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Abstract

Impaired clearance of perivascular waste in the brain may play a critical role in morbidity after mild traumatic brain injury
(mTBI). We aimed to determine the effect of mTBI on the burden of magnetic resonance imaging (MRI)-visible perivascular
spaces (PVSs) in a cohort of U.S. military veterans and whether sleep modulates this effect. We also investigated the
correlation between PVS burden and severity of persistent post-concussive symptoms. Fifty-six Iraq/Afghanistan veterans
received 3 Tesla MRI as part of a prospective cohort study on military blast mTBI. White matter PVS burden (i.e., number
and volume) was calculated using an established automated segmentation algorithm. Multi-variate regression was used to
establish the association between mTBIs sustained in the military and PVS burden. Covariates included age, blood pressure,
number of impact mTBIs outside the military, and blast exposures. Correlation coefficients were calculated between PVS
burden and severity of persistent post-concussive symptoms. There was a significant positive relationship between the
number of mTBIs sustained in the military and both PVS number and volume (p=0.04). A significant interaction was found
between mTBI and poor sleep on PVS volume (p=0.04). A correlation was found between PVS number and volume, as well
as severity of postconcussive symptoms (p=0.03). Further analysis revealed a moderate correlation between PVS number
and volume, as well as balance problems (p <0.001). In Irag/Afghanistan veterans, mTBI is associated with an increase in
PVS burden. Further, an interaction exists between mTBI and poor sleep on PVS burden. Increased PVS burden, which may
indicate waste clearance dysfunction, is associated with persistent post-concussive symptom severity.
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Introduction

MILD TRAUMATIC BRAIN INJURY (MTBI) caused by a blast
is the ‘‘signature injury’’ of the wars in Iraq and Afgha-
nistan. It is estimated that 8-20% of military service mem-
bers who have been deployed to Iraq or Afghanistan have
sustained at least one blast mTBI.' Moreover, a large proportion
of them has been exposed to multiple blasts (as well as impact).”
The association between multiple mTBIs and severity of post-
traumatic symptoms is well documented in the literature.’
However, the mechanisms underlying this relationship remain
poorly understood.

Sleep disruption is a common consequence of mTBL* Ap-
proximately half of persons with mTBI suffer from some form
of sleep disturbance, including insomnia, hypersomnia, and
apnea.*”’ Recent studies have shown that post-traumatic sleep
disturbances can impair the recovery process.® Persons with post-
traumatic sleep disruption report worse fatigue, anxiety, depres-
sion, headaches, cognitive deficits, and functional impairment.®'°
Therefore, sleep disturbances represent a unique modifiable treat-
ment target that can potentially improve outcomes in subjects
with mTBI. However, despite the available studies addressing the
link between poor sleep and post-mTBI morbidity,'"'? the mech-
anisms underlying this association are yet to be defined.
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The glymphatic pathway, a recently described brain-wide network
of perivascular spaces (PVSs) that supports the clearance of interstitial
solutes and wastes from the brain, is most active during sleep.'*'* In
humans, high PVS burden is observed in conditions where glymphatic
dysfunction is also observed, such as Alzheimer’s disease, cerebral
small vessel disease, cerebral amyloid angiopathy, and multiple scle-
rosis.'>™'® In rodents, mTBI causes impairment of glymphatic func-
tion, evidenced by a decrease in perivascular cerebrospinal fluid (CSF)
flow.'*?® Interactions between mTBI and poor sleep on glymphatic
function in humans are still unknown. Elucidating such interactions
could provide essential insights into the link between repeated mTBI,
poor sleep, and post-mTBI impairment.

Increased PVS burden has been observed in subjects with TBI,
particularly in those who reported poor sleep.>'> However, the
link between the number of mTBI, poor sleep, PVS burden, and
persistent post-concussive symptoms in veterans has not been
established.

