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Abstract

Vasoactive stress tests (i.e. hypercap-

nia, elevated partial pressure of arte-

rial CO2 [PaCO2]) are commonly

used in functional MRI (fMRI), to

induce cerebral blood flow changes

and expose hidden perfusion deficits

in the brain. Compared with fMRI,

near-infrared spectroscopy (NIRS) is

an alternative low-cost, real-time,

and non-invasive tool, which can be

applied in out-of-hospital settings. To

develop and optimize vasoactive stress tests for NIRS, several hypercapnia-

induced tasks were tested using concurrent-NIRS/fMRI on healthy subjects.

The results indicated that the cerebral and extracerebral reactivity to elevated

PaCO2 depended on the rate of the CO2 increase. A steep increase resulted in

different cerebral and extracerebral reactivities, leading to unpredictable NIRS

measurements compared with fMRI. However, a ramped increase, induced by

ramped-CO2 inhalation or breath-holding tasks, induced synchronized cere-

bral, and extracerebral reactivities, resulting in consistent NIRS and fMRI mea-

surements. These results demonstrate that only tasks that increase PaCO2

gradually can produce reliable NIRS results.

KEYWORD S

cerebral blood flow, hypercapnia, magnetic resonance imaging, near-infrared spectroscopy

1 | INTRODUCTION

Vasoactive stress tests (i.e. hypercapnia, elevated partial
pressure of arterial CO2 [PaCO2]) are widely used in imag-
ing studies to expose hidden brain perfusion deficits by
increasing cerebral blood flow (CBF).1–3 Hypercapnia, a
condition where CO2 is elevated, is known to cause a
global increase in CBF due to the potent effect of CO2 as

a vasodilator.4 Increasing PaCO2 decreases pH and relaxes
vascular smooth muscle cells in arteries, ultimately lead-
ing to an increase in CBF.5, 6 The end-tidal CO2 (PETCO2:
the concentration of CO2 at the end of exhaled breath) is
commonly used as surrogate signal for PaCO2.

1–3, 7, 8

There are two common methods used to induce
hypercapnia. The first method is CO2 inhalation, which
requires a subject to wear a breathing mask that is
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connected to a system, which controls the mixture and
flow rates of gases (e.g. O2, N2, and CO2).

9, 10 This
method can either deliver a fixed concentration of CO2 or
target a subject-specific PETCO2 level for a period of time
(~120 seconds).2, 11–13 Because this method allows sub-
jects to inhale CO2 passively, it is called CO2 inhalation,
or CI. Second, the breath-holding (BH) task requires sub-
jects to hold their breath for short periods of time
(~20 seconds). This method also results in an increase of
PETCO2 and a subsequent increase in CBF.14, 15 The BH
task is a simpler means to induce hypercapnia compared
with the CI task since it does not require additional spe-
cialized equipment.

Near-infrared spectroscopy (NIRS) is a noninvasive
optical device that has been widely used to investigate
concentrations of oxyhemoglobin (Δ[HbO]) and
deoxyhemoglobin (Δ[Hb]) at the surface of the cortex,
thereby providing measurements of cerebral blood flow
(CBF), volume, and oxygenation changes.16–19 Compared
with functional magnetic resonance imaging (fMRI),
NIRS is a low-cost, portable technology for studying brain
function and physiology.18 Recently, some studies have
used NIRS to study hypercapnia under the CI and BH
tasks.20–26 There are several benefits of using NIRS in
vasoactive stress tests. For example, NIRS can provide
real-time cerebral vascular reactivity (CVR) measure-
ments on the football field, as chronic brain damage has
prompted concern for contact sport athletes.27–29 Also,
NIRS can provide bedside CVR measurements for immo-
bile elderly people.30, 31 However, results from CI tasks
have been inconsistent; this may be due to physiological
noise coming from skin and skull.32–34 For example, two
studies reported that NIRS signals correlated well with
PETCO2 under the CI task,20, 25 but other studies found
that NIRS signals were not sensitive to PETCO2 under the
CI task.22–24 The goals of this study were to better under-
stand NIRS signals during different hypercapnia tasks
and develop a robust and independent NIRS protocol to
assess brain reaction to vasostimulus. The NIRS signals
(Δ[HbO] and Δ[Hb]) and fMRI blood oxygenation level
dependent (BOLD) signals were compared for consis-
tency with the goal of validating NIRS as a portable fMRI
proxy.

