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Traumatic brain injury (TBI) is associated with alterations in cerebral blood flow (CBF), which may underlie
functional disability and precipitate TBI-induced neurodegeneration. Although it is known that chronic
moderate-severe TBI (msTBI) causes decreases in CBF, the temporal dynamics during the early chronic phase of
TBI remain unknown. Using arterial spin labeled (ASL) perfusion magnetic resonance imaging (MRI), we
examined longitudinal CBF changes in 29 patients with msTBI at 3, 6, and 12 months post-injury in comparison
to 35 demographically-matched healthy controls (HC). We investigated the difference between the two groups
and the within-subject time effect in the TBI patients using whole-brain voxel-wise analysis. Mean CBF in gray
matter (GM) was lower in the TBI group compared to HC at 6 and 12 months post-injury. Within the TBI group,
we identified widespread regional decreases in CBF from 3 to 6 months post-injury. In contrast, there were no
regions with decreasing CBF from 6 to 12 months post-injury, indicating stabilization of hypoperfusion. There
was instead a small area of increase in CBF observed in the right precuneus. These CBF changes were not
accompanied by cortical atrophy. The change in CBF was correlated with change in executive function from 3 to
6 months post-injury in TBI patients, suggesting functional relevance of CBF measures. Understanding the time
course of TBI-induced hypoperfusion and its relationship with cognitive improvement could provide an optimal
treatment window to benefit long-term outcome.

1. Introduction Microvascular injury demonstrates a relationship with the neuro-

vascular unit that can aid in precipitating secondary damages, such as

Microvascular injury is one of the many neuropathological conse-
quences of traumatic brain injury (TBI). (Morales et al., 2005) Micro-
vascular injury following TBI is a very common and chronic, yet
relatively understudied phenomenon. (Sandsmark et al., 2019; Kenney
et al.,, 2016) Animal and pathological studies widely implicate micro-
vascular injury in TBI across the severity spectrum (e.g., Sandsmark
et al.,, 2019; Kenney et al.,, 2016; DeWitt and Prough, 2003).

neurodegeneration. (Sandsmark et al., 2019) Impaired cerebral blood
flow (CBF) is a biomarker of microvascular disruption (i.e., traumatic
microvascular injury (Kenney et al., 2016) and has clinical importance
in TBI because of its relationship with metabolic alterations, (Soustiel
et al., 2005) cognitive and functional outcome, (Ware et al., 2020; Kim
et al., 2012; Obrist et al., 1979; Hlatky et al., ; Ding et al., 2020) and
onset of neurodegenerative diseases. (Chao et al., 2010; Xekardaki et al.,
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2015; Benedictus, 2017; Ramos-Cejudo et al., 2018; Shively et al., 2012;
Wilson et al., 2017; Sweeney et al., 2018) Due to the relationship of CBF
with neural health and behavior, understanding the dynamics of CBF
alterations after TBI may benefit the implementation of interventions
that enhance microvascular function with the ultimate aim of inter-
rupting the progression of further neural and cognitive decline.

CBF in patients with severe TBI has been described longitudinally in
the acute post-injury time period (i.e., 0 h to 24 h; (Bouma et al., 1992;
Bouma et al., 1991) 0 days to 1 week; (Marion et al., 1991) 0 days to 2
weeks (Martin et al., 1997), with heterogeneity in the direction and
extent of CBF change seen amongst TBI patients from days to weeks post-
injury. One study, (Inoue et al., 2005) which examined CBF in 20 pa-
tients with severe TBI using xenon-enhanced computer tomography,
demonstrated persistent decreased CBF between 1 and 6 weeks post-
injury, with only a subset of patients returning to a normal CBF level
around 3 weeks post-injury. Beyond this time period post-injury, the
precise temporal pattern of CBF alterations and variability across pa-
tients remains unclear. Determining the temporal pattern of CBF and the
amount of variability in CBF change during more chronic time points
post-injury in msTBI can shed light on the importance of long-term
microvascular injury.

Our group has previously conducted cross-sectional studies using
arterial spin labeled (ASL) magnetic resonance imaging (MRI) and
confirmed reduced CBF, in widespread brain regions in the chronic
phase of moderate-severe TBI (msTBI) as early as 3 months post-injury
and as late as 330 months post-injury compared to healthy controls.
(Ware et al., 2020; Kim et al., 2010) Post-TBI CBF reductions, measured
by MRI and single-photon emission computerized tomography, have
previously been demonstrated to persist for years after injury (DeWitt
and Prough, 2003; Kim et al., 2010; Stamatakis et al., 2009) and occur in
the absence of and independent from visible structural damage. (Kim
et al., 2010; Haber, 2018) MRI-based measurements of CBF, specifically
ASL MRI, provide an appealing and noninvasive means of assessing
microvascular disruption in TBI with high reliability. (Dolui et al., 2016)
Advantages of ASL MRI include high spatial resolution, absolute CBF
quantification, and lack of exposure to contrast material or ionizing
radiation. (Ware et al., 2020) ASL MRI holds clinical utility for assessing
perfusion (Telischak et al., 2015; Wilde et al., 2022) and is readily ac-
quired as part of a multimodal MRI examination required to assess
heterogeneous TBI-related pathology, accounts for potential structural
confounds on perfusion, and allows for the accurate co-registration of
perfusion data across patients for quantitative analysis. CBF has become
an important biomarker of cognitive function and dysfunction in both
aging and neurodegenerative disease, as CBF predicts subsequent
cognitive decline (Chao et al., 2010; Xekardaki et al., 2015; Benedictus,
2017) and is associated with pathophysiological changes that overlap
with neurodegenerative disorders. (Wilson et al., 2017) Furthermore,
microvascular injury-related neurovascular unit dysfunction represents
a potentially modifiable target for intervention given its plasticity and
responsiveness to pharmacological and vascular-directed therapy.
(Sandsmark et al., 2019) Together, this lends itself to the idea that CBF is
a promising treatment target for TBI and quantifying CBF may be able to
convey important prognostic information in chronic TBI.

However, the time-dependent change of CBF in the chronic phase
and its relationship with cognitive recovery is insufficiently character-
ized. The current study is the first to use multiple follow-up assessments
to delineate the pattern on CBF changes during the first year after msTBI
to the best of our knowledge. Determining the temporal pattern of CBF
and the amount of variability during the first year post-injury in msTBI
can shed light on the importance of microvascular injury to cognitive
trajectory after TBI and ultimately help in identifying a window of op-
portunity in which interventions targeted toward microvascular health
may be most effective. While we expect to observe decreased CBF based
on previous literature demonstrating GM hypoperfusion in chronic
msTBIL, (Ware et al., 2020; Amyot et al., 2018) understanding the tem-
poral dynamics of CBF during the first year post-injury is an exploratory
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analysis. In addition, we seek to determine if CBF changes correlate with
behavioral changes as we have previously found CBF in TBI at 3 months
post-injury to be predictive of cognitive trajectory from 3 to 12 months
post-injury. (Ware et al., 2020) Determining the relationship of temporal
CBF changes to behavioral improvement and/or decline will support the
clinical importance of CBF and help in understanding the ability of CBF
to serve as a prognostic and predictive biomarker of microvascular
health in chronic TBI. There is no previous longitudinal evidence that
incorporates these phases post-injury in msTBI or examines individual
specific differences in perfusion. In this study, we employed ASL MRI to
quantitatively measure whole-brain and regional CBF in msTBI patients
at 3, 6, and 12 months post-injury to determine 1) the temporal dy-
namics of CBF (i.e., change in CBF between each time point) in patients
with TBI during the first year post-injury, and 2) the relationship be-
tween longitudinal CBF and cognitive changes.