The objective of this study was 2-fold: 1) determine the relation-
ship between the number of mTBI, poor sleep, and PVS burden in a
cohort of Irag/Afghanistan military veterans after adjusting for clin-
ically relevant covariates and 2) establish the relationship between
PVS burden and persistent post-concussive symptoms in this cohort.
To achieve our objectives, we utilized a validated and automated
imaging segmentation tool, which allowed us to objectively quantify
whole-brain PVS number, volume, morphology, and location.**

Methods
Study design

We performed an analysis of magnetic resonance imaging
(MRI) data obtained as part of a study of outcomes in Operation
Enduring Freedom (OEF), Operation Iraqi Freedom (OIF), and
Operation New Dawn (OND) veterans. The parent study was re-
viewed by the Institutional Review Board at the VA Puget Sound.
All participants provided written informed consent before study
enrollment and participation in study procedures. The analysis of
deidentified data was approved by the Oregon Health & Science
University Institutional Review Board.

Participants

Parent study. Participants were recruited from VA Puget
Sound, as well as through outreach to veterans’ organizations. All
patients were male and fluent in English. Enrollment and follow-up
took place between March 2011 and September 2019. Exclusion
criteria for the parent study included: a neurological disorder (in-
cluding moderate or severe traumatic brain injury), lifetime Diag-
nostic and Statistical Manual of Mental Disorders, Fourth Edition
diagnoses of schizophrenia, other psychotic disorder, or bipolar
disorder and a diagnosis of substance abuse or dependence within
the past 3 months. MRI was obtained strictly for research purposes
and not based on clinical need.

Current study. For inclusion criteria, OEF/OIF/OND veterans
were included in the current study if they 1) had MRI data available of
sufficient quality for PVS segmentation and 2) reported a history of
mTBI (attributable to blast or any other cause). mTBI was defined as
per the American Congress of Rehabilitation Medicine diagnostic
criteria for mTBI (i.e., one or more of the following was present): 1)
loss of consciousness (LOC) up to 30 min, 2) loss of memory for
events surrounding the event for up to 24 h, or 3) any alteration in
mental state.?
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Variables

Clinical and demographic variables.
race, ethnicity, and blood pressure.

These included age,

Assessment of mild traumatic brain injury. Information
regarding the lifetime history of both blast and impact mTBI was
obtained as previously described.?®*” Briefly, a team of two physi-
cians or physician assistants simultaneously completed semi-
structured interviews that yielded information regarding the number
and characteristics of lifetime mTBIs and blast exposures. For each
episode, participants were asked to report any loss/alteration of
consciousness, post-traumatic amnesia, medical care received, and
any change in duty status after the injury. For this analysis, mTBI
exposure was stratified into three categories: 1) the number of mTBI
with LOC sustained while in the military; 2) the number of mTBI
with LOC sustained outside the military; and 3) number of blast
exposures while in the military that met the definition of mTBI but
were not associated with LOC.

Assessment of sleep. Sleep quality was assessed with the
Pittsburg Sleep Quality Inventory (PSQI). The PSQI measures
symptoms of sleep disturbances over 1 month. Responses are cat-
egorized into seven component categories. These categories are
then combined to create one global score, with a range from 0-21.
A global PSQI score >5 is usually used to qualify poor sleepers.?®

Assessment of post-concussive symptoms. Presence of
persistent post-concussive symptoms at the time of the interview
was assessed with the Neurobehavioral Symptom Inventory (NSI).
The NSI is a self-reported questionnaire commonly used to assess
the presence and severity of post-concussive symptoms in veter-
ans.?® Tt consists of 22 items, reflecting cognitive, affective, and
somatic/vestibular symptoms. Items are graded on a 0—4 scale, with
higher scores reflecting higher symptom severity.>

Magnetic resonance imaging acquisition and review. Three-
dimensional T;-weighted magnetically prepared rapid acquisition
gradient echo (repetition time [TR]/echo time [TE]/inversion time
[TI]=7.6/3.5/909 ms, imaging matrix =256 X 256 X 176, resolution =
1x1x1mm) and fluid-attenuated inversion recovery (FLAIR;
TR/TE/TI=4800/245/1650 ms, imaging matrix=168x 168 x 120,
resolution 1 x 1 x 1.5 mm) MRI were collected in the sagittal plane on
a 3.0 Tesla (T) Philips Achieva whole-body scanner (Philips Medical
Systems, Best, The Netherlands) with a transmit-receive head coil.

