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Abstract

Perivascular spaces (PVSs) are fluid-filled spaces surrounding penetrating blood vessels in the
brain and are an integral pathway of the glymphatic system. A PVS and the enclosed blood vessel
are commonly visualized as a single vessel-like complex (denoted as PVSV) in high-resolution
MRI images. Quantitative characterization of the PVSV morphology in MRI images in healthy
subjects may serve as a reference for detecting disease related PVS and/or blood vessel alterations
in patients with brain diseases.

To this end, we evaluated the age dependences, spatial heterogeneities, and dynamic properties of
PVSV morphological features in 45 healthy subjects (21-55 years old), using an ultra-high-
resolution three-dimensional transverse relaxation time weighted MRI sequence (0.41 x 0.41 x 0.4
mm?3) at 7T. Quantitative PVSV parameters, including apparent diameter, count, volume fraction
(VF), and relative contrast to noise ratio (rCNR) were calculated in the white matter and
subcortical structures. Dynamic changes were induced by carbogen breathing which are known to
induce vasodilation and increase the blood oxygenation level in the brain.

PVSV count and VF significantly increased with age in basal ganglia (BG), so did rCNR in BG,
midbrain, and white matter (WM). Apparent PVSV diameter also showed a positive association
with age in the three brain regions, although it did not reach statistical significance. The PVSV VF
and count showed large inter-subject variations, with coefficients of variation ranging from 0.17 to
0.74 after regressing out age and gender effects. Both apparent diameter and VVF exhibited
significant spatial heterogeneity, which cannot be explained solely by radio-frequency field
inhomogeneities. Carbogen breathing significantly increased VF in BG and WM, and rCNR in
thalamus, BG, and WM compared to air breathing.
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Our results are consistent with gradual dilation of PVSs with age in healthy adults. The PVSV
morphology exhibited spatial heterogeneity and large inter-subject variations and changed during
carbogen breathing compared to air breathing.
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1. Introduction

Perivascular spaces (PVSs) are fluid-filled spaces surrounding penetrating arteries (PAs) or
veins (Zhang et al., 1990). They are an essential pathway of the brain’s glymphatic system
which plays an important role in clearing metabolic wastes from the brain (Iliff et al., 2012;
Rasmussen et al., 2018). Increased number of MRI-visible PVSs has been widely reported in
patients compared to healthy controls, including those with Alzheimer’s disease (Boespflug
et al., 2018b; Cai et al., 2015; Chen et al., 2011; Hansen et al., 2015), multiple sclerosis
(Kilsdonk et al., 2015; Wuerfel et al., 2008), traumatic brain injury (TBI) (Inglese et al.,
2005), small vessel disease (SVD) (Doubal et al., 2010; Duperron et al., 2018; Zhu et al.,
2010), stroke (Park et al., 2019a), and sleep disturbance (Opel et al., 2019; Song et al.,
2017), suggesting that the diseased conditions can lead to enlargement of PVSs. In addition
to association with current diseases, higher numbers of PVVSs were also associated with
increased r7sks of future SVD (Ding et al., 2017), stroke (Duperron et al., 2019; Gutierrez et
al., 2017), recurrence of transient ischemic attack (Lau et al.,2017), cognitive decline (Ding
etal., 2017; Park et al., 2019b), and development of subdural fluid accumulation in mild TBI
patients (Koo et al., 2019), suggesting that PVS imaging may have potential prognostic
values.

Many possible mechanisms have been proposed to explain PVS enlargement, including
neuroinflammation (Aribisala et al., 2014; Wuerfel et al., 2008), brain atrophy (Awad et al.,
1986; Heier et al., 1989), blood brain barrier (BBB) leakage (Benhaiem-Sigaux et al., 1987;
Poairier et al., 1983), blockage of fluid drainage from the PVS (Derouesné et al., 1987;
Homeyeret al., 1996; Pollock et al., 1997), and coiling of PAs (Brown et al., 2002; Hughes,
1965).

Because of the limited spatial resolution of MRI, PVSs and enclosed bloodvessels (typical
diameter < 100 um (Adachietal., 1998)) cannot be resolved in most cases and appear as
single vessel like structures in MRI images. Therefore, we will refer to such structures as
PVS/blood Vessel complexes (PVSVs) throughout the paper. The distinction between PVS
and PVSV becomes more important at higher spatial resolution, as higher spatial resolution
allows visualization of smaller PVSVs in which the PVS contribution to the MR signal of
the PVSVs decreases.

In addition to associations with diseases, increased number of MR-visible PVSVs with
increasing age has also been reported in healthy participants (Feldman et al., 2018; Inglese
et al., 2005; Wuerfel et al., 2008). One plausible explanation for the increased incidents of
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visible P\VSVs may be normal aging related processes affecting the whole brain. However,
some other recent studies reported no age-related changes in elderly healthy subjects using
3T and 7T high-resolution MRI (voxel size <1 x 1 x 1 mm3) (Boespflug et al., 2018a;
Bouvy et al., 2016), suggesting that the dilation of PVSVs may only occur in a small
fraction of PVSVs and thus reflect potentially pathological processes in local brain regions.
Therefore, further studies are needed to further clarify the age dependence of the PVVSVs.

Leveraging the increased signal to noise ratio at 7T, we have previously demonstrated that
large numbers (~500) of PVSVs can be visualized in young healthy subjects using ultra-
high-resolution transverse relaxation time (T») weighted (Tow) MRI (Zong et al., 2016).
Furthermore, we have developed a deep learning based segmentation method to facilitate
automatic delineation of the PVVSVs (Lian et al., 2018), allowing more detailed and
quantitative characterization of their morphological features. In this study, we report detailed
characterization of PVSV morphology in 37 neurologically normal subjects aged between
21 and 55 years using the above-mentioned sequence and image analysis method. We
hypothesize that the increased spatial resolution and the quantitative approach will provide
more statistical power for detecting age related changes in these subjects.

Earlier studies have only focused on PVSV alterations under chronical conditions.
Therefore, it remains unclear whether the PVSV morphology varies with acute changes in
physiological condition, such as sleep vs wakefulness and different breathing gases. To
investigate acute PVSV morphology changes, we carried out MRI scans under both air and
carbogen breathing conditions, the latter is known to induce robust flow and oxygenation
increases in the blood (Liu et al., 2019). Furthermore, the oxygenation in the PVS fluid may
also increase because of diffusion of dissolved oxygen into the PVS and subarachnoid space
(Mehemed et al., 2014; Zaharchuk et al., 2005). Based on the known effects of the
oxygenation on longitudinal relaxation time (T1) and T, (Grgac et al., 2013; Li and van Zijl,
2020), we hypothesize that these changes will result in increased PVSV signal under our
experimental condition and potentially lead to the detection of more PVVSV voxels compared
to air breathing.

