matrix size 256 x 224; flip angle 9°; FOV 256 x 224 mm?; TA 3 min 29 s; voxel
size 1 x 1 x 1 mm?3; phase partial Fourier 7/8; integrated parallel acquisition technique
mode: generalized auto calibrating partially parallel acquisition (GRAPPA) [27]. GRAPPA
is a parallel imaging technique that accelerates MRI acquisition by reducing the amount
of data collected, utilizing data from multiple receiver coils and calibration lines (specifi-
cally, 24 reference lines acquired in the center of k-space in this study) to reconstruct the
image. This process allows for faster scans while maintaining acceptable image quality.
An acceleration factor of 2 was used along the phase encoding direction.

Data processing of the BOLD images was performed using statistical parametric
mapping software (SPM12; Wellcome Trust Centre for Neuroimaging, London, UK) im-
plemented in MATLAB R2022a (MathWorks, Natick, MA, USA), as illustrated in Figure
2. Realignment initiated the preprocessing pipeline for BOLD images, which consisted of
several standard steps. To correct subject specific motion during fMRI acquisition, rea-
lignment was implemented, employing affine transformations to spatially register func-
tional volumes to a mean reference image. Slice timing correction followed realignment
to address temporal variations from sequential slice acquisition, improving time-series
analysis fidelity. Spatial normalization to Montreal Neurological Institute (MNI) space for
group analysis and inter subject comparison was then performed using non-linear warp-
ing. Spatial smoothing was subsequently applied using a 6 mm full width at half-maxi-
mum (FWHM) gaussian kernel. Following these preprocessing steps, BOLD time-series
were extracted. Subsequently, temporal detrending was performed on the extracted time-
series using the detrend function in MATLAB to mitigate low frequency drifts inherent in
BOLD signals. The automated anatomical labeling atlas (AAL2) was then utilized to de-
lineate regions of interest (ROIs) within the gray matter (GM) for subsequent analysis [28].
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Figure 2. A pipeline of data processing steps for the cerebrovascular reactivity (CVR) mapping
method. AAL2, automated anatomical labeling atlas; BOLD, blood oxygen level-dependent;
FWHM, full width at half maximum; RO], region of interest; SPECT, single photon emission com-
puted tomography.

To account for the temporal lag between 5% CO:z inhalation and its subsequent cere-
brovascular effects, which are known to occur within tens of seconds in the GM [2,20], we
performed a stimulus timing corrected analysis using the SPM12 first-level analysis func-
tion. This involved evaluating potential timing corrections in increments of one TR (2.5 s).
Given that cerebrovascular responses to hypercapnic stimuli are subject to physiological
delays—primarily due to the gas delivery system and respiratory dynamics—they typi-
cally emerge within approximately 10 to 30 s after stimulus initiation [2,20]. To accurately
align the modeled CO: onset with the observed BOLD signal change, we sought to identify
the optimal physiological delay.

To this end, we systematically shifted the modeled onset of the CO:z stimulus in each
participant’s first-level general linear model (GLM), applying delays in 2.5 s increments
(the fMRI sampling rate, TR) across a 0 to 50 s range. For each shifted onset, beta-maps
were computed for all participants. Subsequently, a one-sample f-test was performed at
each time point across subjects to evaluate the group-level response. The physiological
delay was determined by identifying the time point at which the mean beta values across
the whole brain reached their maximum. This peak was observed at 20 s, which was then
applied as the optimized delay in modeling the CO2 stimulus onset (Figure 3). This timing
correction was then applied to the transition from air to CO: inhalation periods. Conse-
quently, the mean BOLD signals for the air inhalation periods were extracted from 0 to
120 s and 261 to 380 s, while the mean BOLD signals for the CO2 inhalation periods were
extracted from 141 to 260 s and 381 to 500 s, effectively incorporating the 20 s stimulus
timing correction. Finally, the stimulus timing corrected MRI (tcMRI) CVR was calculated
as in (1):

[BOLD (CO,) — BOLD (AIR)]

CVR =
BOLD (AIR)

x 100% 1)

Delay : 0s

10s 20s 30s 40s 50s 60s
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Figure 3. Representative brain sagittal images with the levels of activation during inhalation of 5%
CO2, which was identified by statistical parametric mapping (SPM) first level analysis.