Imaging pre-processing and perivascular space seg-
mentation. T;-weighted images were segmented into tissue
types (i.e., white matter [WM], cortical gray matter, subcortical
gray matter, and ventricular CSF) using Freesurfer v5.1. WM
masks were corrected for tissue misclassification, as described
previously,3 ! and eroded by a single voxel to avoid potential
partial volume effects. FLAIR volumes were bias field corrected
using N4BiasFieldCorrection (http://picsl.upenn.edu/software/
ants/). The determination of which acquisitions were too de-
graded to analyze was a qualitative one, though it is notable that
each of these acquisitions failed WM segmentation at the Free-
surfer stage.

Perivascular space segmentation. PVS segmentation was
obtained using a previously described method that searches WM
for hypointense objects that meet a set of morphological criteria;
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WM hyperintensities were avoided by consulting FLAIR.?*** Each
PVS detected by the automated algorithm was assessed by a blin-
ded researcher (M.L.) with experience in PVS analysis; false
alarms were removed from further analysis.

Statistical analysis

Statistical analysis was performed using Stata/MP software
(version 15; StataCorp LP, College Station, TX). Descriptive
statistics were used to summarize the cohort’s characteristics.
Differences in clinical characteristics among included and ex-
cluded subjects were evaluated with two-sample -tests. Multi-
variate linear regression was used to assess the relationship be-
tween PVS burden (primary outcome) and covariates based on a
priori consideration of potential predictors and confounders.
PVS burden was defined as two separate outcome variables: PVS
number (the number of PVS per cm? of white matter) and volume
(the total volume of PVS [rnm3] per cm? of WM). The primary
exposure was the number of mTBIs with LOC sustained in the
military. Potential predictors and confounders were: age, systolic
blood pressure, number of mTBIs with LOC sustained outside
the military, the total number of blast mTBIs without LOC while
in the military, and poor sleep (dichotomous yes/no based on
published PSQI parameters>®). We also examined poor sleep as a
potential effect modifier (interaction) of the association between
the number of mTBI with LOC sustained in the military and
PVS burden.

Assumptions of normality, linearity, and homoscedasticity in
the final model were tested with residual versus fitted plots and
quantile-quantile (Q-Q) plots. Multi-collinearity was tested by
calculating correlation coefficients (Supplementary Table S1)
and variance inflation factors (Supplementary Table S2). Sec-
ondary outcomes included individual PVS morphological char-
acteristics (i.e., width and length). We used the Shapiro-Wilk test
to assess the normality of distribution. PVS number volume,
length, and width were not normally distributed, and therefore
they were log-transformed. We report p values as well as 95%
confidence intervals (Cls). All reported p values are two-sided,
and the threshold for statistical significance is set to an alpha of
0.05. The correlation between PVS burden and severity of post-
concussive symptoms (NSI) was evaluated with Pearson’s cor-
relation coefficient. Bonferroni’s correction was used to adjust
for multiple comparisons.

Data availability statement

The data that support the findings of this study are available from
the parent study upon request and approval through VA Puget
Sound.

