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ARTICLE INFO ABSTRACT

Keywords: Introduction: Brain areas exhibiting negative blood oxygenation-level dependent cerebrovascular reactivity
BOLD » (BOLD-CVR) responses to carbon dioxide (CO3) are thought to suffer from a completely exhausted autoregulatory
Cerebrovascular reactivity cerebrovascular reserve capacity and exhibit vascular steal phenomenon. If this assumption is correct, the

Task-based BOLD-fMRI

Vascular steal phenomenon presence of vascular steal phenomenon should subsequently result in an equal negative fMRI signal response

during a motor-task based BOLD-fMRI study (increase in metabolism without an increase in cerebral blood flow
due to exhausted reserve capacity) in otherwise functional brain tissue. To investigate this premise, the aim of
this study was to further investigate motor-task based BOLD-fMRI signal responses in brain areas exhibiting
negative BOLD-CVR.

Material and methods: Seventy-one datasets of patients with cerebrovascular steno-occlusive disease without
motor defects, who underwent a CO2-calibrated motor task-based BOLD-fMRI study with a fingertapping para-
digm and a subsequent BOLD-CVR study with a precisely controlled COs-challenge during the same MRI ex-
amination, were included. We compared BOLD-fMRI signal responses in the bilateral pre- and postcentral gyri — i.
e. Region of Interest (ROI) with the corresponding BOLD-CVR in this ROI. The ROI was determined using a
second level group analysis of the BOLD-fMRI task study of 42 healthy individuals undergoing the same study
protocol.

Results: An overall decrease in BOLD-CVR was associated with a decrease in BOLD-fMRI signal response within
the ROL For patients exhibiting negative BOLD-CVR, we found both positive and negative motor-task based
BOLD-fMRI signal responses.

Conclusion: We show that the presence of negative BOLD-CVR responses to CO> is associated with heterogeneous
motor task-based BOLD-fMRI signal responses, where some patients show -more presumed- negative BOLD-fMRI
signal responses, while other patient showed positive BOLD-fMRI signal responses. This finding may indicate that

Abbreviations: BOLD, Blood oxygenation-level dependent; CBF, Cerebral blood Flow; CO,, Carbon dioxide; CRMO,, Cerebral metabolic rate of oxygen; CVR,
Cerebrovascular reactivity; fMRI, Functional magnetic resonance imaging; O,, Oxygen; PetCO,, End-tidal pressure of CO,; PetO,, End-tidal pressure of O; ROI,
Region of Interest; SPM, Statistical parameter mapping (software Program).
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the autoregulatory vasodilatory reserve capacity does not always need to be completely exhausted for vascular

steal phenomenon to occur.

1. Introduction

For blood oxygenation-level dependent cerebrovascular reactivity
(BOLD-CVR), the theorem of vascular steal phenomenonin patients with
cerebrovascular steno-occlusive disease is the observation of a negative
-paradoxical- BOLD-functional magnetic resonance imaging (fMRI)
signal response to hypercapnia (carbon dioxide -CO2-). [1] This para-
doxical BOLD-fMRI signal response is thought to be associated with
maximal vasodilatation of the affected vascular bed, indicating an
exhausted autoregulatory vasodilatory reserve capacity. [2]

The BOLD contrast depends on changes in deoxyhemoglobin content
as well as blood volume, and therefore no cerebral blood flow (CBF)
changes per sé, but it has been shown to have a good correlation with
CBF-based CVR in patients with cerebrovascular steno-occlusive disease.
[3,4] In healthy brain tissue with normal autoregulatory vasodilatory
reserve capacity, a positive BOLD-fMRI signal response after hypercap-
nia arises from the outwash of deoxyhemoglobin due to an increase in
CBF. [5] In regions with vascular steal phenomenon, the paradoxical
blood flow decrease results in a relative increase in deoxyhemoglobin
and consequently a negative BOLD-CVR. [2]

Traditionally, the BOLD-fMRI signal response is used not as a CBF
surrogate, but as a surrogate marker for underlying neuronal activity, by
combining a task-based paradigm with a BOLD-fMRI study. [6] Based on
the premise that neuronal activity causes a functional hyperemia (i.e.
increased cerebral blood flow and therefore increased oxygen delivery
that is greater than the increase in oxygen consumption), this results in a
decrease in deoxyhemoglobin, which consequently produces a positive
BOLD-fMRI signal response. [5] This means that obtaining a positive
task-based BOLD-fMRI signal response is dependent on the available
autoregulatory vasodilatory reserve capacity and accordingly it has been
shown that lower autoregulatory vasodilatory reserve capacity inevi-
tably leads to a dampened BOLD-fMRI signal response. [7-9]

This relationship between task-based BOLD-fMRI and BOLD-CVR
would even be more skewed when taking the classical vascular steal
phenomenon theorem into account.