2 | MATERIALS AND METHODS

2.1 | Protocol

This study was approved by Purdue University Institu-
tional Review Board. Informed consent was obtained
from all subjects. 10 healthy subjects (4 female, 6 male,
age range 19-33, mean age 23 years) were recruited for

several hypercapnia tasks measured by NIRS and fMRI
concurrently (Figure 1A-D).

2.2 | Near-infrared spectroscopy

The CW NIRS system (NIRScoutXP NIRx Medizintechnik
GmbH; Berlin, Germany) and MRI-compatible NIRS
probes with 10 m long optical fibers were used to mea-
sure Δ[HbO] and Δ[Hb]. This system uses laser sources,
each combining two wavelengths (785 and 830 nm).
The source-detector distance was 3 cm. Vascular reac-
tions to hypercapnia were recorded from the prefrontal
region of the brain. Due to the limited space in MRI
head coil, 17 NIRS channels (7 sources and 7 detectors)
were deployed with a sampling rate of 7.8125 Hz
(Figure 1E).

2.3 | MRI

Functional MRI data were obtained using a 3 T GE Discov-
ery MR750 MR scanner (GE Electric; Milwaukee, WI) and
a 32-channel receiver head coil (Nova Medical, Inc.; Wil-
mington, MA). The MRI scans were acquired using a
multiband echo-planar imaging sequence (FOV = 216 mm,
acquisition matrix = 72 × 72, 60 slices, voxel
size = 3 × 3 × 3 mm3, TR/TE = 1000/30 ms, flip
angle = 50�, hyperband acceleration factor = 4, phase accel-
eration factor = 1).

2.4 | Sharp-CO2 inhalation (sharp-
CI) task

For the sharp-CI task, varying CO2 concentrations were
supplied to each subject, through a sealed mask, by a
computerized gas delivery system (RespirAct, Thornhill
Research Inc. Toronto, Canada; Figure 1F).9 PETCO2 and
PETO2 were controlled and measured throughout the
experiment. All subjects took part in pre-testing outside
the MRI to ensure they were capable and comfortable
performing the sharp-CI task. The pre-testing consisted
of (a) a measurement of each subject's baseline PETCO2

and (b) a short version of the sharp-CI task. The full task
consisted of five 2-minute blocks (Figure 1A). The 1st,
3rd and 5th blocks were rest blocks where subjects
inhaled normal air. The 2nd and 4th blocks were hyper-
capnia blocks where subjects inhaled air with sharply ele-
vated CO2 concentration that led to an increase of
10 mmHg above each subject's PETCO2 baseline within
one or two breaths. The PETCO2 was then maintained at
the high level for 2 minutes (Figure 1A).35
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2.5 | Other induced-hypercapnia tasks

To further explain inconsistencies between the NIRS and
fMRI signals under the sharp-CI task (Figures 2 and 3),
we conducted three additional concurrent-fMRI/NIRS
experiments on 4 out of the original 10 subjects (2 male,
2 female, age range 20-29, mean age 22 years, subgroup).
These additional experiments (i.e., long-ramped CI, BH,
and short-ramped CI tasks) examined the effects of the
rate of hypercapnia inducement on NIRS and fMRI data.

First, the sharp-CI task was modified to incorporate
the long-ramped increase in PETCO2, called long-ramped
CI task (as shown in Figure 1B).25 In short, during the
hypercapnia blocks, the PETCO2 was slowly ramped up to
10 mmHg above subject's baseline within 75 seconds,
and then maintained at that level for 105 seconds.

