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Aim: Amyloid-p (AP) accumulation, accelerated by traumatic brain injury (TBI), may play
a crucial role in neurodegeneration in chronic-stage TBI. The injury type could influence AB
dynamics because of TBI’s complex, heterogeneous nature. We, therefore, investigated
spatial patterns of amyloid deposition according to injury type after TBI using
5-(5-(2-(2-(2-[F]-fluoroethoxy)ethoxy)ethoxy)benzofuran-2-yl)-N-methylpyridin-2-amine
("®F-FPYBF-2) positron emission tomography (PET).

Methods: Altogether, 20 patients with chronic TBI [12 with focal injury, 8 with diffuse
axonal injury (DAI)] underwent '*F-FPYBF-2 PET, structural magnetic resonance imaging
(MRI), and neuropsychological examination. Additionally, 50 healthy controls underwent
either "®F-FPYBF-2 PET (n=30) or structural MRI (n=20).

Results: Standardized uptake value ratio (SUVR) on PET images and regional brain
volumes were measured in four cortical (frontal, parietal, occipital, temporal) and subcortical
(combined caudate, putamen, pallidum, thalamus) regions. Patients with DAI showed sig-
nificantly increased (compared with controls) SUVR in occipital and temporal cortices and
decreased brain volume in occipital cortex (corrected p < 0.05). Although patients with focal
injury showed decreased SUVR in all regions except occipital cortex, there were no
significant differences (compared with controls) in the SUVR in any regions. There were
no significant correlations between increased SUVR and neuropsychological impairments in
patients with DAL

Conclusion: Varying spatial patterns of amyloid deposition suggest amyloid pathology
diversity depending on the injury type in chronic-TBI patients.

Keywords: amyloid deposition, chronic, diffuse axonal injury, focal injury, PET

Introduction

There is growing evidence that amyloid-B (AP) accumulation is accelerated by
traumatic brain injury (TBI). Experimental traumatic brain injury in mice induces
rapid AB production and acute accumulation after TBL.! AP plaques are pathologi-
cal indicators of neurodegenerative diseases, such as Alzheimer’s disease (AD).
Although it is still unclear which mechanisms lead to AB accumulation in TBI,
vascular shear stress by an external force can induce acute blood-brain barrier
disruption, which contributes to both ischemic damage and AP accumulation.?” In
its chronic stage, cerebrovascular dysfunction, including altered fluctuations in
cerebral blood flow and disrupted clearance, may play a causal role in neurodegen-
eration after TBL.>* AP is thought to be a potential therapeutic target of TBI. An
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experimental murine study showed that blocking B- or y-
secretase (required for AP production) can alleviate cog-
nitive deficits after TBL.> Thus, reliable imaging is crucial
for targeting AP as a biomarker of chronic TBI.

AP aggregates are found at autopsy in approximately
30% of patients with TBI during both acute and chronic
stages.®’ Positron emission tomography (PET) can loca-
lize TBI-related amyloid pathology in vivo using several
tracers (eg, carbon 11- and fluorine 18-labeled PET
ligands). The uptake of amyloid tracer ''C-Pittsburgh
compound B ''C-PiB increases in all cortical gray matter
and striatum in acute and chronic stages and in the poster-
ior cingulate cortex in the chronic stage.®? Other studies
using '®F-florbetapir have shown increased uptake in the
frontal, temporal, and parietal cortices, striatum, and hip-
pocampus in the chronic stage following TBI'*!!. Sites of
amyloid pathology are diverse in TBI populations because
brain damage is usually spatially heterogeneous, depend-
ing on the injury type and its severity and the location of
the impact.'?

A common categorization of pathology resulting from
TBI distinguishes focal and diffuse axonal injury.'* Focal
injury includes parenchymal contusions on the brain sur-
face, intracranial hematomas (caused by, for example,
direct impact to the head), and the various brain insults
secondary to intracranially expanding lesions or high intra-
cranial pressure.'® Diffuse axonal injury (DAI) is charac-
terized by diffuse white matter disruption caused by strong
accelerating or decelerating forces on the brain.'* DAI is
one of the most frequently found pathologies following
TBI."? Focal injury and DAI may occur in a single indi-
vidual after TBI. Previous PET studies have investigated
amyloid deposition for mixed-type TBL.**!'> Coexistence
of multiple injury types causes further difficulty investi-
gating TBI-related amyloid pathology. A previous micro-
dialysis study reported elevated brain interstitial AP
proteins in patients with acute-stage DAI compared with
those following focal injuries,'® suggesting that the type of
injury could be an important influence on Ap dynamics.'”