Materials and methods

2.1. Subjects

This study was approved by the institutional review board of the University of North
Carolina at Chapel Hill. The inclusion criteria were as follows: (a) no history of
hypertension or diabetes mellitus, (b) no history of cerebrovascular diseases, (c) age between
21 and 55 years old, and (d) not pregnant or breast-feeding. A total of 46 volunteers (35
females) who met the above inclusion criteria were recruited. Informed consents were
obtained from all subjects prior to scanning. All acquired Tow images were evaluated for the
presence of white matter (WM) hyperintensities (WMH) and subjects excluded if WMH
were found.
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2.2. Data acquisition

All images were acquired using a 7T MRI scanner (Siemens Healthi- neer, Erlangen,
Germany) equipped with a Nova 32-channel receiver and 8-channel transmitter head coil
(Nova Medical, Wilmington, MA, USA). No radio frequency magnetic field (B1) shimming
was performed. The amplitude scales of all the transmitter channels were set to one and their
phase offsets were determined by the manufacture’s automatic process which assessed the
RF phases relative to one receiver channel.

A 3D variable flip angle turbo spin echo (TSE) sequence was used to image PVSVs (Busse
et al., 2006; Zong et al., 2016). The sequence parameters were as follows: TR/TE =
3000/326 ms, partial Fourier factor = 0.79 and 0.625 along the phase encoding and partition
encoding directions, respectively, GRAPPA factor = 3 along phase encoding direction, the
ratio of pseudo-steady state to thermal equilibrium magnetizations = 0.45 and T1/T» =
3500/600 ms for calculating variable flip angles, FOV = 210 x 210 x 99.2 mm3, matrix size
=512 x 512 x 248, voxel size = 0.41 x 0.41 x 0.4 mm3, scan time = 8:03 min. The echo
spacing was 3.74 ms and the echo train had 187 echoes with all ky = 0 lines acquired at the
87th echo. Note that the TR was shorter than previously (Zong et al., 2016) used (TR =55)
to shorten the scan time and the TE was in the range of 204-473 ms where the contrast was
found to be = 90% of the peak contrast in simulation.

Since older subjects could be more prone to head motion, leading to experimental confounds
for evaluating PVSV age effects (Savalia et al., 2017), 3D fat navigator images (Gallichan et
al., 2016) were acquired within each TR to monitor head motion. The navigator images had
a voxel size = 2.2 x 2.2 x 2.2 mm3 and were acquired during the idle period of the TSE
sequence. The RF frequency was centered at 3.4 ppm up-field from water. The sequence
parameters were: TR/TE = 3.1/1.5 ms, flip angle = 7°, GRAPPA factors = 4 x 4, FOV = 220
x 220 x 180 mm3, matrix size = 100 x 100 x 82, voxel size = 2.2 x 2.2 x 2.2 mm3, partial
Fourier factor = 0.75 along both the phase and partition encoding directions. In addition, a
transmitter By (B4 1) mapping sequence based on a slice-selective pre-saturation pulse
followed by gradient echo readout was performed for studying the potential effect of By
inhomogeneity on the measured PVSV spatial distribution. By ; maps were calculated based
on the intensity ratio between images acquired with and without the pre-saturation pulses,
respectively. The sequence parameters were: TE = 1.89 ms, TR =8 s, voxel size =3.1 x 3.1
mm?, slice thickness = 5 mm, gap between slices = 5 mm, and matrix size = 64 x 64 x 16.

Prior to imaging, subjects were outfitted with a Hudson RCI Medium Concentration-
Elongated adult face mask (CNA Medical, Royse City, TX, USA). The TSE scan was first
performed while a subject was breathing medical air delivered through the mask. Upon
completion of the first scan, the breathing gas was then switched to carbogen (95% of O,
and 5% of CO,, Airgas, Radnor, PA, USA) at a flow rate of 20 L/min. The scan was
repeated starting at 1.5 min after the gas switch.

2.3. Data analysis

2.3.1. Head motion parameters—The series of navigator images in each subject were
registered to the first image in the same series using the 3dvolreg tool in AFNI (Cox, 1996).
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Motion ranges, defined as the differences of the maximum and minimum values of the six
rigid-body motion parameters, were calculated. The rotational and translational motion
ranges were then combined by root mean square to obtain the total rotational (Mg) and
translational motions (M), respectively. Mg and Mt were used as measures of the rotational
and translational motions.

2.3.2. Regions of interest (ROIs)—To evaluate the age and breathing gas effects on
PVSV morphology, we defined 4 ROIs including the thalamus, basal ganglia (BG),
midbrain, and WM in the subject image space. Thalamus, BG, and midbrain were defined
based on ROIs defined in the JHU-Eve atlas (Oishi et al., 2008). BG included the caudate
nucleus, putamen, and globus pallidus, and midbrain included the midbrain and red nucleus.
The WM probability map from the MNIICBM 152 nonlinear atlas was employed to define
the WM ROI (Fonov et al., 2011). To register ROIs and probability maps to the subject
image space, Tow images from the atlases were first registered to each subject’s Tow image
using Advanced Normalization Tools (ANTS) (Avants et al., 2011). Before the registration,
the subjects’ images were downsampled by a factor of 2 by skipping every other voxel in all
three dimensions to reduce computation time. Skulls were then removed from the
downsampled images and the atlas images using the BET tool in FSL (Smith, 2002). The
deformation fields from ANTs were applied to transform the ROIs and probability maps
from atlases to the downsampled T,w images, followed by upsampling by a factor of 2 to
match the resolution of the original T,w images. The WM ROIs were defined as voxels with
WM probability>0.9. Voxels in the WM ROI that overlapped with the other three ROIs were
excluded, which was only 0.38 + 0.04% of the total WM voxels.

Furthermore, to study the spatial heterogeneity of the PVSV morphology within WM and
the spatial relationships between PVSV morphology and arterial territories, four ROIs were
defined within the WM according to the territories of the anterior, middle, and posterior
cerebral arteries (ACA, MCA, and PCA). First, we adopted the territories defined in (Kim et
al., 2019), which was defined on the MNI brain template based on 1160 large artery infarcts.
The territory ROIs were derived from Fig. 3 of (Kim et al., 2019) by extracting the colored
brain regions. We included all colored voxels with a confidence interval >50%. The images
were digitized to a matrix size of 215 x 155 x 12 and voxel size of 1.05 x 1.05 x 6. Since no
scale bar was provided in the images, the in-plane voxel size was determined by visually
matching the mask with the MNI template T, weighted image. The extracted ROIs were
modified by removing holes and isolated clusters with less than 20 voxels in each slice. The
resulting territory ROIs were resampled to the same voxel size (1 x 1 x 1 mm3) as the MNI
template image using the 3dresmple tool in AFNI (Cox, 1996). Finally, the watershed (WS)
ROI was defined as voxels that belonged to two or all territories. The three territory ROIs
were then modified by excluding WS voxels.