Results

The initial cohort consisted of 68 male OEF/OIF/OND veterans.
Of those, 12 had MRI degraded by motion artifact, which prevented
automated PVS quantification, and were excluded from the anal-
ysis. There were no differences in age, number of mTBI with LOC
sustained in the military, number of mTBI sustained outside the
military, number of blast mTBI without LOC, systolic blood
pressure, sleep quality, or severity of post-concussive symptoms
between subjects included and excluded from the analysis (data not
shown). The characteristics of the final cohort (n=56) are sum-
marized in Table 1.
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TABLE 1. COHORT CHARACTERISTICS

Patient characteristics (n=56)
Age (years), median (IQR) 32 (29-41)
Months between mTBI and MRI, median (IQR) 55 (40-95)
Race, n (%)

White 44 (78.5)

Black/African American 3(5.3)

American Indian/Alaskan Native 1(1.7)

Asian 2 (3.5
Other 6 (10.7)
Ethnicity, n (%)

Hispanic 7 (12.5)

Non-Hispanic 49 (87.5)

IQR, interquartile range; mTBI, mild traumatic brain injury; MRI,
magnetic resoancne imaging.

Perivascular space characteristics

PVSs were observed in the supratentorial white matter of all 56
subjects in the cohort (Table 2). The number of PVSs observed varied
widely among persons (range, 2-102). PVS number was positively
correlated across hemispheres (Pearson’s r=0.87, p<0.001), indi-
cating a high degree of symmetry (Fig. 1). The same positive corre-
lation was observed for PVS volume. Over both hemispheres, PVS
number was the highest in the temporal lobes, followed by the frontal,
parietal, and occipital lobes (all p<0.001, top-row bar graph in
Fig. 1). The same relationships were observed for PVS volume (all
p<0.01, bottom-row bar in Fig. 1).

Mild traumatic brain injury burden and magnetic
resonance—visible perivascular space characteristics

Both the number of mTBIs sustained in the military and sys-
tolic blood pressure were significantly related to PVS number and
volume (Table 3; Fig. 2). Also, age was significantly related to
PVS volume. After adjusting for other covariates, for each ad-
ditional mTBI sustained in the military, subjects had an average
0.1 (95% CI, 0.002-0.2; p=0.04) increase in ,PVS number/cm>
of white matter and a 0.1 (95% CI, 0.004-0.2; p=0.04) increase
in 1,PVS volume (mm®)/cm® of white matter. The number of
mTBIs sustained outside the military, the number of blast mTBIs
without LOC, and poor sleep did not show a significant associ-
ation with PVS number or volume. To further investigate the
effects of systolic blood pressure on PVS burden, subjects were
stratified into two groups, based on the presence of what would be
considered clinically significant systolic blood pressure (i.e.,

TABLE 2. CHARACTERISTICS OF PVS IDENTIFIED
WITH THE AUTOMATED ALGORITHM

Characteristic Cohort (n=56)

PVS whole brain Mean (SD) Range
PVS total no. 36.3 (24.4) 2-102
PVS total volume (mm?) 351 (272.8) 19-1202
PVS no./em® WM 0.13 (0.08) 0.01-0.30
PVS volume mm*/cm® WM 1.3 (1) 0.08-4.40

Individual PVS cluster
Width (mm) 2.7 (0.1) 2.3-3.0
Length (mm) 5.8 (0.4) 5-7

PVS, perivascular space; WM, white matter; SD, standard deviation.
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FIG. 1. PVS burden in right and left hemispheres. PVS burden is correlated between hemispheres over subjects for both number and

volume (scatter plots) in all lobes. Bar plots illustrate significantly different PVS burden by lobe. **p<0.01; ***p<0.001. PVS,
perivascular space; WM, white matter. Color image is available online.

>130mm Hg). No difference in PVS burden was found between
the two groups (two-sample f-test, p=0.19 for PVS number and
p=0.21 for PVS volume).