This study aimed to investigate the spatial patterns of
amyloid deposition in patients with chronic TBI according
to their injury—whether focal or DAI. Unlike previous
studies, we grouped patients by their injury type to inves-
tigate the effects of either pure DAI or focal injury on
amyloid pathology. We applied amyloid PET imaging
using a new PET tracer for amyloid imaging:
5-(5-(2-(2-(2-"8F fluoroethoxy)ethoxy)ethoxy)benzofuran-

2-yl)-N-methylpyridin-2-amine ("SF-FPYBF-2). In

in vitro studies and autoradiography ex vivo studies,
'®F_.FPYBF-2 has been reported to display a high affinity
for AP (1-42) aggregates, with a higher binding affinity
than "'C-PiB in the same assay (Ki = 2.41 and 9.00 nM,
respectively). It also exhibits selective binding of A pla-
ques, with little nonspecific binding in the brain.
Furthermore, "8F_FPYBF-2 has been demonstrated to
clearly stain many AP plaques in AD brains.'® The clinical
diagnostic ability compared to ''C-PiB has reported in our
previous study.'®?® We also conducted brain volumetric
analysis via T1-weighted magnetic resonance imaging
(MRI) to measure the degree of structural alteration. To
investigate the effects of amyloid pathology regarding
neuropsychological sequelae and outcomes, we examined
the relation between amyloid deposition and neuropsycho-
logical impairment and social function.

Materials and Methods

Participants

Participants were recruited from the outpatient clinic of the
neuropsychology unit at the Department of Psychiatry and at
the Department of Neurosurgery, Kyoto University Hospital.
Inclusion criteria were (1) brain injury sustained through
significant trauma; (2) brain MRI or computed tomography
(CT) showing a specific lesion or possible diffuse pathology;
(3) age >18 years; (4) the injury occurred >6 months before
the study; (5) ability to give informed consent for participa-
tion; (6) ability to undergo MRI and PET. Exclusion criteria
were (1) history of another TBI with altered consciousness;
(2) history of drug abuse; (3) history of neurological or
psychiatric disorder before TBI onset; (4) contraindications
to MRI (eg, implanted metal, claustrophobia).

We enrolled 20 TBI patients (14 males, mean age + SD
47.3 + 14.8 years) in the study. Clinical data at onset were
obtained from the emergency unit’s medical records.
Neuropsychiatrists reviewed the MRI at the time of study
enrollment. In keeping with a previous study, we classified
the injury as “focal” or “diffuse” based on radiological criteria
(MRI: FLAIR; TR = 4200 ms; TE = 94 ms; resolution 0.7 x
0.7x3.0 mm3; and SWI; TR =28 ms; TE = 20 ms; resolution
0.5 x 0.5 x 1.2 mm®). Thus, large lesions including white
matter (eg, lobar contusions, hematoma/hemorrhage >2 mm
diameter) were defined as “focal injury,” whereas those with
possible diffuse pathology without large focal lesions were
defined as DAL?' Patients who had both large focal lesions
and diffuse pathology were relegated to the focal injury group.
This classification allowed investigation of pathology of pure
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DAL although focal injury and DAI often occur in a single
individual after TBI.** In all, 12 patients had focal injury, and 8
had DAI. The demographic and clinical information of the
patients is shown in Table 1. Severity was defined according to
the Glasgow Coma Scale or the Japan Coma Scale, which is
a measure of the severity of impaired consciousness used in
Japan. The relation of the Japan Coma Score to injury severity
was explored previously.?

Two healthy control groups participated in this study.
For comparison of '®F-FPYBF-2 binding, a group of
healthy, age-matched controls (HCs) underwent
"F_.FPYBF-2 PET. To compare brain volumes, a second
group of healthy, age- and sex-matched controls under-
went structural MRI (Table 1).

The Committee on Medical Ethics of Kyoto University,
Shiga General Hospital Institutional Review Board
approved this study, which was carried out in accordance
with the Code of Ethics of the World Medical Association.
Written informed consent was obtained after participants
were given a complete description of the study.

Procedures

Assessment for Neurocognition and Social Function
The TBI participants underwent neuropsychological test for
general intelligence, memory, and executive function. General
intelligence was assessed by the Wechsler Adult Intelligence
Scale (WAIS)-IIL.** Memory function was assessed using the
Wechsler Memory Scale-Revised® and executive function
using the Behavioral Assessment of the Dysexecutive

Table 1 Demographic and Clinical Characteristics of Participants

Syndrome.”® The Japanese version of the World Health
Organization Disability Assessment Schedule®” was used to
assess patients’ overall functioning. Impairment and disability
were evaluated over six domains for the prior 30 days: cogni-
tion, mobility, self-care, getting along (interacting with
others), and participation in life and in community activities.