2.4. SPECT Acquisition and CVR Processing

9mTc-HMPAO and one-day protocol were used for SPECT imaging (Figure 4). The
one-day protocol allows both pre- and post-vasodilation scans to be completed within a
single day, offering convenience for patients by completing both air and 5% CO: inhala-
tion scans in one visit [10]. For the baseline SPECT scan, participants received an injection
of 20 mCi of ®Tc-HMPAO ten minutes before the start of the scan. A 15 min SPECT scan
was then performed while the participant inhaled room air. Following this baseline scan,
a 5% CO: gas delivery system was used to administer CO:z for 15 min to induce cerebro-
vascular stress. Five minutes after the start of the baseline SPECT scan and during this
COzinhalation period, a second injection of 40 mCi of " Tc-HMPAO was administered to
acquire stress images. This second dose of the radioisotope was allowed to be absorbed
by the dilated brain tissue for 10 min while CO:z inhalation continued. Subsequently, a 15
min SPECT scan was conducted to obtain the stress images reflecting the increased cere-
bral blood flow due to CO..

9mTe —-HMPAO 9mTe —~-HMPAO

20 mCi 40 mCi
l SPECT 1stscan SPECT 29 scan

0 10 25 30 40 55 min

-

5% CO, Inhalation

Figure 4. [llustration of the single photon emission computed tomography (SPECT) one-day proto-

col for brain imaging.

SPECT images were obtained using a dual headed rotating gamma camera (Symbia
T16; Siemens, Erlangen, Germany) equipped with a low energy, high resolution collima-
tor (LEHR). During acquisition, a total of 32 views were collected with a 128 x 128 matrix
and a zoom factor of 1, using a step and shoot mode with 25 s per rotation. The total
acquisition time was 55 min. The acquired SPECT images were then reconstructed using
a 3D iterative method, followed by the application of a 6.6 mm Gaussian filter. Attenuation
correction was performed using Chang’s method [29]. Subsequent preprocessing was per-
formed using SPM12 and in-house MATLAB code. This involved realignment to correct
for motion, spatial normalization to the MNI space, and spatial smoothing with a 6 mm
FWHM gaussian filter. During this SPM12 preprocessing pipeline, decay correction was
applied to compensate for the radioisotope decay between the baseline and stress scans.
Following SPM12 preprocessing, intensity normalization was performed using the cere-
bellum as a reference region to account for global signal differences [30,31]. The resulting
preprocessed CBF images were then used to calculate the CVR as in (2). Finally, the CVR
values were mapped onto 120 ROIs defined by the AAL2 template.

oy < ISPECT (C0o) — SPECT (AIR)] )
- SPECT (AIR) ? @)

2.5. Statistical Analysis

Statistical analyses were conducted using Jamovi software (version 2.3.11; Jamovi
Project, Sydney, Australia). All parametric values are reported as mean + standard devia-
tion (SD). The Wilcoxon signed rank test was used to compare the CVR values across
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SPECT, tcMRI, and MRI. The top 30% of regions based on SPECT CVR values were se-
lected, and corresponding CVR values were extracted from tcMRI and MRI. This ap-
proach focused the regional comparison on areas exhibiting the most robust CVR as meas-
ured by the established SPECT technique, providing a basis to assess the agreement and
differences in the novel MRI-based methods specifically in regions with significant perfu-
sion responses [16,25]. Repeated measures analysis of variance was used to assess signif-
icant differences in CVR values across techniques (SPECT, tcMRI, and MRI) in these se-
lected regions. Where significant differences were found, post hoc comparisons were per-
formed using Scheffé’s test. The standard criterion of statistical significance (p < 0.05) was
applied to all analyses.

