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Abstract: Homotopy reflects the intrinsic functional architecture of the brain through synchronized
spontaneous activity between corresponding bilateral regions, measured as voxel mirrored homotopic
connectivity (VMHC). Hypercapnia is known to have clear impact on brain hemodynamics through
vasodilation, but have unclear effect on neuronal activity. This study investigates the effect of hyper-
capnia on brain homotopy, achieved by breathing 5% carbon dioxide (CO,) gas mixture. A total of 14
healthy volunteers completed three resting state functional MRI (RS-fMRI) scans, the first and third
under normocapnia and the second under hypercapnia. VMHC measures were calculated as the corre-
lation between the BOLD signal of each voxel and its counterpart in the opposite hemisphere. Group
analysis was performed between the hypercapnic and normocapnic VMHC maps. VMHC showed a
diffused decrease in response to hypercapnia. Significant regional decreases in VMHC were observed
in all anatomical lobes, except for the occipital lobe, in the following functional hierarchical subdivi-
sions: the primary sensory-motor, unimodal, heteromodal, paralimbic, as well as in the following func-
tional networks: ventral attention, somatomotor, default frontoparietal, and dorsal attention. Our
observation that brain homotopy in RS-fMRI is affected by arterial CO, levels suggests that caution
should be used when comparing RS-fMRI data between healthy controls and patients with pulmonary
diseases and unusual respiratory patterns such as sleep apnea or chronic obstructive pulmonary dis-
ease. Hum Brain Mapp 36:3912-3921, 2015.  © 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Homotopy is a fundamental feature of the intrinsic func-
tional architecture of the human brain by describing the
interhemispheric symmetry and synchrony. In the resting
brain, not only is there highly synchronous activity in
immediately neighboring areas, but also between corre-
sponding regions in the left and right hemisphere, which
are geometrically and often functionally corresponding to
each other. This is essential for dynamic interhemispheric
communication and coordination for lower-order neuro-
logical processes, such as sensory inputs and motor out-
puts that require the automatic integration of information
[Fair et al., 2007]. Conversely, two sides of the brain differ
in certain specialized functions and roles, as higher order
systems that involve complex attention and cognitive proc-
esses are mostly lateralized [Zou et al., 2008] and do not
require highly synchronized activity between the two
hemispheres. This brain lateralization, or dominance, is
thought to be developed during childhood [Zuo et al.,
2010b] and several studies have shown asymmetric cere-
bral blood flow (CBF) during picture description, word
generation, or visuospatial tasks (i.e., high order cognitive
tasks) measured with functional magnetic resonance imag-
ing (fMRI) [Benson et al., 1999] or functional transcranial
Doppler ultrasound [Bulla-Hellwig et al., 1996; Rihs et al.,
1995; Schmidt et al., 1999]. These data may support the
theory that functional specialization of one hemisphere
may be related to the underlying development of asym-
metric human cerebral circulation as a result of adaptive
dynamic blood flow response to dominant functional
activity from one side of brain [Aaslid, 1987].

Recently, the degree of interhemispheric synchrony or
homotopy has been estimated with blood oxygenation
level dependent (BOLD) spontaneous activity during rest-
ing state fMRI (RS-fMRI) scans [Stark et al., 2008], using
the voxel mirrored homotopic connectivity (VMHC) mea-
sure, which quantifies the functional connectivity strength
between each voxel and its mirrored counterpart in the
opposite hemisphere. It has been suggested [Stark et al.,
2008] that the strength of VMHC may be related to the
extent of regional functional specialization. Previous stud-
ies [Zuo et al.,, 2010b] have found strong developmental
and age-related changes of VMHC predominantly in areas
supporting higher-order cognitive processes. The regional
differences which reflect the various degrees of lateraliza-
tion of function in the human brain correspond with the
region’s various developmental trajectories of homotopic
connectivity, strongly resembling the maturation pattern of
these structures [Zuo et al., 2010b]. VMHC has been used
to study the interhemispheric disturbance of functional
coordination [Wise et al., 2004; Zuo et al., 2010b] in several
neurological diseases [Kelly et al., 2011; Zhou et al., 2013].