PET Acquisition and Pre-Processing'’

The '"*F-FPYBF-2 was synthesized in house according to
the same method in our previous study'®" '®F-fluoride was
produced using a cyclotron (CYPRIS HM18; Sumitomo
Heavy Industries Ltd., Japan) by the '*O(p, n) '*F reaction
on 98% enriched '®0 water. The radiosynthesis of
'8F_.FPYBF-2 was performed using a modification of the
Ono et al'® method on a hybrid synthesizer (cassette-type,
multipurpose  automatic  synthesizer module; JFE
Engineering Corp., Tokyo, Japan).

TBI and HCs underwent 'F-FPYBF-2 PET/computed
tomography (CT), which was performed using a whole-body
PET/CT scanner, the Siemens True Point Biograph 16 (1.34-
mm pixels) (Siemens/CT]I, Erlangen, Germany). At 5070 min
after intravenous injection of '*F-FPYBF-2 (200 + 22 MBq),
static head PET images were acquired for 20 min. The 20-min
static scans were separately evaluated in two time zones
(5060 and 60—70 min). Because a previous PET study by
our group revealed a slightly greater amyloid uptake in the later
images than in the earlier images,'® we thought it was appro-

priate to use the latter half of each data set (ie, 60—70 min) for

TBI TBI Focal TBI DAI HC HC p-values*
for PET for MRI
(n=20) (n=12) (n=8) (n =30) (n = 20) PET MRI
Age (years) 47.3 (14.8) 45.4 (17.3) 50.0 (10.5) 45.9 (10.8) 47.1 (11.4) | 0.92 (FI vs HC) 0.74 (Fl vs HC)
21-67 20-67 30-63 24-68 22-66 0.35 (DAl vs HC) | 0.54 (DAI vs HC)
Sex Male: I5 Male: 10 Male: 5 Male: 7 Male: 14
Handedness R: 19, L: | R: I, L | R: 8 n/a R: 19, L: |
Cause of Traffic accident: 16, Traffic accident: 9, Traffic accident: 7,
injury fall: 3, other: | fall: 2, other: | fall: |
Time from 140.2 (140.2) 112.8 (150.5) 181.7 (120.8)
injury 9-550 9-550 27-381
(months)
Severity Severe: 14, moderate: | | Severe: 7, moderate: | | Severe: 7,
mild: 5 mild: 4 mild: |
Lesion - Frontal: 8, temporal: 2 non
location subcortical: 2
MMSE 28.6 (1.5), 24-30 28.7 (1.8), 24-30 28.5(0.9), 27-30 29.6 (0.9), 26-30 | n/a

Notes: Results are expressed as the mean (SD), range. *Two-sample t-test.

Abbreviations: TBI, traumatic brain injury; DAI, diffuse axonal injury; HC, healthy control; PET, positron emission tomography; MRI, magnetic resonance imaging; SD,
standard deviation; R, right; L, left; n/a, not available; MMSE, Mini-Mental State Examination.
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the analysis. In-house PET template construction was per-
formed for '®F-FPYBF-2 PET.*** Twenty-four '*F-FPYBF-
2 PET images, obtained by a 60 min dynamic scan of healthy
subjects (15 females and 9 males; mean age = SD =57.5+9.5
years), were used to produce the PET template.'® More
detailed information has been given in our previous study."®

Automated Region-of-Interest Analysis
The cerebellar cortex (without amyloid plaque), used as
a reference brain region in previous PET studies of AD*® and
TBI,'*" was used here as well. The standardized uptake value
ratio (SUVR) of each region of interest (ROI), indicating
amyloid deposition, was calculated as follows.

SUV for the target region of cortex (or subcortical gray
matter)/mean cerebellar SUV.