Second, the BH task was adopted from a widely used
paradigm.36 It consisted of 6 BH epochs (Figure 1C); each
epoch had 18 seconds of paced breathing (3 repetitions of
a 3 seconds inhale followed by a 3 seconds exhale),
followed by 20 seconds of BH, and then 15 seconds of
normal breathing (total time = 5 minutes 18 seconds). To
acquire consistent results from the BH task across all sub-
jects, a gentle exhale was required prior to the BH.36 An
open source package from PsychoPy was compiled to
provide instructions to subjects and control procedures
(i.e. paced breathing, BH, and normal breathing).37

Finally, a short-ramped PETCO2 was designed (Fig-
ure 1D) to simulate the BH task via PETCO2 control. In
short, the short-ramped CI paradigm began with 18 seconds
of rest followed by six blocks of alternating hypercapnia sec-
tions. The first hypercapnia section slowly ramped the

FIGURE 2 Averaged maximum cross-correlation coefficient

from each channel under the sharp-CI task between percent

change of averaged BOLD signal (ΔBOLD%) and A, Δ[HbO] and B,

Δ[Hb]. Crosses in the channel indicate a p-value larger than 0.05

under the FDR-criterion

FIGURE 1 Experimental

design and setup. Schematic of A, the

sharp-CI, B, the long-ramped CI, C,

the BH, and D, the short-ramped CI

tasks. E, Configuration of the NIRS

channels on the head. F,

Experimental setup of the concurrent

fMRI/NIRS experiments

YANG ET AL. 3 of 11



FIGURE 3 Results showing inconsistencies in NIRS signals during the sharp-CI task from two example subjects in A and B. The

signals of ΔPETCO2, ΔBOLD%, Δ[HbO], and Δ[Hb] are shown in the colors of black, purple, red, and blue, respectively. The averaged results

of Δ[HbO] and Δ[Hb]are shown at bottom right of A and B in red boxes
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subject's PETCO2 to 10 mmHg above their baseline within
20 seconds, and the second section consisted of normal
breathing for 33 seconds. The 10 mmHg increase of
PETCO2 was selected based on a study by Tancredi et al,
which demonstrated that the PETCO2 elevation after a
20 seconds BH was close to 10 mmHg.38

2.6 | Data analysis

All NIRS data were processed using the nirsLAB analysis
package (v2016.05, NIRx Medical Technologies, LLC.; Los

Angeles)39 and MATLAB (MATLAB 2018b, The
MathWorks Inc., Natick, MA, 2000). NIRS signals with bad
signal quality were eliminated (i.e. signals with no visible
heartbeat signal, Figure S1). For the BH and short-ramped
CI task, NIRS signals from those 6 cycles were parsed and
aligned to calculate the folding-average result.40

All MR data were processed using FSL (FMRIB
Expert Analysis Tool, v6.01; Oxford University, UK41)
and MATLAB. The fMRI BOLD signals acquired during
the CI and BH tasks were preprocessed with the follow-
ing steps recommended by Power et al: (a) motion correc-
tion (FSL mcflirt) and (b) spatial smoothing with a full

FIGURE 4 The fMRI and NIRS results from the A, BH, B, long-ramped CI, C, short-ramped CI, and D, sharp-CI tasks. The shaded

areas indicate the targeted ΔPETCO2 in each task. The averaged ΔPETCO2, ΔBOLD% (normalized), Δ[HbO], and Δ[Hb] signals are shown in

columns 1–4, respectively
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width at half maximum (FWHM) of 5 mm isotropic
Gaussian kernel.42 For comparison with NIRS data, the
percent change of averaged BOLD signal (ΔBOLD%) from
the prefrontal region was calculated to represent the
intracerebral signal in the brain. In short, a prefrontal
ROI was created on the standard structural brain and
then warped onto each subject's fMRI space to extract the
corresponding temporal fMRI signals.43 Finally, the time
series of BOLD signals from all the voxels were averaged
(FSL fslmeants) and then normalized (subtracted by
mean and divided by SD).

For the sharp-CI and long-ramped CI task, a zero-
delay lowpass filter (0.1 Hz, 3th order) was used to extract
the low frequency signals (ΔPETCO2, ΔBOLD%, Δ[HbO],
and Δ[Hb]), since both tasks contain low frequency com-
ponents (<0.005Hz). For BH and short-ramped CI tasks,
a zero-delay bandpass filter (0.01–0.1 Hz, 3th order) was
used to extract the low frequency signals.