2. Methods
2.1. Study Population

This study was approved by the Institutional Review Board of the
Moss Rehabilitation Research Institute and written informed consent
was obtained from the participants or their legally authorized repre-
sentatives. Patients with moderate-severe TBI were recruited from the
outpatient clinical programs at the Drucker Brain Injury Center of the
MossRehab Hospital in Philadelphia from 2012 to 2016.

Participants were selected to include those with evidence of injury
mechanism consistent with diffuse axonal injury (e.g., immediate loss of
consciousness, post-traumatic amnesia, and high-impact closed-head
injury). Inclusion criteria for TBI group participation included: (1) an
age range of 18 to 64 years old and (2) a history of non-penetrating TBI
of at least moderate severity. Severity was defined by either (1) docu-
mented loss of consciousness for > 12 h; (2) duration of post-traumatic
amnesia > 24 h; or (3) the Glasgow Coma Scale < 13 from the Emer-
gency Department (not due to sedation, paralysis, or intoxication).
Exclusion criteria for participation included: (1) history of prior TBI,
central nervous system disease, seizure disorder, schizophrenia, and/or
bipolar disorder; (2) history of alcohol or stimulant abuse; (3) inability
to complete MRI scanning due to ferromagnetic implants, claustro-
phobia, or restlessness; (4) pregnancy; (5) non-fluency in English; and/
or (6) level of disability too great to allow for completion of testing and
scanning 3, 6, and 12 months post-TBI. Participants were also excluded
if the total estimated volume of focal intraparenchymal lesions was
greater than 5 cm® for subcortical lesions and 50 cm? for cortical lesions
from initial CT/MRI scans.

In total, 42 TBI subjects met the inclusion criteria for this study. 29
participants (age: 32 + 13.14 years, 10 female) completed the neuro-
imaging study at 3, 6, and 12 months post-injury and were considered
for the study. So, 29 patients out of 42 both completed all scans and
neuropsychological battery tests (detailed below) and passed data
quality checks. There were 9 patients who couldn’t complete their 6
months follow-up and 4 patients who could not be followed up at 12
months post-injury. The reasons included incarceration, medical com-
plications requiring additional surgery, and voluntary withdrawal.
These patients were excluded from the current study. The participants
included in this study are a sub-cohort from our previous study. (Ware
et al., 2020) In addition, 35 demographically matched HC (mean age =
35 + 10.24 years, 9 female) were enrolled and scanned once for this
study. The control participants were drawn from acquaintances of study
participants, the MossRehab Rehabilitation Research Registry and
public notices including IRB approved flyers, tent cards and newspaper
advertisements. Exclusion criteria for HC were the same as above, with
an additional exclusion for any history of TBI resulting in loss of con-
sciousness or alteration of consciousness.
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2.2. Clinical and Neuropsychological Measures

Clinical measures included duration of post-traumatic amnesia, ac-
quired prospectively during hospitalization. In addition, clinical mea-
sures included Glasgow Coma Scale and days to follow command, which
were extracted from medical records. The duration of post-traumatic
amnesia was used as an index of TBI severity, defined as the number
of days between the TBI and the date of the 1st of 2 scores > 25 on the
Orientation Log (Jackson et al., 1998) administered < 72 h apart. For
patients who were discharged from rehabilitation care while still in post-
traumatic amnesia, their post-traumatic amnesia duration was esti-
mated conservatively at [days between TBI and rehabilitation
discharge] + 1.

Longitudinal neuropsychological data were obtained from TBI pa-
tients at 3, 6 and 12 months post-injury and included tests of processing
speed, executive function, and verbal learning, which are domains
frequently impaired in TBIL. Cognitive performance was assessed across
three domains, including mental processing speed (PS) as indexed by the
Processing Speed Index from the Wechsler Adult Intelligence Scale IV
(WAIS-1V) and verbal learning (VL) as indexed by the Rey Auditory
Verbal Learning Test. In addition, cognitive performance was assessed
by executive functioning (EF) as indexed by a composite measure con-
sisting of an average across t scores of the following tests: Letter-Number
Sequencing subtest and Digits Backward section of the Digit Span subtest
of the Wechsler Memory Scale IV, Controlled Oral Word Association test,
test B from Trails-Making Test, and Color Word section of the Color
Word Interference Test from the Delis-Kaplan Executive Function Sys-
tem. For more details on these cognitive tests, please refer to our pre-
vious publication (Wechsler, 2014; Lezak, 2004; Benton, Hamsher, &
Sivan, 1994; Reitan & Wolfson, 1985; Delis, Kaplan, & Kramer, 2001
referenced in (Rabinowitz et al., 2018).

2.3. Magnetic Resonance Imaging Acquisition

Brain MRI examinations were performed on a 3 Tesla MRI scanner
(Siemens Trio, Siemens, Erlangen, Germany). ASL data were acquired
using a pseudo-continuous ASL sequence. The labeling was performed
with a labeling time/post-labeling delay = 1.5/1.5 s at 9 cm below the
center of the imaging volume. The images were acquired using EPI im-
aging with TR/TE = 4 s/18 ms, FOV 220 mm, matrix 64x64, voxel size
3.4x3.4x7.2 mm3, 18 sequential axial slices (thickness 6 mm) with a
between-slice gap of 1.2 mm, and 45 label-control image pairs. ASL MRI
provides non-invasive quantification of CBF, (Alsop et al., 2015) has
been validated with other established molecular imaging modalities for
measuring CBF, is the modality of choice to measure CBF in longitudinal
and large scale multisite studies requiring repeated acquisitions. (Dolui
et al.,, 2016) In addition, high-resolution T1 weighted magnetization-
prepared rapid gradient echo (MPRAGE) images were also obtained at
1 mm isotropic resolution using the following parameters: TR/TE/TI =
1620/3.08/950 ms, flip angle = 15°, 160 contiguous slices of 1 mm
thickness, and matrix 256x192.