3. Results
3.1. Participant Characteristics and Group-Level SPECT Results

The clinical characteristics and demographic information of the nine participants are
summarized in Table 1. In the SPECT experiment, the CVR value for the room air group
(N =2) was 0.881 + 4.598. In the CO:2 group (N =7), the CVR was 2.493 + 4.757. The CVR
value for the patient group receiving the ACZ challenge (N =2) was 1.656 + 7.909. Follow-
ing exclusion of the eight vermis ROIs, CVR values were obtained for the affected and
contralateral cerebral hemispheres. Patient one (female, 45 years old) had CVR values of
2.813 + 7.280 for the contralateral hemisphere and -0.297 + 10.408 for the affected hemi-
sphere. Patient two (male, 64 years old) had CVR values of 2.475 + 7.100 for the contrala-
teral hemisphere and -0.011 + 6.028 for the affected hemisphere.

Table 1. Demographic information.

Partici A Gend Hand SPECT fMRI
articipants 8¢ ender an Pre BP  Post BP Gas Countlst Count2nd| Pre BP Post BP
01 25 M Rt 116/59 125/95 CO2 3593 10,599 117/77 112/80
02 22 F Rt 99/56 114/66 CO: 5223 15,440 107/60 102/58
03 25 M Rt 134/82 136/90 CO: 3543 10,453 134/97 134/84
04 21 F Rt 91/52 98/60 CO: 3486 12,876 105/67 100/67
05 27 M Rt 123/73 122/75 CO2 4222 12,963 111/68 110/74
06 25 M Rt 123/67 130/76 CO2 4335 13,327 125/81 126/74
07 23 M Rt 119/60 122/67 CO2 3555 12,272 108/65 111/66
08 23 M Rt 118/71 123/80 AIR 4072 12,220 125/86 135/91
09 23 M Rt 124/55 137/70 AIR 4208 12,649 121/75 137/76

Abbreviations: BP, blood pressure; fMRI, functional magnetic resonance imaging; SPECT, single
photon emission computed tomography; Countlst, Total counts acquired during the baseline
SPECT scan, used for decay correction; Count2nd Total counts acquired during the stress SPECT

scan, used for decay correction.

3.2. Group-Level Comparison Between SPECT, tcMRI, and MRI

The tcMRI CVR value estimated using delay correction in the CO2 group was 2.784 +
0.996, whereas the MRI CVR value was 2.191 + 0.809. The AAL2 MAP images and CVR
values for the entire group are displayed in Figure 5. No significant differences were ob-
served between the SPECT and tcMRI CVR values (p = 0.688) or between the SPECT and
MRI CVR values (p = 0.813). However, the tcMRI CVR differed significantly from the MRI
CVR when comparing the average CVR values across all 120 ROIs (p = 0.016).
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Figure 5. Mean cerebrovascular reactivity (CVR) maps and values. (A) Representative mean CVR
maps. (a) Single photon emission computed tomography (SPECT) carbon dioxide (COz2) CVR maps.
(b) The stimulus timing corrected functional magnetic resonance imaging (tcMRI) CO2 CVR maps.
(c) Magnetic resonance imaging CO2 CVR maps. The color bar represents CVR values. (B) Mean
CVR values of all seven participants. Error bars show standard deviation (SD). Asterisks (*) denote

statistically significant differences.

3.3. Regional-Level Comparison and ROI-Specific Differences

Comparison of these regions revealed statistically significant differences between im-
age techniques (Figure 6). (See Appendix A Table A1 for comparisons across all regions).
The right anterior cingulate cortex (Cingulate_Ant_R) was the only region that displayed
significant variation across all image techniques (p = 0.043, SPECT vs. tctMRIL; p = 0.029,
SPECT vs. MRL p = 0.009, tcMRI vs. MRI). The right frontal lobe (Frontal Mid_2_R) ex-
hibited significant CVR differences between SPECT and MRI (p = 0.045) and between
tcMRI and MRI (p = 0.003). Although a significant difference was observed in the left ol-
factory cortex (Olfactory_L) across image techniques (p = 0.028), post hoc analysis did not
reveal significant pairwise comparisons. The greatest number of regions with significant
differences in CVR were observed between tcMRI and MRI. Significant differences be-
tween tcMRI and MRI were observed in eight regions: left anterior orbital gyrus
(OFCant_L) (p = 0.006), left anterior cingulate cortex (Cingulate_Ant_L) (p = 0.004), left
pallidum (Pallidum_L) (p = 0.004), left midcingulate cortex (Cingulate_Mid_L) (p <0.001),
right frontal lobe (Frontal Mid_2 R) (p = 0.003), right midcingulate cortex (Cingu-
late_Mid_R) (p < 0.001), right caudate (Caudate_R) (p = 0.003), and left Rolandic opercu-
lum (Rolandic_Oper_L) (p <0.001).