The territories defined in (Kim et al., 2019) did not include the inferior and superior parts of
the brain. Therefore, a second territory map (Mutsaerts et al., 2015) was adopted to assign
voxels not included in (Kim et al., 2019). The map was defined in the same atlas space based
on arterial transit times (Mutsaerts et al., 2015). The authors kindly provided the digital
mask file. Although ROIs were defined over the whole cerebrum in (Mutsaerts et al., 2015),
due to the low ASL signal in WM, they did not cover all WM voxels. Therefore, they were
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used only to define the ACA, MCA, and PCA territories in slices that were not included in
(Kim et al., 2019). Fig. 1 shows the combined territories from the two studies overlaid on the
MNI template T1-weighted image. The combined territories were registered onto the subject
image space using ANTS, following the same procedure as described above. Then, voxels
from the ACA, MCA, PCA, and WS territories that overlapped with the WM ROI were
labelled as WM-ACA, WM-MCA, WM-PCA, and WM-WS, respectively. Only 6.3 + 0.3%
of the WM voxels lied outside the WM-ACA, WM-MCA, and WM-PCA, and WM-WS
ROls.

2.3.3. PVSV morphological parameters—We employed a fully convoluted neural
network (Lian et al., 2018) to delineate PVSV masks. The masks were visually inspected by
a radiologist (K. Y.) and false PVSV voxels were manually removed. PVSVs were defined
as spatially connected clusters in the edited masks that had more than one voxel. A PVSV
path was defined for each PVSV cluster and diameter was calculated for each voxel in the
PVSV path (VoP). To define the path, Euclidean distances among all pairs of voxels within a
PVSV cluster were calculated and the pair with the longest distance were identified. Then
the PVSV path was defined as the shortest path connecting the identified voxel pair by
travelling across the PVVSV voxels, using the graphshortestpath function in MATLAB
(Mathworks, Natick, MA, USA). Next, we calculated an apparent diameter (Dy,p) for each
VoP based on the number of voxels (Ahearest) in the PVSV that were closer to that VoP than
to any other VoPs:

Dyop = 2\/Nnearest X Vyoxel/ (I7), (@)

where /was the mean distance to its neighboring VOP(S), and V,,oxe Was the volume of a
single voxel. If a PVS voxel had equal closest distances to two VoPs, it would add 0.5 to
Nnearest t0 €ach of the two VoPs.

ROIl-averaged apparent PVSV diameter, volume fraction (VF), count, and relative contrast to
noise ratio (rCNR) were calculated to study the spatial, age, and breathing gas dependences
of PVSV morphology. Mean diameter was calculated by averaging Dy,p over all VoPs in an
ROI. VF was calculated as the number of PVSV voxels in an ROI divided by the total
number of ROI voxels. PVSV count was defined as the number of PVSV clusters that
intersected with an ROI. PVVSVs that intersected with more than one ROl were assigned to
the ROI that contained the most voxels from such PVSVs. rCNR was calculated as the mean
contrast between the PVVSVs and surrounding tissue divided by the mean image intensity in a
background ROI, where the surrounding tissue was defined as the new voxels added when
dilating the PVSV mask by one voxel in all three dimensions and the background ROI was
drawn as a 15.6 x 15.6 x 15.6 mm? cube outside skull at the corner of the field of view. To
study the spatial dependence, the ROI-averaged results were calculated in seven ROISs,
including thalamus, BG, midbrain, WM-ACA, WM-MCA, WM-PCA, and WM-WS. To
study the age and breathing gas dependences, only four ROIs were used by replacing the
four WM ROIs with a single WM ROI as defined above to improve statistical power. Only
images acquired under air breathing were used for studying the spatial and age dependences.
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To further evaluate the spatial heterogeneity of PVSV distribution, we calculated a group-
averaged VF map in the MNI template space. Only images acquired under the air-breathing
condition were used for the calculation. VVF was first calculated for each voxel in the subject
image space by calculating the fraction of PVSV voxels ina 6 x 6 x 6 cube centered at the
voxel. The resulting VF maps were then downsampled by a factor of 2 and transformed to
the MNI template space using the inverse deformation fields generated during the above
ANTSs registration. The transformed maps were then averaged across subjects to obtain the
final VF map.

2.3.4. Bj;and Tow image intensities—To evaluate the potential effects of B;
inhomogeneities on PVSV morphology, we calculated ROl-averaged B1; and Tow image
intensities during air breathing. While B4 only measures B, field of the transmitter coils,
Tow image intensity reflects the combined effects of B1; and receiver coil sensitivities.
Before calculating ROI averaged results, the B1t maps obtained from the B; mapping
sequence were normalized by the calibrated nominal B4; values and resampled to the same
voxel and matrix sizes as the Tow images, using the 3dresample program in AFNI. A group
averaged Bt map was generated by warping the resampled B4t maps onto the MNI template
following the same procedure for warping VF maps and averaging the resulting maps over
all subjects. To study the potential B4 contributions to VF heterogeneity within WM, we
defined two circular ROIs centered on WM regions with high and low VFs (thus referred to
as ROIpjgn and ROl|oy) on the 101th slice in the MNI atlas and compared the mean Vs, By
and Tow image intensities between these two ROIs.

2.3.5. Statistical analyses—To study the age dependence of motion, we calculated the
Spearman’s correlation coefficients between Mg and Mt and age. Furthermore, we
performed Wilcoxon’s rank sum tests to compare the motion parameters between male and
female participants, and between the air and carbogen breathing conditions. False discovery
rate (FDR) correction was used to adjust for multiple comparisons for different motion
parameters and gender or gas types. Throughout the paper, corrected p values < 0.05 are
considered statistically significant.

To evaluate the age and gender effects on PVSV parameters, linear regression analyses were
carried out for the mean diameter, count, VF, rCNR, and ROI volume in the BG, thalamus,
midbrain, and WM ROIs with age and gender (male = 1 and female = 0) as independent
variables. FDR correction was used to adjust for multiple comparisons in the 4 ROls. To
quantify the degree of inter-subject variations in the PVSV parameters that were
independent of age and gender, the residual variance of regression analysis was normalized
by the group mean of the corresponding parameter to derive the residual coefficient of
variation (COV).