2.4. Image Processing.

2.4.1. Lesion Masking

Lesion masks were drawn on T1 by a trained observer who manually
segmented the lesion area under the supervision of a neurologist with
extensive experience in lesion assessment. Lesions masking was derived
from the 3 month post-injury time point. Focal lesions included any
cystic cavities and other focal regions of abnormal signal in gray matter
(GM). The ITK-SNAP software (version 5.2.1; (Ramos-Cejudo et al.,
2018; Shively et al., 2012; Yushkevich et al., 2006) was used for 3D-
based segmentation. Total lesion volume was calculated using FMRIB
Software Library (FSL version 6.0; https://fsl.fmrib.ox.ac.uk/fsl/fslw
iki/Fslinstallation). (Smith et al., 2004) An overlap map was created
to determine the frequency of lesion location amongst TBI patients. This
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lesion information was compared to regions of reduced CBF and was also
utilized in further analyses (Section 2.4.4). Additional information can
be found in Supplemental Table 1.

2.4.2. Pre-processing of Magnetic Resonance Imaging Data

Pre-processing of ASL data and CBF quantification were conducted
using SPM12 and the ASL toolbox pipeline. (Wang et al., 2008) The
processing consisted of realigning the control/label time series by esti-
mating a six-parameter rigid body spatial transformation and thereafter
regressing out the spurious motion component caused by the systematic
label/control alteration from the motion parameters before applying the
transformation to the images. The realigned images were then smoothed
using the Gaussian smoothing kernel (FWHM = 6 mm) to reduce noise.
CBF was quantified using the single compartment model with parame-
ters as recommended by Alsop et al. (Alsop et al., 2015) The CBF maps
were normalized to the MNI space by combining two transforms: co-
registration of mean functional image to each subject’s structural
image and normalization of the structural image to the MNI space and
the maps were used for voxel-wise analysis.

2.4.3. Extraction of Cerebral Blood Flow Values

Marsbar (Brett et al., 2002) software (release 0.45) was used to
extract mean CBF values from CBF maps. We utilized a GM mask
because CBF in WM is generally below the signal-to-noise ratio threshold
of ASL MRI and so WM CBF is beyond the scope of this paper. It is an
ongoing issue in TBI research, as diffuse white matter disease is likely
present and functional measures (i.e., ASL MRI) have poor sensitivity to
WM function. A GM mask was created in MNI space by extracting
cortical and subcortical GM from the MNI-ICBM template brain (Inter-
national Consortium from Brain Mapping) (Fonov et al., 2009; Fonov
et al., 2011) using both FMIRB’s Automated Segmentation Tool (FAST)
and FIRST implemented in FSL. (Smith et al., 2004; Patenaude et al.,
2011; Zhang et al., 2001) FIRST was used to segment subcortical regions
(e.g., caudate, hippocampus, thalamus, putamen, etc.) and FAST was
used to segment tissue classes (i.e., GM, WM, CSF). Using ‘fslmaths,’
(Smith et al., 2004) the GM tissue classification and combined subcor-
tical regions were binarized and then combined to make a cortical and
subcortical GM mask that was used in further analysis. This GM mask
was utilized for CBF extraction within GM. We extracted mean CBF
values from the CBF maps warped to MNI space obtained in Section
2.4.2 using the GM mask. CBF was also extracted from the CBF maps

Table 1
Participant Characteristics and Demographics.
Control TBI P
N 35 29 -
Age (years) 35.2(10.2) 32.1 (13.1) 0.303
Sex 25 M; 10F 19 M; 10F 0.568
Race 1A;1H; 12 W; 22 1A;4H; 16 W; 8 0.613
AA AA
Average Education (years) 13.25 (2.17) 13.65 (2.50) 0.487
Post-Traumatic Amnesia - 22.7 (18.8) -
(days)
Days To Follow Command - 7.6 (11.5) -
Glasgow Coma Scale - 9.8 (3.6)" -
Time Post-Injury (days) - Time Point: 1: -
100.1

(18.5)2: 184.2

(18.1)3: 366.9

(21.7)

Vehicle: 22 -
Fall: 5

Assault: 2

Mechanism of Injury -

Mean (STD); M = Male; F = Female; A = Asian; H = Hispanic; W = White; AA =
African American. "This number is based on 19 subjects; the remaining subjects
were intubated (3) and sedated (7). ~ Vehicle accidents include motor vehicle
accidents, automobile versus pedestrian, automobile versus pedestrian/scooter,
and motorcycle/bicycle.
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obtained in Sections 2.5.1 and 2.5.2 using binarized meta-ROIs
(described below).

2.4.4. Estimation of Regional Cortical Atrophy

To explore if any differences found in perfusion over the first year
post-injury were due to structural changes as opposed to functional, we
aimed to control any observed CBF change over time for regional change
in volume. To estimate the regional atrophy, we calculated the regional
Jacobian determinant between time points by utilizing ANTS (version
2.4.2). (Tustison, et al., 2018; Tustison, et al., 2013) This pipeline uti-
lizes a subject specific template representing the midpoint of all T1
structural images between time points. (Avants et al., 2010) Voxel-wise
maps of the Jacobian determinant were created using the diffeomorphic
registration fields from the template building step by using the tool
‘createJacobianDeterminantlmage’. Specifically, the warps used during
the registration of the structural volumetric cortical thickness map
templates across time points were combined to create log-transformed
Jacobian maps from 3 to 12 months post-injury, 3 to 6 months post-
injury, and 6 to 12 months post-injury. The resulting positive log-
transformed Jacobian values indicate tissue expansion and the nega-
tive log-transformed Jacobian values indicate tissue contraction. Addi-
tional processing considerations for focal lesions frequently encountered
in TBI are accomplished via cost-function masking, (Kim et al., 2010;
Ripollés et al., 2012) which was used to reduce the influence of focal
lesions on cortical volume estimation.

2.5. Statistical Analyses.

2.5.1. Cerebral Blood Flow in traumatic Brain injury and Healthy controls

To characterize CBF in TBI patients in the first year following injury,
we compared both GM and regional CBF in patients at 3, 6 and 12
months post-injury with healthy controls (HC).

GM CBF. To compare GM CBF in TBI and HC, we conducted a one-
way ANOVA and post hoc tests corrected for multiple comparisons
(Tukey’s honestly significant difference test) in SPSS (IBM) using the
extracted CBF values from the GM mask (Section 2.4.3). Neuroimaging
results are displayed using MRIcron (brains in radiological convention)
and charts and figures are displayed using Jupyter Notebook (Kluyver
and Ragan-Kelley, 2016) (e.g., seaborn, matplotlib; Python 3 http
://www.python.org).