To visualize the group result from each experiment,
averaged Δ[HbO] and Δ[Hb] signals from each subject
were first subtracted by mean and then averaged by the
number of subjects in the group.

To calculate the correlation between signals (NIRS
signals, ΔBOLD %, and ΔPETCO2), cross-correlation
(MATLAB xcorr, lag range =± 45 seconds) was

performed, knowing time delays might exist among these
signals. For statistical analysis, the maximum cross-corre-
lation coefficients (MCCCs) were converted into Z-values
using Fisher's Z-transformation (Equation. 1).44, 45 Then,
a one-sample t test against zero was applied on the corre-
lation Z-values. The significance level was set at p<.05,
which was corrected for multiple comparisons using the
false discovery rate (FDR) criterion.46 For the additional
induced-hypercapnia tasks (4 subjects), the p-value was
not corrected for multiple comparisons due to the small
sample size.

Z=
1
2
ln
1+ r
1−r

ð1Þ

Movies were created to reflect the spatio-temporal
changes of NIRS signals, ΔPETCO2, and especially the
regional ΔBOLD % under hypercapnia tasks. Tasks
included the sharp-CI task (one example with high corre-
lations between ΔBOLD%, ΔPETCO2, and NIRS signals
and another example with low correlations), the BH task,
and the long-ramped CI task.

3 | RESULTS

3.1 | Sharp-CI results

Consistent ΔBOLD% were found across all subjects under
the sharp-CI task, which were highly correlated to the
waveform of ΔPETCO2 (r = 0.89 ±0.07, p<10−7). How-
ever, inconsistent NIRS signals were found across sub-
jects. For example, averaged NIRS signals had much
lower correlation values, and larger standard deviations,
when PETCO2 was increased sharply (Δ[HbO]: r = 0.45
±0.44, p<10−3; Δ[Hb]: r = −0.69 ±0.20, p<10−4).

More importantly, averaged NIRS signals showed low
correlation with ΔBOLD % (Δ[HbO]: r = 0.43 ±0.28,
p<10−3; Δ[Hb]: r = −0.51 ± 0.32, p<10−3). In fact, cor-
relations between ΔBOLD% and NIRS signals were low
in most of the channels (Figure 2) and the lowest aver-
aged MCCC between ΔBOLD% and Δ[HbO] was 0.14.
Also, the averaged MCCCs were spatially different. The
averaged MCCCs between the ΔPETCO2 and NIRS sig-
nals from each channel around the prefrontal region for
the original sharp-CI task are mentioned in the supple-
mental material (Figure S2). To highlight NIRS signal
inconsistencies, two subjects are discussed in detail.

The results from the sharp-CI task observed from sub-
ject 1 presented good signal correlations between ΔBOLD
%, ΔPETCO2, and NIRS signals (Figure 3A). Under the
sharp-CI task, ΔBOLD % was highly correlated with
ΔPETCO2 (r = 0.86; Figure 3A), indicating a fast vascular

FIGURE 5 Averaged MCCCs between ΔBOLD% and Δ[HbO]

(Δ[Hb]) signals are shown in column 1 (2). The corresponding

tasks are: A, BH; B, long-ramped CI; C, short-ramped CI; D, sharp-

CI. Crosses in the channel indicate a p-value larger than 0.05 under

one-sample t test
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reaction in the brain. Additionally, although MCCCs
between NIRS signals and ΔBOLD % were not low (Δ
[HbO]: r = 0.63 ±0.12, p<10−9; Δ[Hb]: r = −0.57 ±0.13,

p<10−9), most Δ[HbO]/Δ[Hb] signals responded slowly
to the sharp increase of PETCO2. Moreover, Δ[HbO] sig-
nals (e.g., CH16) continued to increase following

FIGURE 6 The fMRI movie snapshots from one subject under the long-ramped CI task. Three snapshots were captured at (1) rising

phase (2) plateau, and (3) falling phase of ΔPETCO2 in the long-ramped CI task. During each time point, real-time A, ΔPETCO2 and B,

ΔBOLD% signals are displayed. Also, ΔBOLD% maps (red-yellow refers to positive percent changes and blue-light blue refers to negative

percent changes) in C, sagittal, D, coronal, and E, axial views are shown. The shaded areas indicate the targeted ΔPETCO2 during the task.