*

£ * k. * k3

mSPECT mtcMRI = MRI
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Figure 6. Comparison of cerebrovascular reactivity (CVR) in the top 30% regions for tctMRI, MRI,
and SPECT. This graph displays the CVR values for the top 30% of regions showing the highest
CVR as determined by SPECT CVR in the healthy participants cohort. Corresponding CVR values
from tcMRI and conventional MRI are shown for these selected regions. Error bars represent stand-
ard deviation. Regions with statistically significant changes in the post hoc analysis between the
modalities within these top 30% regions are marked with asterisks (*): red asterisks for significant
differences between SPECT and MRI, green asterisks for differences between SPECT and tcMRI,
and black asterisks for differences between tcMRI and MRI. The abbreviations for the brain regions
are as follows: Caudate_R, Right caudate; Cingulate_Ant_L, Left anterior cingulate cortex; Cingu-
late_Ant_R, Right anterior cingulate cortex; Cingulate_Mid_L, Left midcingulate cortex; Cingu-
late_Mid_R, Right midcingulate cortex; Frontal Mid_2_R, Right frontal lobe; OFCant_L, Left ante-
rior orbital gyrus; Olfactory_L, Left Olfactory cortex; Pallidum_L, Left pallidum; Rolandic_Oper_L,
Left Rolandic operculum.

4. Discussion

This study aimed to compare CVR values measured using SPECT and MRI, and to
explore the potential of tcMRI as a non-invasive alternative to SPECT. tctMRI, a technique
involving timing correction for the stimulus between CO:2 administration and its effect on
CBEF, calculated CVR values using a method with stimulus timing correction to account
for the timing of maximum cerebral vessel dilation. Spatial normalization using the AAL2
template facilitated direct regional comparisons. Our findings demonstrate a strong spa-
tial agreement between tcMRI and SPECT in CVR assessment, particularly within the top
30% of CVR regions identified by SPECT, where only a single region showed a discrep-
ancy. In a healthy population, some degree of physiological variability is expected; there-
fore, this high concordance supports the use of tcMRI as a comparable, yet less invasive,
alternative to SPECT for CVR assessment avoiding the use of radioisotopes.

Oku et al. established SPECT CO: image acquisition timing based on *"Tc-HMPAO
injection protocols, demonstrating the validity of this approach in patients with cerebro-
vascular disease [7]. Our study employed a modified protocol with a doubled *"Tc-
HMPAO dose at the same acquisition time. The observed difference in mean CVR be-
tween the Oz and CO: inhalation groups in our SPECT experiments further validates the
vasodilatory effect of COz and demonstrates the reproducibility of SPECT CVR measure-
ments.

While ACZ typically elicits a more potent vasodilatory response than COz, we ob-
served lower CVR values in patients with cerebrovascular disease compared to healthy
individuals, with near zero CVR in the affected hemisphere and values comparable to the
CO: group in the contralateral hemisphere, resulting in a lower overall average [2,10].
Although ACZ has been widely used as a vasodilatory challenge in SPECT, its use has
been associated with safety concerns due to reported side effects and limitations for re-
peated evaluations due to its sustained effect. In contrast, CO: offers a safer profile with
minimal side effects and immediate, readily reversible vasodilation, making it particularly
well suited for repeated CVR assessments [1,19]. Building upon this, tcMRI, as a non-in-
vasive technique utilizing the CO: stimulus, presents a distinct advantage for repeated
evaluations in clinical practice, especially for follow-up assessments. While SPECT can be
valuable for the initial evaluation of CBF changes in neurological disorders, long-term
follow-up often relies on MRI to assess anatomical recovery. Integrating tcMRI during
these MRI follow-up visits allows for the quantitative assessment of CVR recovery with-
out additional radiation exposure [16]. This is particularly valuable for identifying brain
regions where CVR remains impaired despite apparent anatomical recovery on structural
MR, providing crucial information for predicting functional outcomes and guiding per-
sonalized treatment strategies [8]. Furthermore, for patients requiring frequent



Appl. Sci. 2025, 15, 5352

10 of 15

monitoring due to chronic conditions like Moyamoya disease, where cumulative radiation
dose from repeated SPECT scans is a significant concern, tcMRI offers a safe and effective
alternative for serial CVR evaluation [22].