We found a significant interaction between poor sleep and the
number of mTBIs sustained in the military on PVS volume. In
subjects with poor sleep, the effect of mTBIs sustained in the military
on PVS volume was significantly higher (f=0.48; 95% CI, 0.006—
0.9; p=0.04) than in those reporting good sleep (Table 3). Model
diagnostics indicated a good model fit and no multi-collinearity.
There was no correlation between mTBI with LOC sustained in the
military, number of blast mTBI without LOC, or any of the other
covariates, and individual PVS morphology (i.e., width or length,
data not shown). Further analysis revealed no interaction between
poor sleep and systolic blood pressure on PVS number (ff =—0.003;
95% CI,—-0.04 to 0.04; p=0.88) or volume (f=0.005; 95% CI,-0.05
to 0.06; p=0.84).

Magnetic resonance-visible perivascular space
burden and post-concussive symptoms

There was a low significant positive correlation between PVS
number (r=0.28, p=0.03) and volume (r=0.3, p=0.02) and
overall severity of persistent post-concussive symptoms measured
by the NSI (Table 4). There was no correlation between individual
PVS characteristics (i.e., width, length) and severity of post-
concussive symptoms. When each component of the NSI was
analyzed separately, there was a significant correlation between
both PVS number (r=0.47, p=0.0002) and volume (r=0.48,
p=0.0002) and balance problems. These correlations remained
significant after adjusting for multiple comparisons (Table 5).
Other neurological complaints (i.e., dizziness, poor coordination,
vision problems, noise sensitivity, and sensory problems) and
mood complaints (i.e., feelings of sadness) exhibited statistically



TABLE 3. EFrecTs OF NUMBER OF MTBI wiTH Loss OF CONSCIOUSNESS SUSTAINED IN THE MILITARY
AND AGE ON WHOLE-BRAIN PVS CHARACTERISTICS

Outcome
wNo.Jem® WM wVol. (mm>)fem®> WM
b (95% CI) p value p(95% CI) p value
Covariates
Age (years) 0.02 (—0.0001 to 0.0500) 0.05 0.03 (0.001-0.050) 0.04
mTBI mil. 0.1 (0.002-0.200) 0.04 0.1 (0.004-0.200) 0.04
mTBI non mil. —-0.04 (-0.20 to 0.09) 0.49 -0.03 (-0.2 to 0.1) 0.7
Blast exp. 0.0003 (-0.002 to 0.003) 0.77 0.0006 (—0.002 to 0.003) 0.67
SBP 0.01 (0.003-0.030) 0.01 0.02 (0.004-0.030) 0.01
Poor sleep —-0.08 (-0.76 to 0.60) 0.81 —-0.1 (0.8 to 0.6) 0.78
mTBIXPS 0.4 (-0.02 to 0.80) 0.06 0.48 (0.006-0.900) 0.04

Bold indicates p<0.05.

PVS, perivascular space; mTBI, mild traumatic brain injury; mTBI mil., mTBI with LOC sustained in the military; mTBI non mil., mTBI with LOC
sustained outside the military; Blast exp., blast exposure with no LOC but meeting other criteria for mTBI; SBP, systolic blood pressure; PS, poor sleep;
CI, confidence interval.

FIG. 2. Association between mTBI number and MRI-visible PVS burden. Superimposed T;-weighted image slices through the
centrum semiovale (top row) and the middle temporal lobe (bottom row) from subjects with a high prevalence (=5) mTBI (n=4;
A) and a low prevalence (<2) mTBI (n=5; B). Sagittal views illustrate the slab through which the mean maximum intensity
projection of slices was taken. After superimposing the slices, PVSs were color-coded. Red indicates that a particular voxel was
identified as a PVS in 1 subject, whereas yellow indicates that a particular voxel was identified as a PVS in 5 subjects. MRI,
magnetic resonance imaging; mTBI, mild TBI; PVS, perivascular space; TBI, traumatic brain injury. Color image is available
online.
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significant positive correlations with both PVS number and vol-
ume. These correlations, however, were not significant after ad-
justing for multiple comparisons.