Regional CBF. We conducted voxel-wise independent samples t-tests
controlled for family-wise error (p <.001) and cluster size (k = 100)
implemented for the comparison of the CBF levels between HC and TBI
participants at 3, 6, and 12 months post-injury. A cluster extent-based
(k) thresholding for family wise error (FWE) rate of the p-value was
employed using a Gaussian random-field method implemented by
SPM12. This analysis was aimed to elucidate the direction of regional
CBF alterations in TBI as compared to HC at each time point. Significant
clusters from voxel-wise independent t-tests were labeled using the peak
coordinates. The voxel-wise independent t-tests resulted in clusters with
a maximum of 3 peak coordinates 8 mm apart. Regions of interest (ROIs)
containing clusters of significantly altered CBF were then labeled using
Harvard Oxford Cortical and Subcortical Structural Atlas (FSL). (Desikan
et al., 2006) The labels with the highest GM probabilities are reported. If
the peak value could not be labeled using the Harvard Oxford Atlas (e.g.,
cerebellum), we manually determined where the peak coordinate re-
sides and deemed the region as ‘Outside of Atlas.’.

2.5.2. Cerebral Blood Flow change over time in traumatic Brain injury

To characterize temporal changes in hypoperfusion in TBI patients,
we compared both GM and regional CBF in patients with TBI at 3, 6 and
12 months post-injury using within-subject designs.

GM CBF. To compare longitudinal GM CBF in TBI patients at 3, 6, and
12 months post-injury, we conducted a repeated measures analysis of
variance (ANOVA) test using the extracted CBF values from the GM
mask (Section 2.4.3).
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Regional CBF. We examined the whole brain longitudinal changes of
CBF within TBI patients using voxel-wise paired samples t-tests
controlled for family-wise error (p <.005) and cluster size (k = 200),
between 3 and 6 months post-injury, 6 and 12 months post-injury, and 3
and 12 months post-injury. The same labeling mechanism was used as
above.

Meta-ROI Definition. The level of hypoperfusion was calculated from
the mean CBF within “meta-ROIs.” The “meta-ROIs” were comprised of
single ROIs that exhibited statistically significant differences in CBF
between TBI patients at 3 and 6 months post-injury determined through
voxel-wise paired t-test analysis. Mean CBF from the binarized meta-ROI
mask was extracted. Since only one ROI was found when conducting the
voxel-wise paired t-tests between patients with TBI at 6 and 12 months
post-injury, the one ROI was binarized and the mean CBF was extracted
for further analysis. In conclusion, there were two meta-ROIs used for
analysis: 1) ROIs derived from significant differences in CBF between
TBI patients at 3 and 6 months post-injury and 2) ROIs derived from
significant differences in CBF between TBI patients at 6 and 12 months
post-injury. We have used the same method in our previous work (Ware
et al., 2017).

Correlational Analysis of CBF Changes and Neuropsychological
Performance. The relationship between longitudinal changes in CBF and
neuropsychological scores were assessed using partial Spearman’s cor-
relation coefficient by controlling baseline score/perfusion level, age,
and education level and correcting for multiple comparisons (i.e., Bon-
ferroni). Please note that all previous and remaining analyses are
parametric tests due to the normal distribution of the data as determined
by Shapiro-Wilk test. However, the neuropsychological data being
correlated with CBF changes are not normally distributed, calling for
non-parametric correlation testing.

When examining the relationship of the magnitude of change of
mean GM CBF (derived from group-level analyses) with the magnitude
of change in neuropsychological performance, we did not find any sig-
nificant relationships (see Section 3.4). Since we are studying a patient
group expected to exhibit heterogeneity in spatial patterns of injury, we
used an individualized measure to capture the extent of the CBF
reduction in each TBI patient, which was then used for correlational
analysis. The extent of reduced CBF is measured as the volume of
hypoperfused voxels determined through the individual-specific anal-
ysis using the distribution corrected z score (DisCo-Z) method. (Mayer
et al.,, 2014) In short, we used this method to make subject-specific
hypoperfusion maps in both the control and TBI groups. Each in-
dividual’s CBF map is initially Z-transformed using voxel-wise mean and
standard deviation of the control population. Z-thresholds for the con-
trol and subject populations are then cluster corrected based on data
smoothness and corrected to eliminate bias resulting from varying de-
grees of freedom and non-independence of control subject responses
with respect to reference mean and standard deviation. (Mayer et al.,
2014; Watts et al., 2014).

2.5.3. Relationship between regional CBF and cortical atrophy in traumatic
Brain injury

Following the procedure described in Section 2.4.4, voxel-wise log-
transformed Jacobian maps were masked using the meta-ROIs deter-
mined from the longitudinal comparisons between time points within
the TBI patient group. Using Marsbar, mean Jacobian values and mean
CBF values were extracted in a 5 mm radius sphere with the center set as
the most significant peak value within each of the clusters listed in Ta-
bles 6 and 7. We used repeated measures analysis of covariance
(ANCOVA) to determine the change in CBF from 3 to 6 months post-
injury and 6 to 12 months post-injury while covarying for change in
Jacobian metric within the respective time frames.
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3. Results
3.1. Characteristics of participants

Demographics, injury severity, clinical characteristics, and more
details of TBI and control groups are listed in Table 1. This cohort is a
sub-group of a larger sample that was included in our recent publication.
(Ware et al., 2020) There were no significant demographic differences
between TBI and HC groups. Participants with TBI were characterized as
moderate-severe as defined by the characteristics in Table 1. Focal le-
sions are mainly located in the frontal and temporal lobes (Fig. 1). There
is minimal overlap between focal lesions and regions of reduced CBF.

3.2. Reduced CBF in traumatic Brain injury patients at 3, 6, and 12
months Post-Injury

GM CBF. Mean GM CBF values at each time point (HC: 44.76 ml/100
g/min; TBI 3 months post-injury: 40.23; 6 months post-injury: 37.19; 12
months post-injury: 37.77 ml/100 g/min) were lower in the TBI group
compared to HC (Fig. 2). One-way ANOVA demonstrated a significant
group difference (F(3,118) = 3.589, p = 0.016, ng = 0.084). Post hoc
comparisons corrected for multiple comparisons revealed a significant
difference in GM CBF between HC and patients with TBI at 6 (p = 0.021;
Fig. 2) and patients with TBI at 12 months post-injury (p =.045).
However, there was not a significant difference in GM CBF between HC
and patients with TBI at 3 months post-injury (p =.310).

Regional CBF. In voxel-wise analysis, we found widespread regions
of significant hypoperfusion (p < 0.001, k = 100; Fig. 3, Tables 2, 3 and
4) in the TBI group at 3, 6, and 12 months post-injury compared to the
HC. These regions included both cortical and subcortical areas as re-
ported previously at 3 months post-injury. (Ware et al., 2020) The right
anterior cingulum and left cerebellum were two regions that at 3 months
post-injury displayed hypoperfusion in the TBI group compared to HC
(Table 2). These two peaks within the significant clusters of hypo-
perfusion also showed decrease in CBF compared to controls at 6 and 12
months post-injury (Tables 3 and 4).

3.3. CBF change over time in traumatic Brain injury Patients.

GM CBF. From 3 to 12 months post-injury, we did not find a signif-
icant main effect of time post-injury on CBF levels of TBI patients in GM
(F(2,56) = 2.164, p =.124, n2 = 0.072; Fig. 2).