In clinical practice, tcMRI could be integrated into routine brain MRI protocols dur-
ing follow-up visits for patients with cerebrovascular risk, allowing for non-invasive func-
tional monitoring without altering existing workflows. Its potential utility extends beyond
rare conditions such as Moyamoya disease to broader populations, including patients
with small vessel disease or vascular cognitive impairment. As the method relies on CO:
inhalation without contrast agents or radiation, it may be particularly beneficial for elderly
or vulnerable patients requiring repeated evaluation. With further validation and stand-
ardization, tcMRI could be implemented as a supplementary module in clinical MRI plat-
forms, enabling the assessment of both structural and functional recovery in a single ses-
sion.

Other techniques have been traditionally employed for CVR assessment. The devel-
opment of BOLD fMRI has positioned CO: as a valuable and increasingly popular stimu-
lus, leveraging the inherent advantages of MRI [3,4,20-22]. The intended dynamic analy-
sis of BOLD CVR using EtCO: data was not feasible in this study due to the poor signal
quality of the acquired EtCO2 measurements, which hindered reliable processing and in-
terpretation. Despite this limitation, we adopted a static analysis approach to directly
compare the overall magnitude and spatial patterns of CVR obtained from fMRI with the
static measures from SPECT, which was the primary focus of our investigation.

Typically, BOLD CVR studies employ a General Linear Model (GLM) with EtCO: as
a regressor to model the dynamic relationship between EtCO:z fluctuations and BOLD sig-
nal changes, allowing for the estimation of parameters such as time to peak [1,6,32]. How-
ever, given that our primary research question focused on comparing the spatial patterns
of overall CVR as measured by SPECT and fMRI, and that SPECT provides a static meas-
ure of CBF change [21], a static analysis of our CO2 BOLD CVR data allowed for a more
direct comparison between the two modalities. This method, similar to approaches used
in ACZ MRI studies when dynamic EtCO: data are unavailable, involved averaging the
BOLD signal change within a predefined time window following CO: administration
[2,20].

While this static approach does not allow for a detailed assessment of the temporal
dynamics of the BOLD response, it provided a comparable CVR metric to our SPECT data,
enabling us to address our research question regarding the spatial concordance of CVR
between these two imaging modalities. Moreover, by incorporating stimulus timing cor-
rection, tcMRI improves the temporal alignment between the CO: challenge and the re-
sulting BOLD signal. This enhances model fit and the accuracy of CVR estimation, which
likely explains the significantly stronger spatial agreement with SPECT observed in this
study. In contrast, conventional BOLD analysis without timing correction may underesti-
mate or mislocalize CVR effects, particularly in regions with variable hemodynamic la-
tency. The validity of static BOLD CVR measures has been supported by comparisons
with other techniques like ASL [25], and our study aimed to directly compare CO:z induced
CVR using a static BOLD approach with SPECT CVR also induced by COz. Future studies
should prioritize incorporating EtCO2 monitoring to enable more comprehensive dy-
namic BOLD CVR analysis and further validation of the current findings. Specifically,
methodological improvements in EtCO2 measurement are crucial, including the use of
advanced gas control systems that ensure stable CO2 delivery and accurate response, and
the implementation of robust digital recording systems for accurate temporal synchroni-
zation of EtCO: data with BOLD signal acquisition. With high-quality EtCO: data, future
work can employ dynamic analysis approaches. These include using GLM with EtCO:
and its temporal derivatives as regressors to model the temporal characteristics of the
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BOLD response and estimate parameters such as time to peak [1,4], or applying transfer
function analysis between EtCO: and BOLD signals to estimate detailed hemodynamic
parameters and phase delays [20]. In addition, the application of simultaneous imaging
techniques such as PET-MR or SPECT-MR to address the possibility of changes in the
physiological state of the sample resulting from non-simultaneous acquisition of images
would provide an interesting avenue for future research in this field [33].