To study the spatial heterogeneities of P\VSV parameters and B fields, Welch’ s ANOVA
tests were performed to compare the mean diameters, counts, VFs, rCNRs, By;, and image
intensities in the seven ROIs. For tests that revealed significant differences, post-hoc Games-
Howell tests were performed to identify ROI pairs that exhibited significant differences after
correcting for multiple comparison with FDR. Furthermore, Wil- coxon’s signed rank tests
were performed to compare the VFs, By, and image intensities in ROlpjg and ROl gy
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To study the effects of breathing gas, only subjects who underwent both the air and carbogen
scans were included in the analysis. Wilcoxon’s signed rank tests were performed to
compare the mean diameters, VFs, counts, and rCNRs under the air and carbogen breathing
conditions in BG, thalamus, midbrain, and WM. FDR corrections were performed to correct
for multiple comparisons in the four ROIs.

2.4. Simulation

To better understand the effects of carbogen breathing on PVVSV morphology, simulations
were carried out to compare the signal intensities between the two gas breathing conditions.
Carbogen can have several effects on the observed PVSV signal. First, carbon dioxide is a
known vasodilator which increases blood flow to brain tissue (Brian, 1998), leading to
higher oxygenation fraction of hemoglobin (Y) in penetrating venules and longer venous
blood T,. Second, the high O, content in carbogen will increase the partial pressure of
dissolved oxygen in arterial blood and PVSs, which leads to shorter T, in both the PA and
PV'S compartments because of the paramagnetic property of dissolved oxygen (Grgac et al.,
2013; Tripathi et al., 1984). Oxygen can enter the PVS from the PAs by diffusion and from
the subarachnoid space by inflow of the cerebral spinal fluid (CSF), as increased pO> in the
CSF during 100% O, breathing has been reported in earlier studies (Anzai et al., 2004;
Mehemed et al., 2014; Zaharchuk et al., 2005).

In our simulation, we assumed Y to be 0.65 in penetrating venules under air breathing and to
increase by 0.1 during carbogen breathing (An et al., 2012). pO, was assumed to be 114
mmHg and 312 mmHg during air and carbogen breathing, respectively (Anzai et al., 2004).
The Severinghaus’ human blood O dissociation curve was used to calculate pO, in venules
and Y in PAs (Severinghaus, 1979). In a previous study, the pO, in CSF was increased by
124 mmHg in cortical sulci. However, no pO, change was observed in the lateral and third
ventricles, suggesting potential partial volume effects from cortical veins (Zaharchuk et al.,
2005). Therefore, we assumed a pO2 increase of 62 mmHg (half of 124 mmHg) during
carbogen breathing in PVSs. Although this value may not match the true pO, change, it will
allow us to evaluate the directionality of the MRI intensity change.

We assumed hematocrit fraction (Hct) to be 0.42. Based on known Hct, pO2, and Y, we
calculated blood T, (in s) as (Grgac et al., 2013)

Til = fory)[0.722 +0.265(1 = Y)] + [0.321 + r(pOs3 — 8DI(1 = fory), )

where the first and second terms on the right are the contributions from the erythrocytes and
plasma, respectively, 7= 1.9 x 1074 s™/mmHg is the relaxivity of dissolved oxygen, and Tory
is the fraction of water in the erythrocytes which is equal to 0.348 for Hct = 0.42. We
calculated blood T, using a two-compartment exchange model (Li and van Zijl, 2020),
which predicts T, values based on field strength, Y, Hct, and echo spacing. We set the echo
spacing to match our MRI protocol (3.74 ms) and set other model parameters to be the same
as those given in Tables 1, 4 and 5 of (Li and van Zijl, 2020). The effect of dissolved O, on
T, relaxation is negligible and not considered (Li and van Zijl, 2020). The T1 and T, for the
PV'Ss during air breathing was assumed to be 3500 ms and 600 ms, respectively (Zong et al.,
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2016). The increases in Tq1 and T, relaxation rates during carbogen breathing were
calculated by assuming O relaxivity to be the same as for blood (r=1.9 x 1074571/
VmmHg). We used the same relaxivity for T1 and T, since an earlier study found similar T4
and T relaxivities of O, in plasma at 3 T (Ma et al., 2016), consistent with the effects of
paramagnetic moments with short correlation times in a solution (Bloembergen and Morgan,
1961). Table 1 lists the resulting pO,, Y, T1, and T, values in penetrating venules, PAs, and
PVSs under both gas conditions.

The TSE signal was simulated with the extended phase diagram algorithm (Hennig, 1988).
All sequence parameters were the same as those in the experiment. The MRI image intensity
was taken as the simulated signal intensity at the k-space center (87th echo) weighted by the
water content which was assumed to be 1 for PVS and 0.845 for blood with Hct = 0.42
(Grgac et al., 2013). For simplicity, the effects of fluid motion were not considered in the
simulation.

2.5. Code and data availability

The data and MATLAB code for the study can be provided upon signing a formal data
sharing agreement.

3. Results

3.1.

Number of subjects

TSE images under air-breathing condition were obtained from all subjects whereas thirty-
seven subjects underwent the additional carbogen-breathing scans. Due to technical issues,
the navigator images were only acquired in 40 and 33 subjects during the air and carbogen
scans, respectively. Images were visually inspected and severe motion artifacts, such as
blurring of PVSVs and apparent ripples within WM, were found in 8 and 13 cases during air
and carbogen breathing, respectively. These cases were excluded from all subsequent
analyses. WMH were absent in all but one female subject who had widespread WMH
indicating possible multiple sclerosis. This subject was informed of the imaging finding and
also excluded from the analysis. Table 2 lists the total number of subjects in each category.
The number of female subjects and the age range in each category are also given.

3.2. Head motion

For subjects with fat navigator images, there were no significant correlations between the
motion parameters (i.e. Mg and Mt) and age (Spearman’s correlation p = 0.13) under either
air (n = 31) or carbogen-breathing (n = 20) conditions. Table 3 lists the mean Mg and M+ for
different gender and gas combinations, and the p values for comparisons between gender
and gas conditions. Mt or Mg was not significantly different between air and carbogen
scans (corrected p = 0.18). Female participants (n = 20) had significantly less translational
and rotational motion than male (n = 11) participants during air breathing (corrected p <
0.014). However, there was no gender difference during carbogen breathing (corrected p =
0.57; 13 female vs 7 male).
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3.3. Manual editing of PVSV masks

Manually removed false PVSV voxels consisted of hyperintense voxels in the sulci, outside
the brain, and in the WM. False PVSV voxels in the WM had lower intensity than
neighboring PVSV voxels. An example of the automatic segmentation and manually edited
results are shown in Fig. 2. On average, 6.0 £ 3.6% of false PVSV voxels were removed by
manual editing. The manual editing took about 20-30 min for each image. After manual
editing, the total number of PVS clusters ranged from 451 to 2314 over the whole brain.