Discussion

In this cohort of Irag/Afghanistan veterans, the number of
mTBIs with LOC sustained in the military is correlated with PVS
burden, after adjusting for other clinically important covariates.
Also, quality of sleep modulates the relationship between the
number of mTBIs sustained in the military and PVS volume. In
persons with poor sleep, the increase in PVS volume observed with
each subsequent mTBI is higher than in those who sleep well. Last,
a significant positive correlation exists between PVS burden and
the severity of post-concussive symptoms in veterans, particularly
balance problems. Although these findings do not address the di-
rectionality or causality of the relationship between mTBI, poor
sleep, PVS burden, and persistent post-concussive symptoms, these
data suggest a potential mechanistic link between them.

Previous studies have documented a larger number of PVS in
subjects with mTBI.'?*3? These studies used visual rating scales
that provide no information concerning PVS volume, morphology,
or location. Also, such scales often rely on the subjective selection
of a single axial slice, which limits their sensitivity. Besides, pre-
vious reports did not consider important covariates, which may
affect PVS burden.**** Our study builds on this pre-existing evi-
dence by using a validated and automated method to segment PVS
in 3T MRI data, which allows us to characterize PVS morphology
(i.e., width, length, volume, and linearity) and location of each PVS
throughout supratentorial WM. 224

Disruption of glymphatic exchange offers a potential mechanism
for the association between mTBI, increased PVS burden, and per-
sistent post-concussive symptoms. In rodents, PVSs play an essential
role in glymphatic exchange. According to this model, interstitial
fluid flows into the PVS before exiting the brain.*® Under normal
conditions, this flow is facilitated by the astroglial water channel,
aquaporin-4, and allows for the removal of metabolic waste such as
amyloid-$ and p-tau.'® In animal models of blast TBI, the glym-
phatic pathway is partially responsible for the clearance of p-tau that
accumulates in the PVS immediately after an injury.*® Importantly,
in rodents, mTBI causes loss of perivascular aquaporin-4 polariza-
tion in astrocytic endfeet, with subsequent glymphatic dysfunction
and impaired waste clearance.'® If a similar loss of perivascular
aquaporin-4 polarization occurs in humans, CSF exit from the PVS
into the interstitial space could be impaired, leading to chronic di-
latation of the PVS, disruption of glymphatic flow, and waste ac-

TABLE 4. CORRELATION BETWEEN PVS CHARACTERISTICS
AND POST-CONCUSSIVE SYMPTOMS ASSESSED
BY THE NEUROBEHAVIORAL SYMPTOM INVENTORY

Post-concussive symptoms

r p value

PVS whole brain

PVS no./em®> WM 0.28 0.03

PVS vol. (mm®)/cm® WM 0.3 0.02
PVS cluster morphology

PVS width (mm) 0.24 0.06
PVS length (mm) 0.15 0.26

*Pearson’s correlation coefficient.
PVS, perivascular space; WM, white matter.
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TABLE 5. CORRELATION BETWEEN PVS NUMBER
AND VOLUME (MM3)/cM? OF WHITE MATTER
AND PoOST-CONCUSSIVE SYMPTOMS

PVS no./em® PVS volume
WM (mm®)fem® WM

Symptom ¢ p value ¢ p value
Dizziness 0.32 0.01 0.35 0.006
Poor balance 0.47 0.0002°  0.48 0.0002"
Poor coordination 0.36  0.005 0.38 0.003
Headaches 022 0.1 0.26 0.05
Nausea 0.26  0.04 0.25 0.05
Vision problems 0.35 0.007 0.35 0.007
Light sensitivity 0.22 0.09 0.18 0.16
Hearing difficulties 0.11 0.41 0.09 048
Noise sensitivity 0.27  0.04 0.27 0.03
Numbness 0.29 0.02 03  0.02
Change in taste or smell 0.1 044 0.06 0.64
Loss of appetite 0.05 0.67 0.06 0.63
Poor concentration 0.16 0.21 0.17 0.2
Forgetfulness -0.08 0.53 -0.09 0.5
Difficulty making decisions ~ 0.03  0.77 0.06 0.62
Slowed thinking 0.11 0.41 0.11 0.39
Fatigue 0.13 0.32 0.15 0.24
Difficulty falling asleep 0.22 0.09 021 0.1
Feeling anxious 0.24 0.06 0.25 0.05
Feeling depressed 0.27 0.04 0.31 0.01
Irritability -0.1 043 -0.09 048
Poor frustration 0.12 0.36 0.13 0.31