In summary, this study demonstrated a strong spatial agreement in CVR between the
novel tcMRI technique and SPECT, particularly in high CVR regions. Furthermore, SPECT
revealed CVR abnormalities in a patient group with cerebrovascular disease, suggesting
its continued clinical utility [34]. While overall CVR measures showed agreement, re-
gional analysis revealed significant differences between tcMRI and conventional MRI in
eight specific regions (OFCant_L, Cingulate_Ant_L, Pallidum_L, Cingulate_Mid_L,
Frontal_Mid_2_R, Cingulate_Mid_R, Caudate_R, and Rolandic_Oper_L). The significant
differences observed in these regions suggest distinct CVR estimation by tctMRI compared
to conventional MRI. While these regional differences were found in healthy participants,
their occurrence in these specific brain regions supports the potential future clinical utility
of tcMRI for assessing CVR in these areas in patient populations. Further research is
needed to validate these regional findings and explore their clinical significance in patient
cohorts. These preliminary findings are promising and support the potential of tcMRI, but
several limitations highlight the critical need for rigorous validation and further clinical
investigation to pave the way for its broader clinical adoption.

While these preliminary findings are promising, several limitations warrant consid-
eration. The small sample size necessitates further research with larger patient cohorts to
confirm these results and explore the broad clinical implications of CO2 MRI across vari-
ous cerebrovascular conditions. In addition, further studies should prioritize direct,
within subject comparisons between CO2 SPECT and COz MRI, with a specific focus on
regions exhibiting lower CVR.

Furthermore, further investigation into the observed discrepancy in the Cingu-
late_Ant_R, potentially using more detailed regional analyses or incorporating additional
physiological measures, is also warranted. Methodologically, future research could bene-
fit from exploring the application of cerebellar normalization in MRI patient populations.

5. Conclusions

In conclusion, this study demonstrates the comparable spatial information on CVR
provided by the novel tcMRI technique and SPECT, particularly in high CVR regions. The
findings also highlight the clinical utility of SPECT in identifying CVR abnormalities in
patients with cerebrovascular disease. These results support the continued investigation
of tcMRI as a non-invasive alternative for CVR assessment.
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Appendix A

Table A1l. The stimulus timing corrected functional magnetic resonance imaging (tcMRI) and MRI
cerebrovascular reactivity (CVR) values were calculated based on the regions of interest (ROI)
sorted by the top 30% of single photon emission computed tomography (SPECT) CVR values. Bold

p-values indicate statistical significance.