Carbon dioxide (CO,) is a potent vasodilator which has
been known to cause CBF and BOLD signal changes, and
hypercapnia magnetic resonance imaging (MRI) has been
emerged as a new tool to estimate brain vascular health

[Lu et al., 2011, 2014; Marshall et al., 2014; Yezhuvath
et al., 2009]. The effect of mild hypercapnia (5% CO,) was
originally thought to affect the vasculature alone without
altering neuronal activity [Kety and Schmidt, 1948]. Even
though recent studies have shown a decrease in metabolic
activity, by cerebral metabolic rate of oxygen (CMRO,)
measurements, and a decrease in spontaneous activity in
the brain due to CO, induced hypercapnia [Xu et al., 2011;
Yuan et al., 2013], a debate still exists surrounding the pre-
cise effect of hypercapnia on metabolic activity [Chen and
Pike, 2010; Jain et al., 2011; Mark et al., 2011; Sicard and
Duong, 2005; Yablonskiy, 2011; Zappe et al.,, 2008]. The
exact mechanism of vascular and neuronal involvement
causing the hypercapnia related changes is still poorly
understood. Previous studies have also indicated that
small fluctuations in end-tidal CO, (EtCO,) occur during
normal breathing, due to changes in the depth and rate of
breaths, which are correlated with fluctuations in the
BOLD signal [Birn et al., 2006; Wise et al., 2004], and may
potentially influence RS-fMRI data analysis. Therefore, a
thorough understanding and characterization of these
changes are essential to better understand and compensate
for their effect due to naturally occurring physiological
respiratory (e.g.,, CO, changes) and cardiac (e.g., flow
changes) noise in BOLD and RS-fMRI studies. Although
there are a few studies [Biswal et al., 1997; Xu et al., 2011]
on CO; effects on functional connectivity, to date, no study
has inspected the CO, effects on brain functional homo-
topic connectivity with RS-fMRI.

The goal of the current study is to investigate the mild
hypercapnia effects on brain homotopy by measuring
voxel based VMHC changes as a result of well controlled
variation in arterial CO, levels monitored by EtCO, during
RS-fMRI scans. We will also demonstrate the homotopic
alterations of intrinsic interhemispheric networks that may
respond differently to elevated blood CO, levels.

MATERIALS AND METHODS
Participants

Fourteen healthy controls (8 male and 6 female,
27.6 = 6.4 years old) participated in this study after provid-
ing written consent. This protocol was approved by the
Institutional Review Board of the University of Texas
Southwestern Medical Center. Participants had no history
of neurological or psychiatric disease.

MRI Imaging

MRI data was acquired on a 3 Tesla MRI scanner (Phi-
lips Medical System, Best, The Netherlands). RS-fMRI
sequences were acquired with the following imaging
parameters: TR/TE=1,500/25 ms, FOV =220 X 220 mm?,
matrix = 64 X 64, number of slices =33, slice thickness =
3 mm, 200 measurements, total scan time =5 min. Three
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Figure I.

Averaged VMHC map at normocapnia (N = [4), with the color
bars showing the z-statistics of the measure. Surface rendering
in left lateral and mid-sagittal (top row), dorsal and ventral (mid-
dle row), anterior and posterior (bottom row) views visualized
by BrainNet Viewer (http://www.nitrc.org/bnv). [Color figure
can be viewed in the online issue, which is available at wileyonli-
nelibrary.com.]