Regional CBF. Through voxel-wise analysis, we found a worsening of
hypoperfusion among the TBI group with multiple areas exhibiting a
decrease in CBF from 3 to 12 months post-injury (p <.005, k = 200) and
3 to 6 months post-injury (p <.005, k = 200). Areas of CBF decrease
from 3 to 12 months post-injury and 3 to 6 months post-injury are listed
in Tables 4 and 5. Most of the worsening of hypoperfusion is concen-
trated from 3 to 6 months post-injury. CBF was also significantly lower
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Fig. 2. Mean Gray Matter Cerebral Blood Flow in 35 Healthy Controls and 29
Traumatic Brain Injury Patients at 3, 6, and 12 Months Post-Injury. Black line
indicates results from One-Way ANOVA. Red line indicates results Tukey’s
Honestly Significant Difference Test.* p <.05.

at 12 months post-injury compared to 3 months post-injury at multiple
regions including, right Heschl’s gyrus, left central opercular cortex, left
supramarginal gyrus, right putamen, right caudate, left precuneus, right
cuneus, and left caudate (Table 5). In contrast, there were no regions
with significant decreases in CBF between 6 and 12 month post-injury
(Table 7). However, there was an increase in CBF in the right pre-
cuneus from 6 to 12 months post-injury (p <.005, k = 200; Figs. 2 and
3).

Using ANTS (Section 2.5.3), we calculated and then extracted log-
transformed Jacobian values within the areas showing CBF changes
between time points (e.g., 3 to 6 months post-injury, 6 to 12 months
post-injury). We aimed to determine if the observed CBF change was
related to atrophy during the same time interval. Change in CBF in the
sphere around peak coordinates remained significant while covarying
for the Jacobian determinant within the same sphere across all peak
coordinates (Supplemental Table 2).

3.4. Relationship between change of Cerebral Blood Flow and
neuropsychological score changes

Using results from the voxel-wise paired t-tests comparing HC and
TBI patients at 3, 6, and 12 months post-injury, we created meta-ROIs
(Section 2.5.2). We correlated the change of mean CBF values from
the (meta-)ROI with the change of neuropsychological domain scores
across time points (i.e., 3-6 months post-injury and 6-12 months post-
injury). After multiple comparison correction (for the number of neu-
ropsychological domains) and including age, baseline (CBF level or

Fig. 1. Lesion Frequency Overlap Map in Patients with Focal Lesions (N = 22). Frequency is defined as the number of patients (p) displaying a lesion in the given area

(0 to 5pt).
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1. HC>TBI
1a. 3 Months Post-Injury

1b. 6 Months Post-Injury
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2.781
2a. 3>6 Months Post-Injury

Fig. 3. Patterns of Cerebral Blood Flow 1. Between Group Difference in CBF in HC and TBI at 3 (1a), 6 (1b), and 12 (1¢) Months Post-Injury (p <.001, k = 100) and 2.
Longitudinal Within Group Difference in CBF in TBI from 3 to 6 (2a) and 6 to 12 (2b) Months Post-Injury (p <.005, k = 200).

Table 2
Areas of Hypoperfusion in Traumatic Brain Injury Patients at 3 Months Post-
Injury Compared to Healthy Controls.

Location Peak t k FWE p
Coordinates (cluster
(mm) level)
a.Anterior Cingulate Gyrus —6-4 28 4.87 1334  0.000
a. Left Cerebral White —16-12 34
Matter
a.Right Posterior/Anterior —4-18 24
Cingulate Gyrus
b.Outside of Atlas; Left —-8-60 —18 4.61 1030 0.000
Cerebellum
b.Outside of Atlas; Left —26-60 —18
Cerebellum
b.Outside of Atlas; Left —24-70 —18
Cerebellum
c. Cingulate Gyrus/ 44218 3.96 318 0.006
Paracingulate Gyrus
c.Right Paracingulate —6 38 22
Gyrus/Anterior Cingulate
Cortex
c.Right Paracingulate Gyrus —14 36 22

Peak coordinates of local maxima are reported per each cluster (maximum 3
maxima) in mm. Cluster sizes (k) are reported in voxels. P value is reported at the
level of significance for the cluster corrected for family wise error.

neuropsychological score), and education covariates, these relationships
did not reach statistical significance.

The relationship between longitudinal CBF change with longitudinal
behavioral change was better described using an individual-specific
analysis (DisCo-Z; Section 2.5.2). Please refer to Supplemental Table 3
for a summary of correlations between CBF and behavior from the study
cohort. Individual-specific analysis revealed heterogeneity in the tra-
jectory of CBF changes from 3 to 12 months post-injury with some pa-
tients improving in the extent of hypoperfusion while others did not
improve. Overall, there was a general trend of an increasing extent of
hypoperfusion from 3 to 6 months post-injury. Using partial Spearman
correlation and controlling for age, baseline (CBF level or neuropsy-
chological score), and education level, we found that the extent of
hypoperfusion difference from 3 to 6 months post-injury was correlated
with change of EF from 3 to 6 months post-injury (rho =-0.436, p =.026;
not corrected for multiple comparisons). In other words, a smaller
change in the extent of hypoperfusion (less hypoperfusion) was

correlated with a greater improvement in EF from 3 to 6 months post-
injury. This extent of hypoperfusion difference from 3 to 6 months
post-injury, however, was not correlated with change of PS from 3 to 6
months post-injury (rho = -0.266, p =.190) or with change of VL from 3
to 6 months post-injury (rho = -0.218, p =.285). Additionally, there was
no significant correlation between change in the extent of hypoperfusion
from 6 to 12 months post-injury with change in EF (tho = 0.322, p
=.088), PS (tho = 0.171, p =.375), and VL (rho = 0.052, p =.789) from
6 to 12 months post-injury.

4. Discussion

4.1. CBF in traumatic Brain injury patients during the first year Post-
Injury compared to Healthy controls

Using ASL MRI, our study is the first to delineate the temporal
pattern of CBF alternations in patients with chronic msTBI at 3, 6, and
12 months post-injury. We observed regional hypoperfusion in both
hemispheres in the TBI group compared to HC. This is consistent with
previous literature demonstrating GM hypoperfusion in chronic msTBI.
(Ware et al., 2020; Amyot et al., 2018) GM CBF reduction in TBI patients
was present at each of the studied time points and was more pronounced
in TBI at 6 months post-injury as compared to 3 and 12 months post-
injury, suggesting that microvascular injury or dysfunction may
worsen over time in the early chronic post-injury period with potential
recovery. Regions of hypoperfusion included both cortical and subcor-
tical areas in accordance with previous findings (Ware et al., 2020; Kim
et al., 2010; Amyot et al., 2018) (Tables 2, 3, and 4). The right anterior
cingulum and left cerebellum were two regions that displayed hypo-
perfusion in the TBI group at 3 months post-injury compared to HC.
These two regions also showed hypoperfusion compared to HC at 6 and
12 months post-injury. A previous study examined amyloid plaque
density in chronic msTBI patients (between 11 and 17 years post-injury).
(Scott et al., 2016) The study found that there was an increased C-
Pittsburgh compound B binding potential within the cingulate cortex
(posterior) and cerebellum in TBI compared to controls and patients
with Alzheimer’s disease using positron emission tomography imaging.
There was a positive correlation between time post-injury and C-Pitts-
burgh compound B binding potential within the posterior cingulate
cortex, suggesting that there is a plaque accumulation in these areas over
time. Studies focusing on brain connectivity in msTBI further implicate
these regions as vulnerable to both structural and functional
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Table 3
Areas of Hypoperfusion in Traumatic Brain Injury Patients at 6 Months Post-
Injury Compared to Healthy Controls.
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Table 4
Areas of Hypoperfusion in Traumatic Brain Injury Patients at 12 Months Post-
Injury Compared to Healthy Controls.