3.4. Age and gender dependences

The linear regression analyses (n = 25 female and 12 male) of diameter, count, VF, and
rCNR gave positive slopes for the age dependence in most ROIs, as shown in Fig. 3. After
FDR correction, the slopes were significantly different from zero for PVSV count (p = 2.4 x
107°) and VF (p = 0.00034) in BG, and for rCNR in BG (p = 0.037), MB (p = 0.015), and
WM (p = 0.031). There was no significant dependence on gender for any of the PVSV
parameters. The linear regression coefficients and intercepts are given in Table 4. The ROI
volumes showed no significant age dependence in any ROI (p = 0.23) in the linear regression
analyses.

After regressing out the age and gender effects, the PVSV VF and count still showed large
inter-subject variations in thalamus, midbrain, and WM, as shown by the large residual COV
(=32%) in Table 5. Table 5 also lists the total variances (R-square) explained by linear
regression, which only accounted for <46% of the total variances in all ROIs.

3.5. Spatial heterogeneities

The group averaged VF map exhibited a high degree of heterogeneity, as shown in Fig. 4.
VF is the highest near the posterior inferior part of BG and the sub-insula region (denoted by
the blue arrows), second highest in WM-ACA and WM-MCA territories, and lowest in
thalamus, midbrain, and WM-PCA territories. For quantitative comparisons, group averaged
diameters, VFs, and rCNRs in the seven ROIs are shown in Fig. 5. All three parameters were
significantly different among the ROIs (Welch ANOVA test, p < 1.1 x 10725, n = 37). Based
on the post-hoc Games-Howell tests (n = 37), diameter was significantly larger in BG than
in the other regions (corrected p < 1.8 x 107°) and was lowest in the WM-PCA among the
four WM ROIs (corrected p < 0.001). VF was significantly higher in BG, WM-ACA, and
WM-MCA than in the remaining ROIs (corrected p < 0.05) and was lowest in WM-PCA
among the WM ROls (corrected p < 4.6 x 1078). Compared to the WM-ACA and WM-
MCA, VF in WM-PCA was 78 + 12 to 79 + 11% lower. rCNR was higher in BG and
midbrain than in the other ROIs (corrected p < 4.5 x 1077). There was no significant
difference in rCNR among the 4 WM regions (corrected p = 0.55).

The group averaged B map in Fig. 6 shows that By; was highest near the center of the brain
and decreased towards the peripheral. The mean By and image intensities in different ROIs
are shown in Fig. 7, which shows clear By; and image intensity differences among the ROIs
(Welch- ANOVA test, p < 4.7 x 10795, n = 37). Based on the post-hoc Games- Howell tests
(n =37), By t was the strongest in thalamus and midbrain (corrected p < 2.8 x 1076), and 18
+ 4% to 39 + 9% higher in BG than in the WM ROlIs (corrected p < 2.0 x 10719), Among the
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WM ROls, By was 12 + 2% to 18 + 8% higher in WM-ACA than the other three WM ROls
(corrected p < 2.2 x 107%). On the other hand, image intensities were significantly higher in
WM than non-WM ROlIs (corrected p < 0.01). Among the WM ROls, the intensity was 16 +
4% to 18 + 5% lower in WM-PCA than in WM-ACA, WM-MCA, and WM-WS (corrected
p<1.3x1077).

The 13th slice in Fig. 4 shows the locations of the manually drawn ROIq,, and ROljjgp in
WM which had low and high VFs, respectively. The group averaged VF in ROl was
significantly lower than that in ROlpjgh (0.02 £ 0.08% vs 1.9 + 2.2%, p = 4.5 x 1077, signed
rank test, n = 37). On the other hand, the image intensities in the ROl and ROIy;gn were
almost identical (35.2 + 3.6 vs 34.9 + 4.4, p = 0.46, signed rank test, n = 37), while B1 ; was
significantly higher in ROI|qy, than in ROlpjgh (0.87 £ 0.08 vs 0.74 £ 0.06, p = 1.1 x 1077,
signed rank test, n = 37).

3.6. Dependence on breathing gas

Fig. 8 compares the mean diameters, VVFs, counts, and rCNRs in thalamus, BG, midbrain,
and WM between the air and carbogen breathing conditions. Compared to air breathing,
carbogen breathing increased apparent PVSV diameter in WM (signed rank test, corrected p
=0.006, n = 22), and VF in BG and WM (corrected p < 0.003), while no significant
difference in PVSV count was observed in any ROI. Consistent with the diameter and VF
increases, increased rCNRs were observed in thalamus, BG, and WM (corrected p < 0.001).
Table 6 lists the group averaged (n = 22) diameter, VF, count, rCNR, their percent
differences between carbogen and air, and p values in each ROI.

The simulated signal intensities for the penetrating venules, PAs, and PVSs are given in the
last two columns of Table 1. Consistent with the observed rCNRs difference between the
carbogen and air breathing conditions, the intensity is higher during carbogen breathing in
all three compartments. The relative change is the largest in the venules, while it has the
lowest intensity among the three compartments due to its shortest T.

4. Discussion

4.1.

Using ultra-high-resolution MRI at 7T, we studied (1) the age- dependences of PVSV
morphology in young to middle-aged healthy adults, (2) the inter-subject and spatial
variations of PVSV morphology, and (3) the changes of the PVSV parameters under
carbogen breathing. We found that PVVSV volume fraction, count, and rCNR significantly
increased with age in BG, so did rCNR in midbrain and WM. Apparent PVVSV diameter also
showed positive correlation with age in BG, midbrain, and WM, although it did not reach
statistical significance. The VF and apparent diameter were spatially heterogeneous, and VF
and count showed large inter-subject variations. Furthermore, we found that carbogen
breathing significantly increased the apparent diameter, VF, and rCNR in BG, thalamus, and
WM (see Fig. 8).

Partial volume effects on PVSV age-dependence

Despite the high spatial resolution adopted in the study, partial volume effects were still
present in the PVSV voxels since the outer diameter of normal PVSs in putamen in subjects
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of 62-90 years old are in the range of 0.13-0.96 mm, with the majority below 0.5 mm
(Pesce and Carli, 1988). Similar diameter range are expected in other brain regions. The
significantly increased rCNR with age in BG, midbrain, and WM is consistent with gradual
dilation of PVSs with age which reduces the partial volume fraction of non-PVS
compartments in PVSV voxels, leading to increased signal intensity and rCNR because of
the much longer T, of PVS fluid. The increased rCNR would allow more PVSV voxels to be
correctly identified by the segmentation algorithm at older age, consistent with the
significantly increased VF and count with age in BG. WM also showed a trend of increased
VF and count with age, although they did not reach statistical significance. Furthermore, a
trend of increased diameter with age was observed in BG, midbrain, and WM.