Here, in brain regions exhibiting vascular steal phenomenon,
neuronal activity would cause a local increase in cerebral metabolism (i.
e., increase in deoxyhemoglobin) without the expected functional hy-
peremia, necessary for a positive BOLD-fMRI signal response. This
would consequently increase the deoxyhemoglobin concentration and
result in a negative BOLD-fMRI signal response. Although this patho-
physiological mechanism seems plausible, this theorem needs further
investigation.

Therefore, to study the premise that vascular steal phenomenon, seen
in patients with cerebrovascular steno-occlusive disease, comes with a
completely depleted autoregulatory vasodilatory reserve capacity, we
investigated motor-task based BOLD-fMRI signal responses in the pres-
ence of negative BOLD-CVR.

2. Material and methods
2.1. Patient enrollment and MRI protocol

From an ongoing prospective database of BOLD-CVR measurements,
approved by the local research ethics board (KEK-ZH-Nr. 2012-0427 &
KEK 2020-02314), we analyzed patients with cerebrovascular steno-
occlusive disease who had undergone both BOLD-CVR and task-based
BOLD-fMRI studies on the same day. Informed consent was signed by
all the included patients prior to inclusion in the BOLD-CVR database.

Only patients without sensory-motor deficits at the time of scanning
were considered for this study. All additional clinical information (e.g.
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age, dominant hemisphere, side of cerebrovascular steno-occlusive dis-
ease)were gathered from review of the medical record.

Exclusion criteria were as follows: Head motion of >2 mm during
either the BOLD-CVR or the task based BOLD fMRI study, failure of
completing the whole task-based BOLD fMRI sequence.

Additionally, BOLD-CVR and task-based BOLD-fMRI data from 42
healthy subjects were extracted, which were used to quantitatively
define our bilateral Regions of Interest (ROI).

MRI-data were obtained on a 3 Tesla Skyra VD13 MRI (Siemens
Healthcare, Erlangen, Germany) with a 32-channel head coil. BOLD-
fMRI parameters used for both BOLD-CVR as well as the task-evoked
BOLD-fMRI measurements consisted of axial two-dimensional (2D)
single-shot EPI sequence planned on the ACPC line plus 20° (on a sagittal
image) voxel size 3 x 3 x 3 mm3, acquisition matrix 64x64x35
ascending interleaved slice acquisition, slice gap 0.3 mm, GRAPPA
factor 2 with 32 ref. lines, repetition time/ echo time 2000/30 ms, flip
angle 85°, bandwidth 2368 Hz/Px, Field of View 192 x 192 mm. For
every subject, we obtained 200 BOLD-fMRI volumes during the BOLD-
CVR study and 135 volumes during the task-based BOLD-fMRI study.
A three-dimensional (3D) T1-weighted Magnetization Prepared Rapid
Acquisition Gradient Echo volume was obtained with the same orien-
tation as the fMRI scans for overlay purposes. Acquisition parameters of
the T1-weighted image were voxel size 0.8 x 0.8 x 1.0 mm3 with a field
of view 230x230x176 mm3 and scan matrix of 288x288x176, TR/TE/TI
2200/5.14/900 ms, flip angle 8°.