Location Peak t k FWE p Location Peak t k FWE p
Coordinates (cluster Coordinates (cluster
(mm) level) (mm) level)
a.Outside of Atlas; Left —14-60 —18 6.54 4721 0.000 a.Left Parietal Operculum —56-38 28 5.68 4247 0.000
Cerebellum Cortex/Supramarginal
a.Outside of Atlas; Left —20-52 -22 Gyrus
Cerebellum a.Left Middle Temporal —54-60 —4
a.Parahippocampal Gyrus —20-38 —24 Gyrus
b.Left Insular Cortex —40 18-6 5.15 1006  0.000 a.Left Middle Temporal —-52-58 10
b.Left Temporal Pole —46 18-28 Gyrus
b.Left Frontal Pole —40 40 24 b.Outside of Atlas; Left —14-58 —18 5.50 2462 0.000
c.Left Superior Lateral —18-78 36 5.10 226 0.029 Cerebellum
Occipital Cortex/Cuneus b.Brain Stem —8-36 —20
c.Left Cuneus Cortex —10-80 26 b.Left Temporal Occipital —30-48 22
c.Left Cuneus Cortex —2-82 28 Fusiform Cortex
d.Right Postcentral Gyrus 52-12 28 5.06 2224  0.000 c.Left Anterior/Posterior —4-16 26 5.30 1058  0.000
d.Right Insular Cortex 34-1210 Cingulate Gyrus
d.Right Precentral Gyrus 54 4 30 c.Right Posterior Cingulate 4-18 26
e.Left Cerebral White Matter ~ —20 26 20 4.97 4446  0.000 Gyrus
e.Left Paracingulate Gyrus —836 26 c.Right Juxtapositional 10-2 60
e.Left Anterior Cingulum 04214 Lobule Cortex
f.Right Frontal Orbital 22 28-10 4.93 1327  0.000 d.Right Precentral Gyrus 54 4 32 4.64 3016 0.000
Cortex d.Right Frontal Pole 48 36 6
f.Right Frontal Pole 44 40 2 d.Right Postcentral Gyrus 56-18 28
f.Right Inferior Frontal 5016 14 e.Right Precentral Gyrus 42-14 44 459 193 0.048
Gyrus e.Right Precentral Gyrus/ 40-22 54
g.Left Postcentral Gyrus/ —60-10 14 4.82 220 0.032 Postcentral Gyrus
Central Opercular Cortex e.Right Precentral Gyrus 30-22 56
g.Left Postcentral Gyrus —56-8 24 f.Left Superior Lateral —16-86 30 421 340 0.004
g.Left Postcentral Gyrus —44-12 26 Occipital Cortex
h.Left Supracalcarine Cortex = —18-64 12 478 684 0.000 f.Left Precuneus Cortex —4-72 26
h.Left Lingual Gyrus 2-76 4 f.Left Superior Lateral —18-76 38
h.Left Precuneus Cortex —14-54 6 Occipital Cortex
i.Left Central Opercular -56 02 4.74 1917  0.000 g.Right Caudate 101212 413 1220 0.000
Cortex/Planum Polare g.Right Anterior Cingulate 44218
i.Left Middle Temporal —54-60 —4 Gyrus
Gyrus g.Right Anterior Cingulate 2644
i.Left Insular Cortex —34-24 4 Gyrus
j-Right Angular Gyrus 54-48 16 4.60 262 0.016 . . .
j-Right Parietal Operculum 50-34 32 Peak coordinates of local maxima are reported per each cluster (maximum 3
Cortex maxima) in mm. Cluster sizes (k) are reported in voxels. P value is reported at the
j.Right Middle Temporal 60-46 10 level of significance for the cluster corrected for family wise error.
Gyrus
k‘P(,JStenor Cingulate Gyrus  2-44 16 374 3% 0.002 progressive decrease in CBF from 3 to 6 months post-injury, while there
k.Right Precuneus Cortex 14-58 12 N R L. . .
k.Right Precuneus Cortex 2258 18 is a stabilization of CBF from 6 to 12 months post-injury. This implicates

Peak coordinates of local maxima are reported per each cluster (maximum 3
maxima) in mm. Cluster sizes (k) are reported in voxels. P value is reported at the
level of significance for the cluster corrected for family wise error.

connectivity disruptions, which may be related to cognitive deficits.
(Hayes et al., 2016; Merkley et al., 2013; Scheibel et al., 2007; Hillary,
2015) Future studies should further investigate these two regions and
their relationship with microvascular dysfunction over time post-injury
in msTBI patients. Overall, reductions in GM CBF were observed pri-
marily between 3 and 6 months post-injury, implicating this early
chronic time frame as a period of potential vulnerability to progressive
microvascular pathology warranting more detailed examination.

4.2. Temporal dynamics of hypoperfusion in traumatic Brain injury
patients at 3, 6, and 12 months Post-Injury

Cross-sectional studies from our group examining CBF in chronic
msTBI patients have shown global decreases in CBF between from time
points ranging from 3 to 330.2 months post-injury, (Ware et al., 2020;
Kim et al., 2010) which aligns with the results from our current study.
The current study builds upon these results by shedding light on the time
course of post-TBI CBF alterations and how they vary across TBI pa-
tients. Using a well-characterized cohort with similar assessment time
points post-injury, we demonstrated that multiple brain regions show a

the 3 to 6 months post-injury time period as a potentially important
window in the evolution of microvascular injury after TBI necessitating
more detailed investigation particularly with regards to interventions
targeting microvascular dysfunction.

Post-TBI CBF reductions have previously been demonstrated to occur
in the absence of and independent from visible structural damage, (Kim
etal., 2010; Haber, 2018) and may persist for years after injury. (DeWitt
and Prough, 2003) Even though CBF changes occur independent of focal
lesions, it is possible that more subtle atrophy that detectable quanti-
tatively (yet not radiologically) can confound reduced CBF by partial
volume effects. (Petr et al., 2018) In our cohort, the change of CBF from
3 to 12 months post-injury was not related to cortical atrophy. This
suggests that observed CBF reductions in our cohort reflect reductions in
perfusion rather than the confounding effects of atrophy. These findings
open the floor for future research examining post-TBI CBF reductions
beyond 1 year post-injury.