Possible mechanisms of age-related PVS dilation

Among the various mechanisms described in the Introduction, brain atrophy and coiling of
blood vessels may have contributed to PVS dilation with age, while the relevance of the
other mechanisms (neuroinflammation, BBB leakage, blockage of fluid flow) are less clear.
Shrinkage of adult brain with age has been widely reported (Bishop et al., 2017; DeCarli et
al., 2005; Good et al., 2001; Kruggel, 2006; Smith et al., 2007). However, there were mixed
results for the volume-age relationships for WM and subcortical gray matter regions. The
WM volume either exhibited slight linear decreases (rate ~ 0.001-0.1%/y but not significant)
(Kruggel, 2006; Smith et al., 2007), or had an inverted-U shape with a peak at ~45 years of
age (Fjell et al., 2009; Good et al., 2001; Grieve et al., 2005; Inano et al., 2013; Narvacan et
al., 2017). Similarly, different volume age relationships have been reported for the
subcortical gray matter structures (Tullo et al., 2019). Nevertheless, most studies reported
decreased BG and thalamus volumes with age between 21 and 55 years (Bishop et al., 2017;
Fjell et al., 2009; Goodro et al., 2012; Inano et al., 2013; Narvacan et al., 2017; Potvin et al.,
2016) with a rate of ~0.3%/y (Bishop et al., 2017; Goodro et al., 2012). In our study, only
BG showed significant PVSV VF increase with age at a rate of 0.029%/y which is much less
than the rate of 0.3%/y (Bishop et al., 2017; Goodro et al., 2012), consistent with the
expectation that the intracranial spaces vacated by atrophy are only partially occupied by
PVSVs and only a fraction of the PVSVs in the brain are visualized. In addition to brain
atrophy, aging is associated with complex macrostructural and micro- structural remodeling
of brain vasculature (Xu et al., 2017), resulting in increased tortuosity of PAs (Brown et al.,
2002; Spangler et al., 1994; Thore et al., 2007). The constant pounding and tugging of the
pulsating coiled PAs may provide a driving force for the expansion of pia membrane lining
the PVSs (Hughes, 1965). The morphology of astrocytes also changes with age in a brain
region specific manner (Cerbai et al., 2012; Rodriguez et al., 2014), which is consistent with
the rearrangement of the astrocyte endfeet that may accompany the underlying pia
membrane expansion.

It is less clear whether neuroinflammation, BBB leakage, and blockage of fluid flow also
contribute to the observed age effects. Although microglia can develop an inflammatory
profile with aging (Clarke et al., 2018; DiSabato et al., 2016), accumulation of infiltrated
leucocytes in the PVSVs which are necessary for explaining the observed PVSV
enlargement (Wuerfel et al., 2008) has not been reported in healthy subjects. Some earlier
studies suggested that BBB integrity gradually declines with age as evidenced by
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perivascular IgG extravasation and tight junction changes in the hippocampus and thalamus
(Bake et al., 2009) and increased CSF to plasma albumin ratio in older healthy subjects
(Farrall and Wardlaw, 2009). However, no significant age effect was observed in thalamus in
our study and a recent contrast MRI study found no significant BBB leakage in WM and
subcortical structures except caudate nucleus in old compared to young individuals with no
cognitive impairment (Montagne et al., 2015). Lastly, blockage of glymphatic fluid flow
seems unlikely to be present in our healthy participants.

Inter-subject variations and spatial heterogeneity

The count and VF of PVSVs showed large inter-subject variations, with residual COV
ranging from 0.17 to 0.74, after regressing out the age and gender effects. VVF also showed
large spatial heterogeneity (Fig. 5B). On the other hand, the inter-subject and spatial
variations were much less for rCNR and apparent diameter (Table 5 and Fig. 5A and C),
which can be explained by the sampling bias in calculating mean rCNRs and apparent
diameters, which were based only on PVSVs that were large enough to be visualized in the
images. The strong VF heterogeneity and large inter-subject variations in VF and count
suggest that there might exist large variations in the true P\VSV diameter distributions across
brain regions and subjects, such that different fractions of P\/SVs were large enough to be
visualized in MRI in different subjects and brain regions. Genetic heterogeneity among
participants might have contributed to the inter-subject variation of PVSV morphology. In a
large population-based study of >1500 stroke- and dementia-free older subjects (age 72.8 =
4.1 yrs), 59% of the variations in global PVSV load rating could be attributed to genetic
effects (Duperron et al., 2018). We note that the observed range for total PVSV count (451-
2314) is comparable to those reported in (Feldman et al., 2018), where the count ranged
from ~500 to ~4000 and was below 2500 in the majority (80%) of subjects.

The heterogeneities in PVSV diameter and VF may have important implications in
evaluating the clinical significance of PVSVs. Earlier studies found that, compared to
healthy controls, PVSVs in BG were more common in patients with vascular dementia
(Banerjee et al., 2017; Hansen et al., 2015; Patankar et al., 2005), blood brain barrier
impairment (Li et al., 2019), WMH, lacunar infarct, and deep and infratentorial CMB
(Charidimou et al., 2013; Doubal et al., 2010; Duperron et al., 2018; Martinez-Ramirez et
al., 2013; Rouhl et al., 2008; Yakushiji et al., 2014; Yamada et al., 2019), while PVSV in
centrum semiovale showed smaller or no difference between the patient and control groups.
On the other hand, the enlarged PVSVs in centrum semiovale were more strongly associated
with strictly lobar CMB which suggests the presence of cerebral amyloid angiopathy
(Charidimouetal., 2013; Yakushijiet al., 2014). Our study found that the PVSV diameters in
healthy subjects are also different between the two regions, which should be considered
when identifying pathologically enlarged PVSVs in these two regions. Furthermore, the
PVSV distribution is heterogeneous within both BG and WM and a region with high PVSV
volume fraction was found in the sub-insular WM. The spatial pattern of VVF resembles the
pattern of amyloid-beta deposition in patients with Alzheimer’s disease and non- demented
older adults who had significant amyloid deposition (Buckner et al., 2005, 2009). In both
cases, highest values were located in the parietal and frontal lobes and sub-insular regions,
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similar to the VF map in Fig. 4, suggesting that brain regions with more visible PVSVs may
have increased risk for impaired glymphatic function later in life.