“Pearson’s correlation coefficient.
"Signiﬁcant after Bonferroni’s correction (o=0.002).
PVS, perivascular space; WM, white matter.

cumulation.’” Accumulation of waste, including amyloid-8, p-tau,
and lactate, has been implicated in the pathophysiology of post-
traumatic neurodegeneration, 319353840

Increased PVS burden after mTBI may be a reflection of a
dysfunctional perivascular draining pathway. It is plausible that
impaired clearance of waste by-products generated in excess
by mTBI could lead to the propagation or persistence of post-
concussive symptoms. Alternatively, increased PVS burden could
reflect other post-traumatic pathological processes. Giza and
colleagues described a ‘‘neurometabolic cascade’ after mTBI,
which involves neuroinflammation and breakdown of the blood—
brain barrier.*! After mTBI, neuroinflammatory mediators, along
with inflammatory cells, accumulate around the cerebral blood ves-
sels.*> The precise relation between post-traumatic neuroinflamma-
tion and PVS dilatation remains to be determined. However, it has
been hypothesized that post-traumatic accumulation of neuroin-
flammatory mediators and inflammatory cells and breakdown of
blood-brain barrier permeability could lead to PVS enlargement
and alterations of fluid clearance.*® Whether attributable to disrupted
glymphatic function or other pathological processes, our findings
indicate a mechanistic link between mTBI and PVS burden.

We found a significant interaction between mTBI and poor sleep
for predicting PVS burden. Of the two PVS burden surrogates (i.e.,
number and volume), only PVS volume was affected by this in-
teraction. The resolution of a 3T MRI scan may not be sufficient to
detect small PVS, making total PVS volume a more sensitive
measurement of PVS burden. These findings highlight the impor-
tance of reporting measurements other than the total PVS number
when analyzing the effects of different exposures on PVS burden.
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Using polysomnography and visual PVS rating scales, previous
studies have found a direct correlation between PVS burden and
total sleep time.?' In addition to the limitations inherent to the use
of visual scales, this previous work did not address the interaction
between the number of mTBIs and poor sleep on PVS character-
istics. Our data agree with the existing literature and show that the
relation between the number of mTBIs and PVS burden is different
in veterans who report poor sleep versus those who do not.

Poor sleep is being increasingly recognized as a mediator that can
potentially affect the rate of recovery after mTBI.® Evidence from
animal models demonstrates that the glymphatic pathway is most
active during sleep. This notion is evidenced by the sleep-induced
expansion of the interstitial space and increase in convective ex-
change of cerebrospinal and interstitial fluid'*** Convective flow
through the brain parenchyma increases the rate of waste clearance
during sleep. Based on these pre-clinical studies and the data pre-
sented here, we hypothesize a two-hit mechanism: The first hit is
post-traumatic impairment of glymphatic function. The second hit is
the development of poor sleep, which prevents an already dysfunc-
tional glymphatic pathway from clearing waste efficiently.

We found a positive association between systolic blood pressure
and PVS burden. Previous studies have shown increased PVS burden
in subjects with hypertension, particularly in the basal ganglia.*’
Several mechanisms have been proposed to explain this association.
These mechanisms include direct mechanical trauma secondary to
CSF pulsatility,® alteration of vessel permeability,*® and ischemic
injury leading to ex vacuo dilatation.*’ Despite the anatomical dif-
ferences between the basal ganglia and centrum semiovale vascula-
ture,'” our data agree with the existing literature and suggest that the
relation between systolic blood pressure and PVS burden is also
observed in the WM.