The black square in every (c) and (e) panel indicate the region of prefrontal cortex (PFC)
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cessation of the hypercapnic block and it took a full
2minutes to decrease during the resting block.

In another subject (e.g., subject 2), NIRS signals did
not correlate well with ΔBOLD% (Figure 3B, Δ[HbO]:
r = 0.08 ±0.20, p> .05; Δ[Hb]: Z = −0.08 ±0.17, p> .05),
and did not appear to react to the sharp-increase in
PETCO2. Further, the Δ[HbO] signals, which showed
good signal quality and consistency among channels,
hardly changed during the first hypercapnic block, but
instead increased during the resting block. Interestingly,
ΔBOLD% for this subject increased sharply with a sharp
increase in PETCO2 (Z = 0.94), as seen with subject 1
(Figure 3A).

3.2 | Additional induced-hypercapnia
tasks

The ΔPETCO2, ΔBOLD%, and NIRS signals under the BH
task, long-ramped CI, short-ramped CI, and sharp-CI
task from four selected subjects were also averaged (Fig-
ure 4). In all tasks, ΔBOLD% signals were highly corre-
lated with ΔPETCO2 (r > 0.78, p< .05), indicating robust
and fast cerebral reactivity. However, there were pro-
found differences in NIRS signals:

1. Under the BH task (Figure 4A), both Δ[HbO] and
Δ[Hb] signals were highly correlated with ΔBOLD% (Δ
[HbO]: r = 0.77±0.1, p< .005; Δ[Hb]: r = −0.58
±0.11, p< .005).

2. Under the long-ramped CI task (Figure 4B), both Δ
[HbO] and Δ[Hb] signals were highly correlated with
ΔBOLD % (Δ[HbO]: r = 0.68 ±0.06, p <10−3; Δ[Hb]:
r = −0.62 ±0.15, p< .005).

3. Under the short-ramped CI task (Figure 4C), rela-
tively low MCCCs were found between NIRS signals and
ΔBOLD % (Δ[HbO]: r = 0.49±0.29, p< .05; Δ[Hb]:
r = −0.50±0.34, p< .05). Furthermore, the standard devi-
ations across NIRS results were large.

4. Sharp-CI task results from these four subjects were
also included for ease of comparison. Under the sharp-CI
task (Figure 4D), the MCCCs between NIRS signals and
ΔBOLD% were relatively low (Δ[HbO]: r = 0.47±0.55,
p < .05; Δ[Hb]: r = −0.32 ±0.45, p> .1) with large stan-
dard deviations and long delays. These results are in-line
with rest of the subjects discussed in section 3.1.

The averaged MCCC between ΔBOLD% and NIRS sig-
nals of each channel and all tasks for the subgroup of 4 sub-
jects was calculated (Figure 5). Δ[HbO] and Δ[Hb] signals
were significantly correlated with ΔBOLD% for most chan-
nels in the BH, long-ramped CI, and short-ramped CI
task (Figure 5A-C, respectively). In contrast, Figure 5D
shows that under the sharp-CI task, 47% of the Δ[HbO]
signals and 82% of the Δ[Hb] signals were not

significantly correlated with ΔBOLD %. The averaged
MCCCs between the ΔPETCO2 and NIRS signals from
each channel around the prefrontal region for original
sharp-CI, long-ramped CI, and short-ramped CI task are
shown in the supplemental material (Figure S3).

The movies of different tasks can be found in supple-
mental material (Videos S1-4). Figure 6 illustrates three
snapshots from one subject's long-ramped CI task movie.
By mapping the spatio-temporal patterns of ΔBOLD% in
the brain under hypercapnia tasks, we found that brain
reactions to CO2 are highly spatial-specific. As a result,
NIRS signals under hypercapnia are likely to be spatial-
specific as well. Moreover, it was found that the ΔBOLD%
from the superficial layer of the prefrontal region (black
squares in Figure 6) reacted slower to CO2 when com-
pared with the deeper layer. This observation indicated
that it was incorrect to claim that NIRS signals reflect
brain responses from all layers of the prefrontal cortex.
Even without physiological noise from the skin and skull,
NIRS may only measure responses in the superficial layer
of the brain, which, based on our results, lagged the
response from the deeper layer.