2.1.1. COy stimulus

We used an automated gas delivery system (RespirAct™, Thornhill
Research Institute, Toronto, Canada) with computer-controlled CO, and
oxygen (O3) application measuring end-tidal partial pressure of CO, and
O (PetCO; resp. PetOy) that are equivalent to P,CO; resp. P,05. [10]

2.1.2. BOLD cerebrovascular reactivity study protocol

Each study protocol started with a preparation phase in the MRI for
measurement of resting state PetCO, during normal breathing. During
the BOLD-CVR scan, the subject’s PetCO; derived from the preparation
phase was clamped at their individual PetCO, resting level for 100 s, the
PetCO, was then increased to ~10 mmHg above the resting PetCO;, level
for 80 s. The PetCO4 was then decreased to the resting level again for the
remaining time. During this whole protocol, PetO, was clamped at the
individual resting state level.

2.1.3. Task-based BOLD-fMRI study protocol

Following the BOLD-CVR scan, every patient underwent a task-based
BOLD-fMRI scan. The task-based BOLD-fMRI study consisted of a bilat-
eral thumb-to-finger (finger-tapping) paradigm, using all digits - with
arms and hands placed on the MRI table along the body - which lasted
30 s each time and was repeated 4 times with a resting period of 30 s in
between. This protocol was used in 2 previous studies. [7,8] All patients
received an instruction beforehand and the correct execution of the task
was checked by one of the investigators each time. In case of suboptimal
execution, the task-based BOLD-fMRI study was repeated. The PetCO4
and PetO, was clamped at the subjects own resting PetCO2 during the
whole protocol. [8]

2.2. Image analysis

2.2.1. Pre-processing

Temporal and spatial pre-processing of the anatomical (T1-weighted
image) and functional (BOLD-CVR and task-based BOLD fMRI) images
were done using Statistical Parametric Mapping (SPM) 12 (Wellcome
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BOLD CVR Database — Healthy cohort and steno-
occlusive disease
321 studies (incl. Follow-up)

Steno occlusive disease Healthy cohort
223 studies (incl. Follow-up) 98 subjects
Exclusion criteria:
- No corroborating Exclusion criteria:
task-based fMRI - No
studies < > corroborating
- Infarctionin the task-based
precentral and fMRI studies
postcentral gyrus \ 4 v
- Sensomotoric 71 patients with steno- 42 healthy subjects selected
deficits of one or occlusive disease selected for further analysis
both hands for further analysis

Fig. 1. Flow chart depicting patient inclusion.
Abbreviation: BOLD: Blood-oxygenation-level-dependent; CVR: cerebrovascular reactivity (%BOLD signal change/mmHg CO2); fMRI: functional magnetic resonance
imaging (in t-values).

Trust Centre for Neuroimaging, Institute of Neurology, University Col- maps of the included healthy subjects (n = 42) contained results from
lege London, UK). For both BOLD-fMRI sequences, slice-timing and the whole-brain test during the fingertapping paradigm. In the case of
motion-correction was used. Then, the T1l-weighted imaging was this study, each voxel in the BOLD-fMRI signal response image repre-
segmented into grey and white matter probability maps. The T1- sented the relative BOLD-fMRI signal difference between the finger-
weighted image and the BOLD-fMRI images derived from both pro- tapping and rest period for that specific voxel.
tocols were normalized into Montreal Neurological Institute Space using The resulting group-analysis BOLD-fMRI signal response image was
predefined algorithms within SPM. Last, all BOLD-fMRI images were further processed using in-house scripts made using Matlab 2020. We
smoothed using a Gaussian Kernel of 6 mm full-width-at-half-maximum. determined the region in which a significant BOLD-fMRI signal response
was present in 99% of the included healthy control group (+2.5 stan-
2.2.2. BOLD-CVR calculations dard deviation). This segmentation resulted preservation of activated
Time delay corrections were done between the CO5 and BOLD-fMRI regions within the bilateral pre- and postcentral gyrus, activation within
time courses on a voxel-by voxel basis. [11] After these time delay the supplementary motor area and the cerebellum. The pre-and post-
corrections were executed, BOLD-CVR, defined as the percentage BOLD- central gyri are anatomically well defined and have a strong inter-
fMRI signal change/mmHg CO, was calculated from the slope of a linear subject spatial agreement on structural imaging. As such, the supple-
least square fit of the BOLD-fMRI signal time course and the CO; time mentary motor area shows more anatomical variation and is therefore is
series on a voxel-by-voxel basis. [11] This method has been described less well suited for BOLD-fMRI group analyses. Moreover, BOLD-CVR in
and applied in previous work by our group. [4,12,13] the cerebellum is potentially affected by crossed cerebellar diaschisis in
this particular cerebrovascular patient cohort, and is therefore also not
2.2.3. Task-based BOLD-fMRI signal response suitable for a BOLD-CVR and BOLD-fMRI signal response analysis. Thus,