In our cohort, we observed a low, but significant, positive cor-
relation between PVS burden and aggregate persistent post-
concussive symptom severity. The low correlation coefficients may
be explained, at least partly, because aggregate post-concussive
symptom measurements assess a wide variety of symptoms. These
symptoms involve different areas of the brain and independent
neuroanatomical pathways. By analyzing each symptom separately
and adjusting for multiple comparisons, we identified a correlation
between PVS burden and balance problems. Balance is a complex
neurological task that requires the integrity of several anatomical
structures. Vestibular, visual, cerebellar, proprioceptive, and motor
pathways are all involved in maintaining balance. This complexity
makes balance particularly susceptible to the effects of mTBI.*®
Whether the relationship between balance problems and PVS
burden is an indicator of a direct effect of glymphatic dysfunction
on balance remains to be determined.

Our findings are of particular interest to the veteran population
given the exposure to repeated mTBI as part of their training and
deployment, often returning to duty while still symptomatic.>*"*
Active duty service members who sustain an mTBI and show
increased PVS burden on MRI may be at risk of persistent post-
concussive symptoms, particularly if they also have poor sleep.
Further research is needed to determine whether increased PVS
burden represents a reliable biomarker of glymphatic dysfunction,
which can be used for risk stratification and return to duty in this
population.

This study has several limitations. First, although the auto-
mated PVS detection was assessed by a blind reviewer and “‘false
positives”” were removed, we did not account for the potential
““false negative” PVS (i.e., those PVS missed by the algorithm).
As with many segmentation algorithms, it is difficult to defini-
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tively identify misses, especially when investigating objects that
in non-dilated cases are too small to be detected at clinical-
strength MRI. We made a decision to preserve the objectivity of
an automated algorithm at the expense of an increase in the
likelihood of missed PVS and so chose not to manually draw the
comparatively small number of PVSs that were visible, but not
identified by the segmentation algorithm. Second, specific MRI
sequences, such as T,*-weighted acquisition, were not available.
Therefore, the lineage of the vessels inside the PVS (arterial vs.
venular) was not delineated. Future studies, including ultra-high-
field MRI, are needed to gain some clarity on this question. Third,
poor sleep was assessed subjectively. Although the PSQI is a self-
report sleep questionnaire, it has been validated against objective
measurements of sleep in patients with TBI.?%->°

Implementing objective sleep measures, such as actigraphy or
polysomnography, will allow future studies to more accurately es-
tablish the relationship between mTBI burden, different aspects of
sleep, and PVS characteristics. Fourth, just like with any convenience
sample, it is possible that selection bias was introduced while creating
the cohort. Fifth, although the interaction between mTBI burden
and poor sleep on PVS burden is a necessary condition to establish a
causal relationship, it is not sufficient. More extensive longitudinal
studies are necessary to properly establish a causal relationship be-
tween poor post-traumatic sleep and PVS burden. Sixth, in our study,
PVS burden was only measured in the WM. Previous work has shown
that PVSs occur in other areas of the brain, including the basal
ganglia, midbrain, and cerebellum.’'? It is possible that by re-
stricting our analysis to the WM, we limited our sensitivity to
detect the full effect of mTBI on PVS burden. Moreover, dif-
ferent mTBI etiologies (e.g., military vs. non-military) may be
associated with PVS changes in specific structures. Future studies
evaluating the relation between mTBI and PVS burden in struc-
tures other than the WM are warranted.

Our study shows that in Iraq/Afghanistan veterans, the number
of mTBIs sustained in the military is associated with PVS burden,
and this relationship is modulated by poor sleep. Also, we show that
in this cohort, increased PVS burden is associated with worse
postconcussive symptoms, particularly poor balance.
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