4 | DISCUSSION

The goal of this study was to better understand NIRS sig-
nals under induced-hypercapnia and establish and opti-
mize a corresponding protocol so NIRS can be used in
lieu of fMRI as an alternative, portable methodology to
acquire critical brain perfusion parameters (e.g. CVR).

4.1 | NIRS signals under sharp-CI task

In the sharp-CI task (i.e., sharp increases in PETCO2), the
ΔBOLD%s from all subjects were highly correlated with
the waveform of ΔPETCO2. However, NIRS reactions to
the sharp increases in PETCO2 were unpredictable and
highly heterogeneous both temporally and spatially. The
difference between the ΔBOLD% and NIRS signals relates
to the fact that NIRS signals are sensitive to blood flow
and volume changes in both the extracerebral and cere-
bral layers, while ΔBOLD% reflects these changes in the
cerebrum only.47, 48

Another possible explanation for difference between
ΔBOLD% and NIRS signals may be related to layer-spe-
cific differences in vascular reactions following exposure
to sharp increases in PETCO2. In fact, cerebrovascular
responses are controlled by an autoregulation system.49 A
previous study found that the velocity of blood flow
increased more in the cerebral circulation (about 54%
increase in the internal carotid artery) than in the
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extracerebral circulation (about 5% increase in the exter-
nal carotid artery) under a CI task (6% CO2).

50 Similar
results were also found in another study, in which greater
blood flow was observed in the middle cerebral artery
(cerebral) compared with the brachial artery
(extracerebral).51 These findings suggest that the cerebral
vascular reaction is more sensitive to PETCO2 elevation
than the extracerebral and peripheral vascular reactions.
This makes sense, intuitively, given the criticality of brain
homeostasis. In detail, blood flow would be dramatically
prioritized to the brain when PETCO2 increases sharply,
leading to a quick reaction observed in cerebral blood
flow (observed by BOLD fMRI). In contrast, blood flow to
the extracerebral layer could be dramatically com-
promised, leading to long delays, gradual increases, or
sometimes, unpredictable changes in the extracerebral
circulation (observed by NIRS).

The degree of the effect is dependent upon each indi-
vidual's physiology (e.g., sensitivity to elevated PETCO2,
speed of blood flow adjustment, etc.) which could explain
the highly varied NIRS results between subjects during
the sharp-CI task. Based on these arguments, it is hypoth-
esized that the cerebral and extracerebral vascular reac-
tions could be more easily synchronized when the
PETCO2 increase is not sharp, but instead slow and grad-
ual. This gradual increase in PETCO2 would provide ade-
quate time for the carotid artery to meet the increasing
demands for both cerebral and extracerebral circulation,
leading to consistent NIRS signals that would correlate
better to fMRI signals.

4.2 | Validations

To test the hypothesis, we conducted three additional
induced-hypercapnia tasks. Under the long-ramped CI
task, ΔBOLD % and NIRS signals correlated well and
showed slow and gradual increases (decreased Δ[Hb] sig-
nals), as suggested (Figure 4B). Furthermore, it is reason-
able to assume that PETCO2 increases gradually during
the BH period due to continuous and stable physiological
demand and lack of air exchange. The post-exhale BH
protocol used in the study36 would raise PETCO2 almost
immediately (compared with BH after inhalation), but
slowly. If the PETCO2 increased slowly during the BH
protocol, based on our hypothesis, the cerebral and
extracerebral circulations should react almost simulta-
neously. This is exactly what was observed (Figure 4A).
NIRS and ΔBOLD% signals correlated well and showed
gradual increases during the BH. The results are consis-
tent with those from previous fMRI studies.21, 26, 52