Task-based BOLD-fMRI signal responses were derived as followed: we decided to only study the BOLD-fMRI signal responses in the pre- and
BOLD-fMRI signal response maps in the Montreal Neurological Institute post-central gyri. [12,14]

space containing t-values for patients and controls were created through To maintain only the significant BOLD-fMRI signal responses within
first level analysis using SPM12. This analysis paradigm uses a mass- the pre- and postcentral gyrus all other regions were manually masked
univariate approach based on General Linear Models (i.e. voxel-wise t- out.
test). Motion correction, as well as correction for small CO5 changes
during the whole paradigm were applied to optimize the signal. 2.4. Determination of the BOLD-fMRI and BOLD-CVR signal patterns
2.3. Defining the ROI The subsequent ROI was then placed on both the BOLD-CVR and
task-based BOLD-fMRI signal response maps. The following values were

2.3.1. Second level analysis extracted from each ROI

BOLD-fMRI signal response maps of all healthy subjects created from
the first-level (or subject-level) analysis were used as inputs for the 1. Average BOLD-CVR for each ROI

second-level (group-level) analysis. The BOLD-fMRI signal response 2. Average task-based BOLD-fMRI signal response in t-values

126



C.H.B. van Niftrik et al.

Table 1
Baseline characteristics.

Baseline characteristics and BOLD evaluations (n = 71)

Sex (n/%)

Female 23 (32%)
Male 48 (68%)
Age (mean + SD) 62
Dominant hemisphere (right) 70 (99%)
Location of primary/most affected artery: (n/%)
Right 28 (39%)
Left 36 (51%)
Bilateral (affected = left in results) 7 (1%)
TIA 9 (13%)
Ischemic event 44 (62%)
Amaurosis fugax 8 (11%)
NO symptoms 10 (14%)
Vascular Risk factors: (n/%)
Hypertension: 49 (69%)
Dyslipidemia: 31 (44%)
Smoking: 35 (49%)
Diabetes: 10 (14%)
Obesity 14 (20%)
Positive family history: 13 (18%)
CO,, during baseline (mean + SD) 36.3 £ 2.1
CO;, during hypercapnia (mean + SD) 45.4 + 3.2
CO;, during fingertapping (mean + SD) 35.8 +2.8
Mean BOLD-CVR within the ROI of the:
The affected hemisphere (mean + SD) 0.07 £ 0.08
The unaffected hemisphere (mean + SD) 0.13 £+ 0.06
Both hemispheres (mean + SD) 0.10 £+ 0.07
Mean BOLD fMRI signal activation within the ROI of the:
The affected hemisphere (mean + SD) 3.5+27
The unaffected hemisphere (mean + SD) 4.0+24
Both hemispheres (mean + SD) 3.7+26

Abbreviations: BOLD: blood oxygenation level dependent, CO,: carbon dioxide,
CVR: cerebrovascular reactivity (% BOLD signal change/mmHg CO,), fMRI:
functional magnetic resonance imaging (here applied using a bilateral finger-
tapping protocol, SD: standard deviation, TIA: transient ischemic attack.

3. Number of voxels with negative BOLD-CVR within the ROI
4. Number of voxels with negative BOLD-fMRI signal response t-values.

2.5. Statistical analysis

Statistical analyses were done using the statistical program Statisti-
cal Package for Social Sciences (version 29.0). Each variable was tested
for normal distribution using the Shapiro Wilks test. Correlation analysis
of normal distributed variables was done by determining the Pearson
correlation coefficient (R) and deemed significant if p < 0.05.

3. Results

A total of 71 studies with respectively 142 ROI’s (affected /unaffected
hemispheres) were included for further analysis. A flow chart showing
subject inclusion can be found in Fig. 1. Baseline characteristics, mean
BOLD-CVR and BOLD-fMRI signal response can be found in Table 1.