such scans were completed, the first and third under a
normocapnia condition (breathing room air) and the sec-
ond under a hypercapnia condition (breathing a mixture
of 5% CO,, 21% O,, and 72% N,). Every time a change
was made in the breathing paradigm and the gas deliv-
ered to the patient was switched (between room air and
the 5% CO, mixture) a short 2 min time delay was imple-
mented to account for the time needed for the gas to reach
the mouthpiece through the breathing apparatus and for
EtCO, levels to stabilize. This time also allows for arterial
arrival time to the brain, which usually occurs within 15 s,
and BOLD signal stabilization, which occurs instantane-
ously with vascular changes. [Xu et al.,, 2011; Yezhuvath
et al., 2009]. The EtCO, is a measurement, which quantify-
ing the CO, content in the lungs, is typically at equilib-
rium with the arterial CO, partial pressure [Ibler et al.,
1992]. It was ensured that this level reached steady state
before scans were started, which was monitored and
recorded throughout the experiment on a capnograph
device (Capnogard, Model 1265, Novametrix Medical Sys-
tems, CT). The air was manipulated by a previously
described gas delivery system [Xu et al.,, 2011]. Subjects
were introduced to the breathing apparatus prior to the
scan, therefore, minimizing subject motion during the scan

due to unfamiliarity with the setup. Additionally, changes
in the delivered gas (whether room air or the 5% CO, mix-
ture) could be made without stopping the scan or moving
the subject, which also decreased the length of the study
and discomfort for the patient.

In addition to functional scans, a high resolution ana-
tomical T1-weighted image, with the following parameters:
shot interval 2,100 ms, TR/TE/TI=8.2/3.8/1,100 ms,
voxel size =1 mm isotropic was acquired for image co-
registration and segmentation.

Image Processing

RS-fMRI data were processed using the Configurable
Pipeline for the Analysis of Connectomes (http://fcp-indi.
github.com/C-PAC/) to generate the VMHC [Zuo et al,,
2010b] metric. Preprocessing steps included slice-timing
and motion correction (using the Friston 24-Parameter
Model [Friston et al., 1996]), nuisance signal regression
(including 6 motion parameters, CompCor signals [Ziyeh
et al., 2005], and linear and quadratic trend), and temporal
filtering of signal between 0.01 and 0.1 Hz [Gee et al,
2011; Schroeder and Lakatos, 2009; Zuo et al., 2010a]. As
subjects completed these scans while wearing the mouth-
piece, quality control was performed with extra attention
so that subjects with excessive motion or problems with
the mouthpiece or nose clip were excluded.

VMHC maps were generated by calculating the correla-
tion between each voxel and its counterpart on the oppo-
site hemisphere after registration to a symmetric template
brain [Zuo et al., 2010b]. After normalization to Montreal
Neurological Institute (MNI) 152 space, the correlation
coefficient at each voxel was Fisher z-transformed. For
group analysis, spatial smoothing using a 6 mm full-width
half-maximum Gaussian kernel was completed. The aver-
age normocapnic voxel based VMHC map generated can
be seen in Figure 1 as a surface rendering.

Regional analysis was completed by taking the average
VMHC measure across all voxels within regions defined
by the MNI structural atlas (frontal, parietal, temporal,
and occipital lobes, deep gray matter structures, the cere-
bellum, as well as the entire gray matter (GM), calculated
based on the standard GM map within the previously
listed regions), functional hierarchical subdivisions as
described in Mesulam [1998] (primary sensory-motor corti-
ces, unimodal association areas, heteromodal association
areas, paralimbic, limbic, and subcortical areas) and func-
tional networks as described by Yeo et al. [2011] (visual,
somatomotor, dorsal attention, ventral attention, limbic,
frontoparietal, and default). As the definition of the limbic
regions is not consistent, we refer to two different classifi-
cation schemes to describe the limbic network. In the hier-
archical classification, the hippocampus and amygdala are
included; in the functional classification only the cortical
areas which represent the functionally coupled regions of
the limbic network are included.
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Figure 2.