Additionally, under the long-ramped CI, most of the
NIRS signals had slower responses compared with the
BOLD fMRI signal, which was also observed in a previ-
ous vasostimulus study (CI task).25 However, the observa-
tions were different from the concurrent studies on the
functional/cognitive tasks (e.g. finger tapping task, go/no
go task), which showed that the NIRS (Δ [HbO]) reacted
faster and had shorter time-to-peaks than BOLD fMRI
signals.32, 53, 54 The observed differences are caused by
varying brain reactions to neuronal and physiological
stimuli. First, the NIRS/fMRI signal from the cognitive

FIGURE 7 Group folding average

of signals from the A, BH and B, short-

ramped CI task. The results of

ΔBOLD% (normalized), Δ[HbO], and Δ
[Hb] are showed in columns 1–3,
respectively. The shaded areas (prior to

20 s) indicate the periods of BH/

ramped-increased PETCO2
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task results from neurovascular coupling, which is
regional, while the signal in vasostimulus task results
from the vasodilatory effect of CO2, which is global
(including skin and skull). Second, cognitive activation is
instantaneous, while elevated CO2 must be carried by the
blood and may reach different brain regions with varying
time delays. Third, different brain regions react differ-
ently to arriving CO2 based on the local hemodynamic
response function, which can lead to further delays. In
Figure 6, we observed that the ΔBOLD% response to CO2

was significantly lagged at the superficial layer of the pre-
frontal cortex when compared with deeper cortical layers.
Since the NIRS probe was placed over the prefrontal area,
the lagged signal could be captured by the NIRS probe,
thus resulting in observed delays.

Finally, the short-ramped CI task was introduced to
simulate the BH task (validating the gradual increase of
PETCO2 during the BH). The NIRS signal (Δ[HbO], Fig-
ure 4C) was expected to be similar to the signal obtained
from the BH task (Figure 4A). The results demonstrated
that the NIRS signal does change according to the task (Fig-
ure 4C), albeit with much more noise than that of BH task-
related signals (Figure 4A). The main reason could be that
subjects had to physically breathe in order to reach the
PETCO2 level during the short-ramped CI task, while during
the BH, no breathing was required. As result, NIRS signals
in the short-ramped CI task may have been influenced by
the side effects of respiration, such as motion and other
related physiological processes. To remove the noise, a fold-
ing average of the NIRS signals (Figure 7) was calculated.
The averaged NIRS epoch signals from the short-ramped CI
task (Figure 7A) and BH (Figure 7B) were similar, and both
were highly correlated with averaged ΔBOLD % signals.
The delay observed in the data from the short-ramped CI
task may have been due to the time lag for the inhaled
CO2 to reach the brain.

4.3 | Limitations

This study provides possible physiological explanations
for the discrepancies observed between BH- and CI-
related NIRS signals; however, several limitations exist.
First, the source-detector distance was about 3 cm, which
is commonly used in NIRS studies.23, 24 However, other
studies used longer source-detector distances (≥4 cm),
and were therefore less prone to signals from the
extracerebral layers. Consequently, these studies demon-
strated more robust and consistent NIRS results.20, 23, 25

Second, during the BH period, it was difficult to assess
PETCO2 changes (i.e. there was no exhaled breath to mea-
sure). Third, the NIRS probe was placed over the prefron-
tal region, which is a popular region of interest since

there is little-to-no hair. However, this study found that
hemodynamic responses under hypercapnia tasks are
highly spatial-specific. Thus, whole brain measurements
using NIRS channels may be required to capture region-
specific reactions to hypercapnia tasks. Finally, future
studies should incorporate measuring PETCO2 changes
that occur during the BH task. For example, previous
studies required subjects to perform a forced exhalation
at the end of each BH period – this could be incorporated
in future studies.38, 52

5 | CONCLUSION

In summary, the presented study, together with previous
studies, support the hypothesis that cerebral and
extracerebral reactivity to elevated PETCO2 are similar
when the increase of PETCO2 is gradual, and are different
when the increase of PETCO2 is sharp. Further, it demon-
strated that NIRS can be deployed as an alternative low-
cost, real-time, and non-invasive methodology for reliably
measuring the cerebrovascular reaction given the correct
vasoactive stress tests (e.g. long-ramped CI and BH task).
This would benefit a large population who require timely
(e.g. athletes) and/or on-site (e.g. infants or patients with
immobility) measurements of cerebral reactivity.
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