Images of the fingertapping region of the healthy cohort and 2
examplary patients can be found in Fig. 2. Within our ROI, the mean
BOLD-CVR and BOLD-fMRI t-values did correlate (R = 0.40, p < 0.001,
Fig. 3). Regions with strong positive BOLD-CVR showed a strong positive
t-values in the BOLD-fMRI signal response maps. However, the patients
with impaired BOLD-CVR showed a mixed result. On average the BOLD-
fMRI signal response t-values were attenuated, however even in patients
with BOLD-CVR around or even below zero, the corroborating BOLD-
fMRI signal response t-values differed between patients with high
amounts of voxels with negative BOLD-fMRI signal response t-values
and patients with no voxels with negative BOLD-fMRI signal response t-
values (Fig. 4). This is more seen in Fig. 5, where we displayed the
number of negative voxels of BOLD-fMRI signal response in function of
the number of negative voxels with BOLD-CVR. Here some voxels
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Healthy Cohort

Examplary
Patient 1

Examplary
patient 2

[ .

Negative

Colorbars

Positive

Fig. 2. Images of the healthy cohort and 2 exemplary patients. Patient 1 (male
— 68 years old - right sided ICA occlusion) shows steal phenomenon (blue) on
the CVR map (left) with a concurring negative (black) response in the motor-
task BOLD fMRI map (right). The blue arrow points to the region with a
negative BOLD fMRI response. The other side with intact CVR shows preserved
(white) activation. The red arrows in the image point to the regions with pos-
itive BOLD fMRI response.

The top image represents the map derived from the second level analysis of the
combined healthy database with the red arrows pointing to the bilateral regions
of interest.

Exemplary patient 2 (male — 58 years old — left sided ICA occlusion) shows steal
phenomenon on the left side with both positive responses (red and blue arrow)
in the motor-task BOLD fMRI maps.

Abbreviation: BOLD: Blood-oxygenation-level-dependent; CVR: cerebrovascular
reactivity (%BOLD signal change/mmHg CO2); fMRI: functional magnetic
resonance imaging (in t-values); ICA: internal carotid artery; (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

increase linearly meaning a negative voxels with BOLD-CVR results in a
voxel with negative BOLD-fMRI signal response, however most patients
show no or limited number of voxels with negative BOLD-fMRI signal
response.

4. Discussion

With our study, we demonstrate that the presence of negative
—paradoxical- BOLD-CVR results in heterogeneous BOLD-fMRI signal
responses. It does result in negative motor task-based BOLD-fMRI signal
responses in some patients, following the classical vascular steal phe-
nomenon theorem, however in most patients positive BOLD-fMRI re-
sponses are still seen in regions with negative BOLD-CVR. This finding
may indicate that the autoregulatory vasodilatory reserve capacity does
not necessarily need to be completely exhausted for a vascular steal
phenomenon to occur. We aimed to investigate the theorem that
vascular steal phenomenon requires a completely depleted autor-
egulatory cerebrovascular reserve capacity. Here, vascular steal phe-
nomenon is referred from the presence of negative — paradoxical -
hypercapnia-induced BOLD-CVR. We investigated this premise by
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13 Fig. 3. Average BOLD-CVR versus average task-based

BOLD-fMRI signal response.
° Display of the mean BOLD-CVR values against the

° mean BOLD fMRI t-values in our patient cohort with
steno-occlusive disease (R = 0.40, p < 0.001, Fig. 2).

9 o® 0® ° On average a decrease of BOLD fMRI t-values can be

seen with a decrease in BOLD-CVR.

Abbreviation: BOLD: Blood-oxygenation-level-

dependent; CVR: cerebrovascular reactivity (%BOLD

signal change/mmHg CO2); fMRI: functional mag-

netic resonance imaging (in t-values).
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conducting a concurring COs-controlled task-based (bilateral finger- BOLD-fMRI response to neuronal activity and BOLD-CVR. In brain tumor
tapping) BOLD-fMRI study. In case a depleted cerebrovascular reserve patients, in which task-based BOLD-fMRI is already a conventional im-
capacity is present, neuronal activity will only result in an increase in aging tool, BOLD-fMRI is used to detect eloquent regions in the brain,
metabolism without the functional hyperemia to wash out the surplus of based on the premise that alterations in neuronal activity cause a so-
deoxyhemoglobin. [5] The increase in deoxyhemoglobin leads to a called uncoupling between CMRO, and CBF. Consequently, in
negative BOLD-fMRI signal response. response to a neuronal stimulus, the CBF increases disproportionally to