(A) Average VMHC maps showing Fisher Z-transformed correla-
tion, restricted to GM only, of the first normocapnic run (NClI),
the hypercapnic run (HC), and the second normocapnic run
(NC2). Enough time (at least 2 min) was given each time the deliv-
ered air was switched between normocapnia and hypercapnia, to
allow end tidal CO, to return to a steady state. A global decrease
in VMHC is seen under hypercapnia, which is restored to the orig-

Statistical Analysis

Average regional values of the first normocapnic (NC1)
and second normocapnic (NC2) scan and the hypercapnic
(HC) scan were compared using a paired Student’s t-test.
False discovery rate correction was applied to correct for
multiple comparisons.

Differences in the VMHC maps under the various condi-
tions were analyzed using a voxel by voxel pairwise com-
parison performed with a General Linear Model based
comparison using FSL/FEAT functions (FMRIB’s Software
Library, http://www.fmrib.ox.ac.uk/fsl) as built into the
C-PAC processing stream. Multiple comparison correction
was performed based on Gaussian random field theory
(minimum Z > 2.3, cluster level P < 0.05 corrected).

RESULTS

The average (+SD) EtCO, increased significantly from
the NC1 to the HC condition (40.15+2.63 to
4739 +2.74 mm Hg, NC1 vs. HC and NC2 vs. HC
P <0.01) and returned to the baseline level or lower for
the NC2 scan (38.68 + 3.07 mm Hg, NC1 vs. NC2 P <0.01).
The breathing rate and heart rate did not change signifi-
cantly during any of the three resting state scans. The
average breathing rate (breaths/min) during the NC1 and
NC2 scans were 13.4 = 3.5 and 13.4 + 2.9, respectively, and
during the hypercapnia scan was 11.0 =4.9 (NC1 vs. HC,
P=0.2). The average heart rate (beats/min) during the

inal magnitude in the final normocapnia run. The color bar shows
the limits of the Z-score values. (B) Significant group decrease
from NCI to HC shown as a result of a voxel by voxel pairwise
comparison of the Fisher’s Z-transformed VMHC maps, per-
formed in FSL/FEAT (minimum Z > 2.3; cluster level, P < 0.05, cor-
rected). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

NC1 and NC2 scan were 64.4*144 and 56.8+14.6,
respectively, and during the HC scan was 67.0 = 15.9 (NC1
vs. HC, P =0.08).

Visual inspection of the average maps (Fig. 2a) shows a
diffuse decrease in VMHC under HC compared with the
NC1 and NC2 conditions. The VMHC amplitude returns
to baseline in the NC2 condition, indicating that the effects
of hypercapnia are transient. The result of the voxel-by-
voxel comparison of the NC1 and HC VMHC maps can be
seen in Figure 2b. Only voxels that show a significant
decrease due to hypercapnia are displayed (corrected
P <0.05).

Average values of VMHC classified by anatomical
regions, functional hierarchy, and functional networks are
listed in Table I, with the P value showing the result of a
paired t-test corrected for multiple comparisons between
the values of the NC1 and the HC scan. A significant
decrease in VMHC is seen in all anatomical areas except
for the occipital lobe. There is a significant decrease in
global GM VMHC under HC versus the NC1 (0.41 + 0.06,
0.33 £0.09, P <0.001), which returns to the baseline level
during the NC2 (0.42 =0.06). Global GM VMHC values
are stable between the two normocapnic runs (P=04),
and so were all other anatomical regions. The percent
decrease in the averaged VMHC values from NCI1 to HC
is between 14 and 20% across regions which are statisti-
cally significant, but the extent of reduction is only about
3% in the occipital lobe. Twelve percent of the whole
brain GM voxels was found to show a significant decrease
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TABLE I. Regional comparison of average VMHC between the first normocapnia (NCI1) and hypercapnia