4.4. Effects of B; inhomogeneities on PVSV heterogeneity

We note that the B, inhomogeneities (both transmitter and receiver coils) may have partly
contributed to the observed heterogeneities in apparent diameter, VF and rCNR. However, it
is unlikely to be the sole contribution. In the three non-WM structures, the midbrain had
slightly higher rCNR but much lower VVF than BG, suggesting that the VF difference was not
due to B; inhomogeneity induced contrast to noise ratio differences. Within the WM ROls,
ROl oy and ROlhjgp had similar image intensities despite higher Byt in ROl|qy, which could
be explained by the higher receiver coil sensitivity in ROlhigh which compensated for the its
lower By¢. The similar image intensities suggest that rCNR should also be similar between
these two regions for PVSVs of similar sizes. Therefore, the large VF differences between
these two regions likely reflect inherent heterogeneity in PVSV morphology within WM.
Among the three arterial territories within WM (ACA, MCA, and PCA), the differences in
B, t and image intensities were less than 18% and there was no significant difference in
rCNR. However, WM-PCA had 78-79% lower VF than WM- MCA and WM-ACA, which
is unlikely to be explained solely by the much smaller B, differences.

4.5. Effects of carbogen breathing

Carbogen breathing could have several effects on the observed PVSV signal. First, as
demonstrated in our simulation, it increased signal intensity of P\/SVs associated with
penetrating venules because T, in venules became longer under carbogen breathing. In
addition, it led to shorter T1 in PAs and PVSs, which resulted in higher signal intensity in
both compartments because with the relatively short TR (TR = 3 s) in our imaging protocol,
the longitudinal magnetization recovered more before the next TR during carbogen
breathing. Second, the hypercapnic effect of carbogen would induce PA dilation (Brian,
1998) which would expel some of the fluid from the PVSs and in turn would reduce PVSV
signal, assuming no change in PVS outer diameters, because PVS fluid has higher signal
intensity than arterial blood (Table 1). The observed rCNR increases in thalamus, BG, and
WM suggest that the first effect was dominant. Increased rCNRs would allow some of the
PVSV voxels with strong partial volume effects to be visualized only under carbogen, but
not air breathing condition, consistent with the significantly increased VF under carbogen
breathing in BG and WM. Furthermore, we observed ~0.01 mm increase in apparent
diameter for PVSVs in WM. Because of the much larger voxel size (0.4 mm) of the Tow
images relative to this change, this apparent increase may not represent true PVSV dilation
but can instead be explained by the increased number of visualized PVSV voxels under
carbogen breathing, since the apparent diameter was calculated based on the number of
PVSV voxels associated with VoPs using Eq. (1). According to Eq. (1), 1.6% increase in
apparent diameter (Table 6) corresponds to 3.2% increase in Npearest- Out results suggest that
potential biochemical changes in the PVS fluid and blood that affect their magnetic
resonance properties should be considered while studying PVSV morphology in the future.
Whether or not the age-related changes in the biochemical compositions of PVS fluid and
blood contributed to the observed age dependence of PVSV morphology remains to be
determined.
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4.6. Limitations

The current study has the following limitations. First, the maximum age of our participants
was only 55, which is younger than the typical ages (=65) at which neurodegenerative
diseases occur, such as small vessel disease (Bokura et al., 2006; Kuller et al., 2004;
Longstreth et al., 1996; Vermeer et al., 2003) and Alzheimer’s disease (Alzheimer’s
Association, 2016). Therefore, our data cannot serve as a direct reference for ascertaining
abnormal PVSV dilations in older patients. Second, despite the high spatial resolution
adopted in the study, partial volume effects were still present in the PVSV voxels. As a
result, the blood and PVS contributions cannot be separated. Further, the apparent diameters
and VFs might be overestimated as PVSVs occupied only part of the PVSV voxels and the
effects were sensitive to biochemical compositions of blood and PVS fluid. Third, carbogen
flow rate was fixed and end-tidal CO, levels were not measured, which could result in
variations in arterial CO, levels among the subjects during carbogen breathing. Fourth, there
existed strong B4 inhomogeneities which might have contributed to the observed PVS
heterogeneities. Fifth, there may exist some errors in delineating different PVSV by
clustering. A single PVSV might be separated into two if some voxels in the middle were
not segmented due to low contrast. However, since the spatial contextual information could
also be learned during network training, the fraction of such missing PVSV voxels was
likely low. In addition, two PVVSVs might have been clustered as one PVSV if two voxels
with one from each PVSV were nearest neighbors. The fraction of such PVSVs is also
expected to be low except in brain regions with high VVFs, such as the BG and sub-insular
region. Further studies are needed to quantify the errors in the clustering results.

5. Conclusions

In conclusion, we found increased PVSV VF, count, and rCNR with age in healthy adults.
Their morphological features are heterogeneous and show large inter-subject variations.
Increased PVSV apparent diameter, VF, and rCNR were observed during carbogen breathing
compared to air breathing, suggesting the sensitivity of P\/SV morphology to physiological
conditions.
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Fig. 1.

The boundaries of the arterial territories overlaid on a T;-weighted image in the MNI atlas
space. Abbreviations: ACA: anterior cerebral artery; MCA: middle cerebral artery; PCA:
posterior cerebral artery; WS: watershed region.
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Fig. 2.
Top row: representative ToW imaging slices in a single subject. Bottom row: PVSV masks

generated by the segmentation algorithm overlaid on the same slices, as shown in red and
green colors. The red color represents false PVVSV voxels that were removed by manual
editing.
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Fig. 3.

Sc%tter plots of the mean apparent diameter (first row), VF (second row), count (N) (third
row), and rCNR (fourth row) of PVSVs versus age and gender in thalamus (first column),
BG (second column), midbrain (third column), and WM (fourth column). The lines are best
fits from linear regression analyses using age and gender as independent variables.
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Fig. 4.
The group-averaged PVSV VF map in the MNI atlas space. The boundaries of 7 ROIs are

also shown. The yellow and red circles are ROIs covering WM regions with low and high
VFs, respectively. The blue arrows point to regions with high VVF in the sub-insular WM.
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Box plots of (A) mean apparent diameter, (B) VF, and (C) rCNR of PVSVs, in 7 ROls.
Abbreviations: Th: thalamus; BG: basal ganglia; Midb: midbrain; ACA: WM-ACA; MCA:
WM-MCA; PCA: WM-PCA; WS: WM-WS.
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Fig. 6.
Group-averaged transmitter By map in the MNI atlas space. The boundaries of 7 ROIs
defined in the study are also shown. The slice positions match those shown in Fig. 4.
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Fig. 7.
Box plots of mean (A) normalized By and (B) T,w image intensity during air breathing in 7