the increase of CMROs, leading to a hyper-oxygenated state and a lower
concentration of dHb. [5,19]. Subsequently, the BOLD-fMRI signal in
those regions will increase, making it possible to indirectly detect and
map neuronal activity and thereby localize important eloquent brain
regions. [6,20] Such investigations can be very useful in pre-operative
surgical planning for brain tumors located in the vicinity of eloquent
areas. [21,22] The normal ratio of uncoupling of CBF and CMRO, after a
neuronal stimulus is between 2 and 4 (i.e. increase in CBF is on average 2
to 4 times higher than the increase in CMRO3). [23] A decrease in this
ratio, for instance due to an underlying pathology, can potentially lead
to catastrophic resection of apparently “silent” eloquent cortex, which is
incapable of producing a BOLD-fMRI signal response. A renowned factor
causing such a decrease in ratio is a reduction in CVR. If the CBF

4.1. BOLD-fMRI and BOLD-CVR

BOLD-CVR as an imaging marker to determine the hemodynamic
status in patients with cerebrovascular steno-occlusive disease has been
around for almost 20 years. Usually in combination with CO2 as a
vasoactive stimulus, either through breathholding or direct inhalation or
in combination with acetazolamide, positive BOLD-CVR response is
associated with a preserved cerebrovascular reactivity, whereas nega-
tive BOLD-CVR is associated with hemodynamic failure stage 2 and steal
phenomenon [2,4,15-17]. (For more information see the extensive re-
view on this topic by J. Fisher, L. Venkatraghavan and D. Mikulis [18]).

Moreover, it is known that there is a strong relationship between
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Fig. 5. Relation between voxels with nega-
tive BOLD-CVR and the corresponding
BOLD-fMRI values.

This figure depicts the relationship between
voxels with negative BOLD-CVR and the
corresponding BOLD-fMRI signal response.
As can be seen, some patients show a linear
increase meaning that for all negative BOLD-
CRV voxels, a corresponding negative BOLD-
fMRI signal response is seen. Most patients
show no corresponding negative BOLD-fMRI
response (i.e. only voxels with positive
BOLD-fMRI signal response to voxels with
negative BOLD-CVR.

Abbreviation: BOLD: Blood-oxygenation-
level-dependent; CVR: cerebrovascular reac-
tivity (%BOLD signal change/mmHg CO2);
fMRI: functional magnetic resonance imag-
ing (in t-values);

®
1200

Voxels with negative BOLD-CVR

overshoot due to limited vasodilatory capacity cannot occur, the
uncoupling ratio will decrease to a point without a hyper-oxygenated
state and no or even negative BOLD-fMRI signal response. Therefore, the
use of BOLD-CVR values to detect false-negative BOLD-fMRI signal re-
sponses, i.e. detection of a BOLD-fMRI signal response too low to cross
the threshold set by the investigator is currently advocated. [7,8]

We have recently shown that in regions with reduced BOLD-CVR the
BOLD-fMRI signal response is also diminished. [7,9,24,25] We could
even provoke such a decrease in BOLD-fMRI signal response when
artificially reducing BOLD-CVR in healthy patients by applying an in-
crease in baseline CO; (i.e. causing pre-emptive vasodilatation). [8]
Interestingly, in this paper we have found a similar linear correlation
coefficient (r = 0.4) as in those papers in healthy cohorts.