P value % of significantly
Region NC1 HC NC1 versus HC decreased in each region
Anatomical subdivisions Deep GM 0.47 = 0.08 0.38 =0.09 0.006* 19.80%
Frontal lobe 0.50 = 0.09 0.40+0.11 0.0007* 14.74%
Parietal lobe 0.67 = 0.13 0.58 +0.15 0.001* 13.28%
Whole brain GM 0.56 = 0.08 0.48+0.10 0.002* 12.00%
temporal lobe 0.39 =0.06 0.32+0.09 0.0003* 7.41%
Occipital lobe 0.75+0.12 0.73+0.15 0.3 0%
Functional network Ventral attention 0.52+0.11 0.38+0.12 <0.0001* 33.70%
subdivisions Somatomotor 0.61 £0.19 0.45+0.21 <0.0001* 33.39%
Default 0.56 = 0.07 0.47 +=0.11 0.002* 9.27%
Frontoparietal 0.46 = 0.10 0.38 +0.10 0.007* 4.58%
Dorsal attention 0.57 £0.14 0.51+0.15 0.03* 4.01%
Limbic 0.25 +0.06 0.22 +0.09 0.05 1.62%
Visual 0.7+0.11 0.67+=0.13 0.2 0%
Functional hierarchical Primary SM 0.68 =0.14 0.54*0.16 0.0001* 33.97%
subdivisions Paralimbic 0.49 = 0.06 0.39 +0.08 <0.0001* 18.14%
Unimodal 0.60 = 0.09 0.51+0.13 0.001* 12.56%
Subcortical 0.57 =0.09 0.52 +0.08 0.1 10.24%
Heteromodal 0.56 = 0.09 0.46 +0.12 0.002* 9.13%
Limbic 0.45 +0.08 0.40 = 0.06 0.1 7.20%

Note: Average voxel based VMHC values within the listed regions were compared between the fist normocapnic (NC1) and the HC
scan using a paired f-test (FDR corrected P < 0.05). Statistically significant comparisons are marked by *. Comparing the first and second
normocapnic scans, no regions showed a significant difference in VMHC. Additionally, the percent of each region is indicated, which
shows a significant decrease as a result of the voxel based group analysis (corrected P < 0.05 considered significant).

in VMHC as revealed by the voxel-wise group analysis.
Dividing them by regions, about 20% of the deep GM
structures, more than 10% of the frontal and parietal
lobes, about 8% of the temporal lobe, and none of the
occipital lobe voxels was found to show a significant effect
(Table I).

Similarly, average VMHC values within the functional
networks are listed (Table I) as well as displayed (Fig. 3).
The visual network is the only network which did not
show a significantly decreased VMHC value in response
to hypercapnia. The limbic network showed a significant
decrease during HC only when compared with NC2
(P =0.002), but not compared with NC1 and was the only
network to have a significant difference between the two
normocapnic VMHC values (P =0.03). The dorsal atten-
tion, frontoparietal, and default networks showed a signifi-
cant decrease of the NC1 VMHC value in response to
hypercapnia (corrected P <0.05) and none of these net-
works showed a significant change when comparing the
HC or NC1 values to the NC2 values. The percent
decrease in VMHC measure from NCI1 to HC is greater
than 20% in the ventral attention and somatomotor net-
works, which also had the greatest percentage of the
region significant in the voxel based analysis (>30% of
GM). Furthermore, the default, frontoparietal, dorsal atten-
tion, and limbic networks had a greater than 10% VMHC
decrease due to hypercapnia, but under 10% of the net-
work’s areas was significant in the voxel based group
analysis (Table I).

Within the functional hierarchical subdivisions, average
VMHC values are listed (Table I) as well as displayed
(Fig. 4). The primary sensory-motor, unimodal, heteromo-
dal, and paralimbic subdivisions show significantly
decreased VMHC under the HC condition when com-
pared with both NC1 and NC2 (corrected P <0.05). The
limbic and subcortical subdivisions only show signifi-
cantly decreased VMHC under HC when compared with
NC2, not to NC1 (corrected P < 0.05). None of the subdivi-
sions show a significant difference between the average
NC1 and NC2 values. The percent decrease in VMHC
measure from NC1 to HC is about 20% in the primary
somatomotor and paralimbic regions, greater than 10% in
the unimodal and heteromodal regions, and less than 10%
in the subcortical and limbic regions. About 34% of the
primary somato-motor regions’s area was found signifi-
cant using voxel based group analysis, but only greater
than 10% of the paralimbic, unimodal, and subcortical
regions, and just under 10% of the heteromodal and lim-
bic regions (Table I).