ROIs. Abbreviations: Th: thalamus; BG: basal ganglia; Midb: midbrain; ACA: WM-ACA,;
MCA: WM-MCA; PCA: WM-PCA; WS: WM-WS,
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Box plots of the mean apparent diameter (first row), VF (second row), count (third row), and
rCNR (fourth row) of PVSVs under air and carbogen breathing conditions in thalamus (first
column), BG (second column), midbrain (third column), and WM (fourth column). *: p <

0.05, **: p < 0.005; ***: p < 0.0005 from the Wilcoxon’s signed rank test after FDR
correction .
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Table 2

Second column: numbers of subjects who participated in the air and carbogen breathing scans, with and
without fat navigator images. The numbers of female subjects and the age ranges of all subjects are given in
the parentheses. Third column: numbers of subjects who did not show severe motion artifacts or WMH. Fourth
column: numbers of subjects who had both air and carbogen scans and did not show severe motion artifacts or

WMH.
Total No motion/WMH  No motion/WMH, both air and carb.
Alr 46 (34; age 21-55) 37 (25; age 21-55) 22 (15; age 21-51)
Carbogen 37 (27; age 21-55) 23 (16; age 21-51)
Air With FatNav 40 (29; age 21-55) 31 (20; age 21-55) 19 (12; age 21-51)

Carbogen with FatNav 33 (23; age 21-55)

20 (13; age 21-51)
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Table 3

The means and standard deviations of the motion parameters MT and MR for the female and male participants
under the air and carbogen breathing conditions. The numbers of subjects are shown in the parentheses. The p
values were obtained from Wilcoxon’s rank sum tests comparing values between air and carbogen (A vs C)
breathing conditions or between female and male (F vs M) subjects.

M+t (mm) Mg (deg)

Female Male p(FvsM) Female Male P (FvsM)
Air 0.39+0.11 (20) 0.76 +£0.45 (11)  0.0006 0.34+0.16 (20) 0.50+0.16 (11)  0.007
Carb. 0.51+0.18 (13) 0.44+0.16(7) 0.43 043+0.14 (13) 050+0.24(7) 063
p(AvsC) 0.14 0.044 0.11 0.72
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Table 4

The intercepts and coefficients for age (Cage) and gender (Cgender) Obtained from the linear regression analyses
of the PVSV mean apparent diameter, VF, count, and rCNR in the thalamus, BG, midbrain, and WM ROls.
Values in the parentheses are standard errors. The asterisks denote coefficients that were significantly different
from zero (corrected p < 0.05) after FDR correction.

Thalamus BG Midbrain WM

Apparent diameter  Intercept (mm)  0.71(0.05)  0.84 (0.04) 0.63 (0.07) 0.69 (0.03)
Cgender (MM) 0,013 (0.027)  0.002 (0.020)  0.094 (0.038)  0.015 (0.015)

1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Cage (HM/Y) 0.48 (1.24) 1.32 (0.92) 2.71 (1.72) 1.43 (0.70)
VF Intercept (%)  0.05 (0.07) 0.23 (0.23) 0.12 (0.07) 0.33 (0.24)
Cgender (%) -0.03(0.04)  -0.23(0.13) 0.05 (0.04) -0.04 (0.14)
Cage (%1Y) 0.003 (0.002)  0.029 (0.006)*  0.0003 (0.0018)  0.012 (0.006)
Count Intercept 59 (4.1) 35.3(8.7) 5.6 (2.0) 417 (145)
Cgender -2.1(24) -7.5(5.0) 1.2(1.2) -34 (83)
Cage (Y1) 0.19 (0.11) 0.89 (0.22)* -0.01 (0.05) 7.32 (3.74)
rCNR Intercept 22.6 (2.6) 28.5 (2.6) 26.4 (3.6) 224 (1.5)
Cgender 0.89 (1.49) -1.9 (1.5) 1.8 (2.0) -1.1(0.9)
Cage (V1) 0.10 (0.07) 0.14 (0.07)* 0.24 (0.09)* 0.09 (0.04)*
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Rows 2-5: residual coefficients of variation of the PVSV parameters after regressing out effects of age and

gender in thalamus, BG, midbrain, and WM. Rows 6-9: R2 of the linear regression analyses.

Thalamus BG Midbrain WM
Residual Coefficient of Variation ~ Apparent diameter 0.1 0.062 0.12 0.053
VF 0.74 022 073 0.47
Count 0.5 0.17 056 0.32
rCNR 0.15 011 014 0.086
R square Apparent diameter  0.01 0.057 0.19 0.12
VF 0.082 0.46 0.052 0.11
Count 0.11 0.36 0.031 0.11
rCNR 0.066 017 017 0.18
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Table 6

Group averaged (n = 22) apparent diameter, VF, count, and rCNR of PVSVs in the thalamus, BG, midbrain,
and WM during air and carbogen breathing. In the four rows for each parameter, the first and second rows are
the mean (standard deviation) values under air and carbogen breathing conditions, respectively. The third row
gives the percent difference between carbogen and air. The fourth row gives the FDR corrected p values from
the Wilcoxon’s signed rank test of the null hypothesis that there is no difference in the PVSV parameter
between the two gas conditions.

Thalamus BG Midbrain WM

Apparent diameter  Air 0.72(0.08) 0.87(0.04) 0.74(0.10) 0.75(0.04)
Carbogen 0.73(0.08) 0.88(0.06) 0.75(0.09) 0.76 (0.04)
% difference 1.9 (7.2) 0.92(4.1) 2.9(18) 1.6 (2.4)
Correctedp  0.45 0.45 0.59 0.0058

VF Air 014 (0.13) 1.2(044) 0.6(0.11) 0.78(0.4)
Carbogen 0.14(0.13) 1.2(048) 0.7(0.12) 0.85(0.4)
% difference 15 (32) 53(9.9)  180(830) 9.5(11)

Corrected p 0.15 0.0033 0.9 0.0033
Count Air 12(7) 66 (15) 6.3 (3.6) 699 (235)
Carbogen 12 (6) 68 (15) 6.7 (3.2) 732 (234)
% difference 8 (30) 4(9) 43 (60) 6 (11)
Correctedp  0.62 0.15 0.62 0.15
rCNR Air 27 (4) 33(3) 36 (5) 26 (3)
Carbogen 29 (5) 34 (4) 38 (7) 27 (3)
% difference 7.1 (8.8) 4.6 (4) 4.1 (10) 35(3.2)
Correctedp  0.0011 0.00017 0.085 0.00024
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