In our cohort, on average we have seen a reduced BOLD-fMRI signal
response with decreasing BOLD-CVR in our ROIL This observation is in
accordance with the findings by Para et al. and others. [7-9]

However, when focusing on negative BOLD-CVR, we have observed
contradictory results. In some patients, as expected when the theory of
maximal vasodilatation is correct, clear negative BOLD-fMRI signal re-
sponses were found (Fig. 4). However, in other patients with similar
negative BOLD-CVR values, positive task-based BOLD-fMRI responses
are seen (Fig. 5). This finding leads to our assumption that BOLD-CVR
derived vascular steal phenomenon does not by definition require a
maximally — exhausted - vasodilated vascular bed. Specially, a global
vasodilatory stimulus like CO» can cause regions with diminished but
presumptuously preserved vasodilatory capacity to show negative
BOLD-CVR if other regions can produce a markedly stronger vaso-
dilatory response resulting in redirection of cerebral blood flow. This
conclusion presents a very interesting premise. Current hemodynamic
staging is rigid in its subdivision of patients according to different
criteria, although Derdeyn et al. has shown that within these stages there
is a lot of variability of other parameters. [26] However, within this
variability, CVR should only become negative once maximal vasodila-
tation is reached.

For the latter finding there is only limited corroborating literature.
These findings correspond with earlier findings by Akiyama and col-
leagues using functional near-infrared spectroscopy in patients with
ischemic stroke. [27] Pre-operatively, CVR was measured using Positron
Emission =~ Tomography or  Single-Photon-Emission-Computed-
Tomography and 3 patients presented with clear signs of vascular
steal phenomenon and 5 patients showed impaired CVR. Interestingly,
the amount of deoxyhemoglobin measured during the task decreased in
1 patient with vascular steal phenomenon and in 1 patient with impaired
CVR, which is a response also seen in healthy subjects and in accord with
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a preserved vasodilatory response. By contrast 3 patients (1 with steal
phenomenon) showed a clear increase in deoxyhemoglobin, which is in
accordance with a depleted vasodilatory capacity. Moreover, another
study by Mazerolle et al. investigating both BOLD-CVR and task based
BOLD fMRI using the same methodology as we have used, observed
positive BOLD fMRI signal and negative BOLD-CVR within the pre-
central gyrus in two Moyamoya patients. [28]

On the other hand, we must consider reasons for the finding of
negative BOLD-CVR other than vascular steal. Arteaga et al. previously
reported contradictory CBF findings (decrease, increase, no change) in
patients with negative BOLD-CVR, which means, that the vascular steal
phenomenon cannot be the only explanation for a negative BOLD-CVR,
but may also imply autoregulation involving the upregulation of
CMRO,. [29] Although limitations regarding methodology exist, the
authors pose an interesting and heavily debated hypothesis, that a CO4
increase is not necessarily isometabolic. However, if the premise of these
authors is correct, we would likely have found many more patients with
primarily negative BOLD-fMRI signal responses. If an upregulation of
metabolism in response to hypercapnia had resulted in a relative higher
metabolism increase then a possible increase in cerebral blood flow, the
increase of metabolism due to neuronal activity would surely suffice to
results in a negative BOLD-fMRI signal response.

4.2. Limitations

We have included a heterogeneous cohort of patients with cerebro-
vascular steno-occlusive disease, including patients with either unilat-
eral or bilateral disease and in different stages after stroke occurrence (i.
e., acute subacute and chronic patients were included). Whether this
choice has influenced our results is unknown, however, we would not
expect so since the presence of the BOLD-CVR vascular steal phenome-
non is a consequence of hemodynamic failure at the brain tissue level
irrespective of any underlying vascular steno-occlusion or stroke stage.
[4,30] Another study with only patients with Moyamoya disease did
show a more attenuated BOLD-fMRI signal activation with negative
BOLD-CVR but there were some strong positive responses and on
average no negative responses were seen. [9]

In addition, the vascular steal phenomenon is a primarily cerebral
blood flow measurement. BOLD-CVR measures the relevant difference
between deoxyhemoglobin and the cerebral blood flow changes are
dependent on multiple factors such as cerebral blood volume and he-
matocrit. Indeed, many recent studies have demonstrated a strong cor-
relation between primary cerebral blood flow based CVR measurements
with HyO-PET and BOLD-CVR. [4]
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5. Conclusions

We show that the presence of negative BOLD-CVR responses to CO3 is
associated with dichotomous motor task-based BOLD-fMRI signal re-
sponses, whereas some patients show -more presumed- negative BOLD-
fMRI signal responses, while other patient showed positive BOLD-fMRI
signal responses. This finding may indicate that the autoregulatory
vasodilatory reserve capacity does not always need to be completely
exhausted for vascular steal phenomenon to occur.
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