DISCUSSION

Although RS-fMRI has rapidly emerged as a powerful
noninvasive technique for studying brain functional net-
works, few studies have investigated the hemodynamic
and physiologic basis of function connectivity between
given homologous brain regions. The underlying mecha-
nism of the BOLD signal is still debated, but CBF studies
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Figure 3.

(A\) Functional network classification as described by Yeo et al [2011]:
visual (green), somatomotor (light blue), dorsal attention (yellow), ven-
tral attention (magenta), limbic (gold), frontoparietal (dark blue), and
default (red). (B) Comparison of average VMHC Fisher Z-transformed
values during the first normocapnic (NCI), HC and second normo-
capnic (NC2) scans, calculated as the average of the voxel based map

of neurovascular coupling suggest that there is physiologi-
cal significance of the RS-fMRI measures [Mark et al,
2015]. Our results demonstrate that there is a varied
degree of decreased brain homotopy during mild hyper-

Functional
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classifications

W NC1
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007
§0.6
N 0.5
004
03
>0.2
0.1

(A)

within each region. Error bars show standard deviation. Significance
calculated based on a paired t-test between each normocapnic and the
HC scan (FDR corrected P < 0.05). There was no significant difference
between the NCI and NC2 values, except for the limbic network
(P=0.03). *P < 0.05, *P < 0.01, ¥**P < 0.001. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

capnia and such decrease is recovered shortly after these
subjects return to breathing room air. RS-fMRI connectivity
analysis is based on blood flow mediated BOLD signal
fluctuations. This allows connectivity measures to be

[JHC m NC2

Figure 4.

(A) Functional hierarchical classification as identified by Mesulam
[1998]: primary somato-motor (red), unimodal (blue), heteromodal
(light green), paralimbic (yellow), limbic (green, not shown in figure),
and subcortical (magenta). (B) Comparison of average VMHC Fisher
Z-transformed values during the first normocapnic (NCI), HC and
second normocapnic (NC2) scans, calculated as the average of the

voxel based map within each region. Error bars show standard devia-
tion. Significance calculated based on a paired t-test between each
normocapnic and the HC scan (FDR corrected P < 0.05). There was
no significant difference between the NCI and NC2 values.
*P < 0.05, ¥*P < 0.01, ¥*P < 0.001. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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impacted by the CO, challenge, which is known to cause
significant increase in CBF [Kim et al., 1999] during mild
hypercapnia (5% CO, mixture). Studies seeking to deter-
mine these effects will help better interpret RS-fMRI data
and show the importance of BOLD signal variation in sub-
jects with irregular breathing patterns such as breath hold
[Biswal et al., 2007] or in patients with comorbid condition
from various respiratory diseases.

Our results are consistent with previous reports, albeit
few [Biswal et al., 1997; Xu et al., 2011], in which elevated
arterial CO, is shown to decrease brain functional connec-
tivity. Early work by Biswal et al. [1997] showed a sub-
stantial increase of magnitude of the BOLD signal at the
higher physiological frequency (ie., >0.1 Hz), but a
decrease at lower frequencies (<0.08 Hz) across all sub-
jects and motor cortex voxels, suggesting mild CO, can
reversibly suppresses low-frequency fluctuations. A recent
study by Xu et al. [2011] found that hypercapnia reduced
functional connectivity measurements including network
cluster volume, cross-correlation coefficient, and ampli-
tude of the functional connectivity MRI signal in the
default-mode network, which is a commonly described
resting state network. The exact mechanism of such
changes is still not fully understood, but may relate to the
mixed hypercapnia effect on both blood flow (i.e., oxygen
supply) and neural activity. Previous studies performed at
3T showed that CO,, a vasodilator, can cause about 40-
55% increase in CBF [Kim et al., 1999; Xu et al., 2011]
about 13% decrease in metabolic rate [Xu et al., 2011], as
measured by CMRO,, and about 3% BOLD signal inten-
sity increases [Yezhuvath et al., 2009]. Also, there is evi-
dence that CO, has a dose dependent effect on CMRO,,
showing a correlation between neuronal activity decrease
and arterial CO, level increase [Xu et al., 2011]. These fac-
tors have the potential to alter the level of interhemi-
spheric synchronous activity, which we currently estimate
by VMHC.