ROI Name SPECT tcMRI MRI F P
Cingulate_Ant_R 6.842+£3.580 2.028+0.390 1.571+0.240 12.35 0.001
Vermis_1_2 6.357 +10.670 3.131£0.480 2.546+0.600  0.675 0.527
Vermis_3 6.229+10.290 3.242+0.560 2.514+0.490 0.666 0.532
Cerebelum_3_R 5941 £6.560 2.904+0.540 2324+0470 1.514 0.259
Olfactory_L 5412+3990 1.605+1.080 1.504+0.900 4.897 0.028
OFCant_L 5314+£3.740 2.191+1.150 1.617+1.080 7.828 0.007
Cingulate_Ant_L 5183 +2.840 2.604+0.440 2.012+0.280 6.303 0.013
Pallidum_L 5.041+3.550 2270+0.260 1.815+0.280 4.520 0.034
Supp_Motor_Area_ L.  4.939+3.410 3.126+0.510 2.433+0.400 2.674 0.110
Vermis_10 4.879+5410 2.633+0.810 2287+0.860 1.200 0.335
Frontal_Inf Oper_R 4743 +3.840 2.412+0460 1.950+0.400 2.996 0.088
Vermis_7 4.723+6.390 3.676+1.110 2971+1.060 0.316 0.735
Pallidum_R 4.715+6450 2389+0.330 1.927+0.380 0.928 0.422
Cingulate_Mid_L 4.638+2.390 2.694+0390 2.083+0280 6.151 0.014
Vermis_4_5 4462+7.790 3.440+0.630 2.667+£0.620  0.249 0.784
Rectus_R 4287 +£3.630 1.649+1.420 1.560+1.140 2.712 0.107
Frontal Mid_2_R 4278+1.810 2.418+0.410 1.907+0.470 9.770 0.003
Cingulate_Mid_R 4.251+2.140 2536+0460 1.955+0.340 4.668 0.032
Putamen_R 4212+5.010 2.079+0290 1.673+0250 1.323 0.303
OFCmed_R 4.209+4.060 2013+1.750 1.874+1540 1.384 0.288
Heschl_R 4.150+4.340 3.302+0.830 2.577+0.670 0.499 0.619
OFCmed_L 4.075+3420 1.135+1.180 1.161+1.280 3.757 0.054
Insula_R 4.026 £3.810 2.539+0.410 2.033+0.280 1.528 0.256
Vermis_8 3980+£7.060 3.196+0.760 2.618+0.690 0.155 0.858
Frontal_Inf Oper_L 3.954+3470 1.951+0.560 1.581+0.410 2.745 0.104
Caudate_R 3912+£2900 1.594+0.400 1.149+0.280 5.336 0.022
OFCant_R 3.876 £3.390 2.500+1.190 1.883+1.100 1.457 0.271
Rectus_L 3.847+4930 1.284+0980 1.158+0.790 1.553 0.251
Angular_R 3.763+£4.280 2.283+0.750 1.843+0.690 0.941 0.417
Caudate_L 3.632+3.210 1.644+0.300 1.200+0.210 3.136 0.08
Parietal_Inf L 3.618+2.770 2232+0.540 1.761+0.410 2.075 0.168
Precentral_R 3.537+3340 2.113+0.630 1.680+0.470 1.459 0.271
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Paracentral_Lobule R 3.425+3.600 3.300+0.610 2.392+0.490 0.451 0.647
Rolandic_Oper_L 3.384+1.720 2.439+0.420 1.939+0.320 3.957 0.048
Vermis_6 3.367 £4.960 3.969+0.930 3.153+0.870 0.154 0.859
Supp_Motor_Area R 3.344+2.200 2.821+0.540 2.156+0.420 1.233 0.326
Abbreviations: Angular_R, Right angular gyrus; Caudate_L, Left caudate nucleus; Caudate_R,
Right caudate; Cerebellum_3_R, Right lobule III of the cerebellum; Cingulate_Ant_L, Left anterior

cingulate cortex; Cingulate_Ant_R, Right anterior cingulate cortex; Cingulate_Mid_L, Left midcin-

gulate cortex; Cingulate_Mid_R, Right midcingulate cortex; Frontal_Inf_Oper_L, Left inferior
frontal operculum; Frontal_Inf_Oper_R, Right inferior frontal operculum; Frontal_Mid_2_R, Right
frontal lobe; Heschl_R, Right Heschl's gyrus; Insula_R, Right insula; Olfactory_L, Left olfactory cor-
tex; OFCant_L, Left anterior orbital frontal cortex; OFCant_R, Right anterior orbital frontal cortex;
OFCmed_L, Left medial orbital frontal cortex; OFCmed_R, Right medial orbital frontal cortex; Pal-
lidum_L, Left globus pallidus; Pallidum_R, Right globus pallidus; Paracentral_Lobule_R, Right pa-
racentral lobule; Parietal_Inf_L, Left inferior parietal lobe; Precentral_R, Right precentral gyrus; Pu-
tamen_R, Right putamen; Rectus_L, Left rectus gyrus; Rectus_R, Right rectus gyrus;
Rolandic_Oper_L, Left Rolandic operculum; Supp_Motor_Area_L, Left supplementary motor area;
Supp_Motor_Area_R, Right supplementary motor area; Vermis_1_2, Superior vermis (lobule I-II);
Vermis_3, Superior vermis (lobule III); Vermis_4_5, Superior vermis (lobules IV-V); Vermis_6, Su-
perior vermis (lobule VI); Vermis_7, Superior vermis (lobule VII); Vermis_8, Superior vermis (lobule

VIII); Vermis_10, Superior vermis (lobule X).
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