4.3. Stabilization of hypoperfusion at 6 months Post-Injury and the role of
the precuneus

While decreasing CBF was seen in TBI patients between 3 and 6
months post-injury, no further reduction of CBF was observed from 6 to
12 months post-injury. This suggests a relative stabilization of CBF after
6 month post-injury in TBI patients as a group. Interestingly, there was
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Table 5
Areas of Decreasing Cerebral Blood Flow in Traumatic Brain Injury Patients
From 3 to 12 Months Post-Injury.
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Table 7
Areas of Increase in Cerebral Blood Flow in Traumatic Brain Injury Patients
From 6 to 12 Months Post-Injury.

Location Peak t k FWE p
Coordinates (cluster
(mm) level)
a.Right Central Opercular 54-16 10 542 896 0.000
Cortex/Heschl’s Gyrus
a.Right Planum Polare/ 56 6-2
Temporal Pole
a.Right Heschl’s Gyrus 40-20 8
b.Left Central Opercular —60-20 16 521 1258  0.000
Cortex
b.Left Parietal Operculum —62-36 22
Cortex
b.Left Supramarginal Gyrus —64-44 10
c.Right Putamen 2288 4.26 238 0.000
c.Right Caudate 10128
c.Right Lateral Ventricle 12-16 20
d.Left Precuneus 0-72 42 4.07 224 0.000
d.Right Cuneus 4-78 36
d.Left Superior Lateral —12-74 46
Occipital Cortex/
Precuneus
e.Left Cerebral White —-20-2 14 3.91 503 0.000
Matter
e.Left Caudate -10-216
e.Left Cerebral White -220-8

Matter

Peak coordinates of local maxima are reported per each cluster (maximum 3
maxima) in mm. Cluster sizes (k) are reported in voxels. P value is reported at the
level of significance for the cluster corrected for family wise error.

Table 6
Areas of Decreasing Cerebral Blood Flow in Traumatic Brain Injury Patients
From 3 to 6 Months Post-Injury.

Location Peak t k FWE p
Coordinates (cluster
(mm) level)
a.Left Cuneus Cortex —8-84 28 5.14 396 0.000
a.Left Supracalcarine -22-62 20
Cortex
a.Left Superior Lateral —20-80 34
Occipital Cortex
b.Right Central Opercular 58-10 16 4.59 1452 0.000
Cortex
b.Right Central Opercular 48-14 12
Cortex
b.Right Parietal 60-24 16
Operculum Cortex
c.Left Inferior Frontal —46 16 12 4.09 743 0.000
Gyrus
c.Left Cerebral White -221220
Matter
c.Left Middle Frontal Gyrus ~ —46 20 26
d.Left Planum Polare/ —44-18 —-12 3.96 388 0.000
Medial Temporal Gyrus
d.Left Insular Cortex —36-16 —2
d.Left Planum Polare —52-2 —6
e.Left Anterior Cingulate -2306 3.84 259 0.000
Cortex
e.Left Cerebral White —-12348
Matter
e.Right Anterior Cingulate 44210
Gyrus

Peak coordinates of local maxima are reported per each cluster (maximum 3
maxima) in mm. Cluster sizes (k) are reported in voxels. P value is reported at the
level of significance for the cluster corrected for family wise error.

an increase in CBF from 6 to 12 months post-injury observed in the right
precuneus. The precuneus has been implicated as a key region of the
default mode network (DMN) (Utevsky et al., 2014) and involved in
highly integrated tasks, (Cavanna and Trimble, 2006) as well as a factor

Location Peak Coordinates t k FWE p (cluster
(mm) level)
a.Right Cerebral White 32-52 22 4.27 250 0.000
Matter
a.Right Precuneus 10-46 10
a.Right Precuneus/ 26-54 16
Supracalcarine
Cortex

Peak coordinates of local maxima are reported per each cluster (maximum 3
maxima) in mm. Cluster sizes (k) are reported in voxels. P value is reported at the
level of significance for the cluster corrected for family wise error.

in the development of Alzheimer’s disease and subsequent neuro-
degeneration (Yokoi et al., 2018; Karas et al., 2007; Klaassens et al.,
2017) and an indicator of the severity of cognitive impairment. (Thomas
et al., 2019; Ikonomovic et al., 2011; Wierenga et al., 2014; Hayashi
et al., 2020; Zhang et al., 2021; Duan et al., 2020) Previous research
supports the role of the precuneus in cognition, memory, and attention.
(Cavanna and Trimble, 2006) In this study, the peak coordinates of the
ROI that include the right precuneus appear to be located within the
ventral subdivision, which is specifically associated with the DMN.
(Zhang and Li, 2012) This is supported by earlier work in the rhesus
monkey demonstrating that the ventral precuneus is anatomically con-
nected with the dorsolateral prefrontal cortex, the inferior parietal
lobule, and the superior temporal sulcus. (Zhang and Li, 2012; Morecraft
et al., 2004; Pandya and Seltzer, 1982) The precuneus generally has
been shown to be the first hypoperfused region in dementia patients and
Alzheimer’s disease, (Miners et al., 2016) as early as 10 years before
dementia development. (Love and Miners, 2016) Post-mortem tissue
from patients with early Alzheimer’s disease has shown hypoperfusion
and reduced oxygenation in the precuneus. (Miners et al., 2016).

In TBI, we have previously found that the right precuneus was
hypoperfused in 27 msTBI patients compared to 22 HC also during
resting state in the chronic stage (range: 4.1 to 330.2 months post-
injury) in addition to global CBF reductions. (Kim et al., 2010) The
precuneus has also been previously found to display altered resting-state
functional connectivity with other nodes within the DMN in msTBI pa-
tients at varying times post-injury and to predict cognitive impairment.
(Hillary, 2015; Bonnelle et al., 2011; Hillary, 2011; Sharp and Ham,
2011; Palacios, 2013) One study (Soman, 2014) found that glucose
metabolism decreased in the right precuneus and left angular gyrus with
increasing TBI severity. While observing the Jacobian metrics of the
precuneus meta-ROI, we did not find that the atrophy affected the
change in CBF of the precuneus from 6 to 12 months post-injury. This
suggests that the CBF increase from 6 to 12 months post-injury in the
precuneus is independent from structural changes and may be a
compensatory mechanism. This calls for further investigation in the
subcortical connections with the precuneus, the subdivisions of the
precuneus, and its blood supply, especially given the functional role of
the precuneus and its implications in neurodegeneration.