VMHC is a voxel-based method which estimates the
degree of synchrony between geometrically corresponding
interhemispheric mirrored voxels by evaluation of the
strength of their functional connectivity [Zuo et al., 2010b].
Although homotopy is an intrinsic and fundamental fea-
ture of brain’s functional architecture, the strength of this
interhemispheric functional synchrony varies across brain
regions due to developmental lateralization from the learn-
ing process as well as learning ability. Consistent with pre-
vious literature [Stark et al., 2008], we also found strongest
homotopy within visual, motor and somatosensory cortex
and relatively weaker in prefrontal and temporoparietal
association areas. These weaker regions are known for
increased functional lateralization related to high-order
cognitions such as language, attention, and memory
[Jones-Gotman, 1986; Kimura and Archibald, 1974]. In RS-
fMRI, BOLD signal fluctuations are associated with
regional blood flow fluctuations together with the changes
of blood oxygenation and baseline neuronal activity. One

possible explanation for the spatially varied effect of
hypercapnia on VMHC is that the bilateral and corre-
sponding synchronous regions may have different micro-
vascular networks that are formed asymmetrically during
developmental lateralization. During various task-induced
neural activities, previous studies have shown hemispheric
asymmetry of arterial blood flow or flow velocity
measured with fMRI [Benson et al., 1999] or transcranial
Doppler sonography [Bulla-Hellwig et al., 1996, Haag
et al., 2010; Schmidt et al., 1999]. Uneven changes in the
neuronal activities which lead to asynchronous BOLD sig-
nal fluctuations may contribute to different amounts of
arterial flow reaching homotopic areas. This reflects that
areas will experience a larger amount of homotopic dis-
ruption due to increased arterial CO, levels if their under-
lying regional vascular distribution is more dominant on
one side, as seen in the strong effect of hypercapnia on the
ventral attention network. Similarly, the motor network
shows a strong disruption in VMHC due to increased arte-
rial CO, levels, which may be attributed to asymmetric
blood flow due to dominant side of brain (i.e., handed-
ness) [Gur et al., 1982].

Although the effects of increased arterial CO, will cause
a global effect, it is difficult to have such fine control over
individual arteries to ensure precisely the same amount of
increased blood flow throughout the brain. Therefore,
imbalanced blood delivery to corresponding bilateral
regions may lead to imbalanced arterial CO, levels, caus-
ing a decrease in synchronous activity. Although the pri-
mary visual cortex has higher VMHC than areas such as
the primary motor cortex, it behaves differently in that we
did not observe significant changes during hypercapnia.
This finding merits more research to identify the underly-
ing causes of regional variation, but one suggestion is that
it may be due to the vascular differences of the visual cor-
tex, such as vascular density or vascular development. It
has been shown that regional differences in neurovascular
coupling do exist, measured as the relationship between
CMRO; and CBF between the primary visual and primary
motor cortex [Chiarelli et al., 2007], and are likely due to
varied developmental and maturation patterns of these
areas as well as their corresponding vascular architecture
characteristics. For example, previous studies [Zuo et al.,
2010b] show that the occipital lobe has a higher inflection
age of homotopic connectivity than the other anatomical
lobes. Also, it was shown that the heteromodal areas have
the lowest inflection age, while unimodal is higher, and
primary somato-motor is even higher. Language process-
ing, a well-documented lateralized function, has also been
shown to have increased CBF velocity in adolescents ver-
sus children in the left, but not the right hemisphere,
showing the development of vasculature (i.e., vessel den-
sity) in agreement with regional functional differences
[Haag et al., 2010]. In an attempt to better understand the
involvement of structural and vascular development in
the measured BOLD signal, advanced optical imaging
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techniques can be used to characterize the underlying
development and organization of the brain [Wu et al,
2013]. Also of interest is the behavior of the limbic system
in response to hypercapnia, as there is no significant dif-
ference between NC1 and HC, but there is between HC
and NC2. This may be due to the fact that most brain
structures in the limbic system are heterotopic and have
relatively low VMHC values [Zuo et al., 2010b]. In addi-
tion, the definition of limbic regions in the hierarchical
and functional classifications is not consistent. Therefore,
these relatively inconsistent HC results of the limbic sys-
tem should be studied more carefully in the future using
a more robust and well-defined network template.

Our findings may have important implications in inter-
preting RS-fMRI data. Fluctuations in arterial blood CO,
can occur during normal breathing due to changes in
breathing depth and rate, at a frequency of about 0.3 Hz
of the respiratory signal. [Birn et al., 2006; Robbins et al.,
1990; Wise et al., 2004]. These changes can influence CBF,
and thus the amount of oxygen available to the tissue,
which may in turn change the amount of BOLD response,
as 8-9% of the BOLD signal’s fluctuations can be attrib-
uted to CO, level changes [Wise et al., 2004]. Our findings
may also help to identify the need and importance to cor-
rect physiological noise in patients with comorbid respira-
tory diseases that can lead to increased arterial CO, level.
For proper analysis, the effects of the arterial CO, levels
on the BOLD signal must be properly separated from the
basic neural signal fluctuations. This separation, however,
merits more research. Previous studies [Lund et al., 2006;
Van Dijk et al., 2010; Windischberger et al.,, 2002] have
investigated how to remove physiological variation from
the BOLD signal. One method often used is to regress out
the average signal within the ventricles and the white mat-
ter, as these regions contain relatively high proportion of
noise caused by the cardiac and respiratory cycles.
Another approach has been global signal regression at
every voxel, as it is assumed that physiological noise will
cause the same pattern of activation across all voxels in
the brain [Macey et al., 2004]. However, this method of
correction is still under debate [Hyder and Rothman,
2010].

To further test the hypercapnia influence and its remain-
ing effect, we also performed the second room-air breath-
ing scan shortly after the hyperpercapnia scan (waiting
about 2 min to allow EtCO, to return to baseline). We
found that changes in VMHC due to the hypercapnia chal-
lenge recovered prior to this normocapnic follow up scan,
indicating that the decreased in synchronized activity is
transient and directly dependent on arterial CO, levels. By
showing the transient property of increased arterial CO,
levels, the effects on the fMRI BOLD signal can be
removed based on recorded physiological parameters
without lingering effects, as the BOLD signal fluctuations
follow EtCO, fluctuations on a second to second time-
frame. Although the breath-by-breath effects of varying

arterial CO, levels were not tested in the current study,
these short term vascular effects are also evident in studies
where cerebrovascular reactivity is measured by analyzing
the changes in the BOLD signal amplitude in response to
variation in the arterial CO, concentration levels [Yezhu-
vath et al., 2009]. Our study describes effects of increased
arterial CO, in a highly controlled breathing paradigm,
which suggests that naturally occurring level variations
may be corrected.

Limitations of this study include the lack of CBF data.
This additional data would help identify changes in the
left and right vasculature of these subjects, and would
help explain the differential regional effects of hypercap-
nia. However, this is outside of the scope of the current
study and a thorough investigation of blood flow changes
in response to increased arterial CO,, would be a very use-
ful study in the future, to assist functional MRI analysis
methodology.
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