4.4. Behavioral correlations with Cerebral Blood Flow

CBF has been found to be frequently associated with cognition and
neurological outcome in TBI and other populations. (Benedictus, 2017;
Olm et al., 2016; Sweeney et al., 2018; Xekardaki et al., 2015) The
current study builds upon these results by investigating relationships
between CBF and neuropsychological trajectories, but more specifically
executive function, verbal learning, and processing speed. Among our
cohort, we have previously demonstrated that CBF at 3 months post-
injury in TBI patients predicted processing speed improvement from 3
to 12 months post-injury. (Ware et al., 2020) The current study builds
upon these results by investigating relationships between longitudinal
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changes in CBF and neuropsychological trajectories. Despite detectable
longitudinal CBF changes within the TBI patients, no significant corre-
lations were observed with changes in neuropsychological performance
from 3 to 6 and 6 to 12 months post-injury using a voxel-wise, group-
level analysis approach. This lack of relationship may owe to limitations
in sensitivity of this analysis approach which inherently relies upon a
consistent spatial distribution of CBF alterations across individuals,
which is unlikely to occur in patients with TBIL. The lack of relationship
may also highlight the heterogeneity of TBI and the heterogeneity of the
recovery process, more generally. In Supplemental Fig. 1, the hetero-
geneity of the direction and magnitude of change in the 6 to 12 months
post-injury meta-ROI is displayed. Although using voxel-wise, group-
level analysis determines a significant increase in this region in TBI
patients from 6 to 12 months post-injury, there is variability within the
TBI group, which may be attributed to the lack of significant relationship
between this meta-ROI and neuropsychological performance.

We employed an individual-specific analysis to determine the extent
of hypoperfusion and then correlated the change in hypoperfusion with
the change in neuropsychological scores during the first year post-
injury. We found a weak relationship seen between extent of hypo-
perfusion change from 3 to 6 months post-injury and EF from 3 to 6
months post-injury, when controlled for age, baseline (CBF level or
neuropsychological score, respectfully), and education level. In other
words, as the extent of hypoperfusion increased, the smaller the im-
provements in EF were seen (i.e., more hypoperfusion, worse EF). This
implicates the magnitude of change from 3 to 6 months post-injury as an
important time point that reflects change in cognitive change in one
domain. Although this finding is tentative due to the statistical signifi-
cance not being multiple comparison corrected, it supports our previ-
ously discussed finding; 3 to 6 months post-injury is a critical time
period for the evolution of microvascular function after TBI. Future
research should complement these findings by investigating longitudi-
nal changes in CBF and more measures of cognitive function, psycho-
logical factors, and other neuropsychiatric measures.

Individual-specific analysis can yield complementary information to
group-level analysis, especially for a patient group with known hetero-
geneity in neural damage and dynamic recovery trajectories. It is
important to highlight the heterogeneity of TBI and that while TBI can
share commonalities and hallmarks, individualized patient care is
necessary and deserves more attention. Previous reports have supported
the use of individual-specific analysis in the TBI population, which have
shown to be more sensitive than group-level analyses. (Ware et al., 2017;
Mayer et al., 2014) It was previously found that individual-specific
analysis of diffusion tensor imaging metrics better detected patients
with TBI who showed impaired processing speed compared to group-
level analysis. (Ware et al., 2017) Our findings are similar in nature,
where we found some relationship with behavior using individual-
specific analysis while there was none using group-level analysis.
However, this finding is tentative and should be replicated in a larger
cohort. In addition, it may be the initial injury that is more strongly
related to the amount of behavioral improvement than progressive
damage (i.e., CBF). Future research should focus on disentangling
ongoing degeneration related to initial injury that is either behaviorally
or not behaviorally relevant.

4.5. Strengths and Limitations.

A strength of this study is the controlled and well-characterized na-
ture of the TBI cohort which was enrolled longitudinally with little
variation in follow up times (Table 1). Additionally, our sample is
screened for msTBI with diffuse injuries through the inclusion/exclusion
criteria which further increases the homogeneity. However, the sample
size was small and from a monocentric urban center. Hence, this may
limit the generalizability of our findings to the larger TBI population
encompassing a much wider range of severities, and to those with larger
focal lesions. The small sample size also may have affected the power
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and effect sizes of our results. In addition, localizing hypoperfusion is
likely sample-specific and this can be influenced by the cohort and the
heterogeneity of TBI. The recruitment process lacked screening for
unipolar depressive disorders. We only screened for bipolar disorders in
the TBI and HC cohorts, as it is unlikely that we would recruit partici-
pants with unipolar depression. Future studies should consider
screening for both bipolar and unipolar disorders as to not confound
participant recruitment. An inherent confound to our analysis is the
structure of data collection: one time point measured for HC and three
time points measured for TBI patients. Another limitation of the study
was that the entire bilateral cerebellum was not included in the ASL
scans. The region of the left cerebellum that was imaged was a region
that revealed consistent significant hypoperfusion at each time point.
Future studies should fully image the cerebellum to determine hypo-
perfusion in chronic TBI patients because of its potential contribution to
chronic TBI impairment.

Lastly, there were some limitations with our analysis and imaging
acquisition parameters, such as the use of 2D PCASL with non-
background suppression. The sequence employed, however, has been
successfully used in multiple studies. (Ware et al., 2020; Dolui et al.,
2016; Xie et al., 2016; Dolui et al., 2020) The post-labeling delay (PLD)
is also shorter than the recommended 1.8 s, (Alsop et al., 2015) but the
slices are acquired sequentially from inferior to superior direction
resulting in a PLD range of 1.5-2.3 s for the slices. Moreover, these are
relatively young participants, and we did not observe any transit time
artifacts.

4.6. Conclusions

Overall, we conclude that patients with msTBI exhibit widespread
hypoperfusion which increases in magnitude and extent from 3 months
to 1 year post-injury, with most of the decline in CBF occurring between
3 and 6 months post-injury. Potential treatments to halt or slow down
the progression of CBF decline during the early chronic phase post-
injury include noninvasive neuromodulation therapies, including
transcranial photobiomodulation, (Hamblin, 2018) and pharmacologic
vascular therapies, including Sildenafil. (Kenney, 2018; Sheng, 2017)
Longitudinal CBF reductions in TBI patients are not explained by cortical
atrophy during the first year post-injury. These longitudinal CBF re-
ductions may not only be due to microvascular injury, but also due to
diffuse microstructural damage. More research is needed to determine
the causality. Subject-specific CBF analysis demonstrated an inverse
correlation between the change in extent of hypoperfusion between 3
and 6 months post-injury with recovery in executive function over the
same time period, suggesting short-term functional relevance of CBF
measures. Overall, these results point to evolution, and in some cases
progression, of microvascular dysfunction in the early chronic post-TBI
period. In addition, this work suggests the early chronic functional
relevance of CBF in msTBI, highlights the importance of monitoring
progression of CBF reductions in patient care, and supports ASL MRI
holding clinical utility for TBI patient care. Future studies will be needed
to assess the longer-term implications of these perfusion abnormalities.
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