Quantitative regional SUVR values were calculated using
automated ROI analysis. The Automated Anatomical Labeling
(AAL) atlas’' was used to predefine the template-based ROIs.
The AAL atlas contains 90 regions in the cerebral (45 in each
hemisphere) and 26 regions in the cerebellum.**** Following
the method in our previous study,'” the AAL ROI was masked
with the gray matter defined by the Montreal Neurological
Institute (MNI) 152 standard-space T1-weighted average
structural template image available from FSL Software
(http://www.fmrib.ox.ac.uk/fsl) because the original AAL
ROIs was larger than gray matter parenchyma. The spatial

normalization of '®F-FPYBF-2 PET images was performed
using the discrete cosine transform-based approach® with the
in-house '*F-FPYBF-2 PET templates that produced accord-
ing to previous study.>* To avoid the operator-induced bias, all
ROIs in the standard MNI space were inversely transformed to
individual spaces by SPM8 using the inverse deformation
field.*® The reference region to create SUVR images was
used by combining 26 regions of the cerebellum. Mean
SUVR values within 90 anatomical ROIs in both hemispheres
were calculated using an in-house MATLAB script. More
detailed information has been given in our previous study.'’
In addition to the gray matter ROIs from the AAL atlas, we also
selected white matter ROIs from the John Hopkins University
(JHU) white-matter atlas.’® The JHU atlas contains 48 white
matter tract labels in the cerebrum (24 in each hemisphere).
Finally, as a representative value for cortical and subcortical
amyloid plaque deposition of each subject, the mean SUVRs
were calculated in five regions combining both hemispheres
using the abovementioned AAL ROIs: four cortical (frontal,
parietal, occipital, temporal) and a subcortical (combined cau-
date, putamen, pallidum, thalamus) gray matter regions.
Furthermore, the mean SUVRs were calculated in the whole

white matter and in seven regions likely to be affected by TBI*
(the corpus callosum, cerebral peduncle, sagittal stratum
(including the inferior longitudinal fasciculus and inferior
fronto-occipital fasciculus), cingulum, fornix, superior long-
itudinal fasciculus and uncinate) from the abovementioned
JHU ROIs. For these ROIs, both hemispheres were combined.

Voxel-Based Analysis

To identify the brain regions in which patients with DAI
showed differences in amyloid uptake relative to controls in
the entire brain, we performed voxel-based analysis of the
'8F_FPYBF-2 PET images. Spatial preprocessing and statisti-
cal analyses were performed using SPMS. All reconstructed
PET images were spatially normalized into the MNI standard
template (Montreal Neurological Institute, McGill University,
Montreal, Canada) to remove intrasubject anatomical variabil-
ity. Spatially normalized images were smoothed by convolu-
tion using an isotropic Gaussian kernel with 8 mm full width at
half maximum. A two-sample #-test was then performed to
compare patients with DAI or focal injury and HCs, with age
excluded as a nuisance covariate. Liberal statistical thresholds
of p<0.001 (uncorrected for voxel level) and p <0.05 (FWE-
corrected for cluster level) were applied.

MRI Acquisition and Pre-Processing
The TBI and HC individuals underwent MRI scans with a 3T
whole-body scanner having a 40-mT/m gradient and
a receiver-only 32-channel phased-array head coil
(MAGNETOM Tim Trio; Siemens, Erlangen, Germany).
The
dimensional, magnetization-prepared, rapid gradient-echo
(3D-MPRAGE) sequence has these parameters: TR = 2,000
ms; TE = 4.38 ms; TI = 990 ms; field of view 225 x 240 mm,;
matrix 240 x 256; resolution 0.9375 x 0.9375 x 1.0 mm?>; 208
total axial sections without intersection gaps.

3D-MPRAGE data were processed using SPM8 and
VBMS8 Toolbox (http://dbm.neuro.uni-jena.de/vbm) to
determine individually spaced volumes of interest and to

scanning parameters of the TIl-weighted, three-

analyze brain regional volume alterations. The voxel
values of segmented and normalized gray matter (GM)
images were multiplied (modulated) by the Jacobian deter-
minants obtained from non-linear normalization steps. For
each ROI of cortex and cerebellum defined by the AAL
atlas, values from the modulated GM probability map
were averaged over voxels. Five mean volumes were
calculated using the AAL atlas: bilateral frontal, parietal,
occipital, and temporal cortices and cerebellar cortex.
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To identify volumetric changes of subcortical structures,
we used FSL’s Integrated Registration and Segmentation Tool
(FIRST), which is a model-based segmentation and registra-
tion tool*®. Volumes for the four subcortical regions (caudate,
putamen, pallidum, thalamus) combining both hemispheres
were extracted using the fslstats tool (FSL Software). The
sum of those volumes was considered the subcortical volume.
The subcortical volume was then normalized using the intra-
cranial volume, which was calculated by summing the gray
matter, white matter, and cerebrospinal fluid volumes segmen-
ted by SPMS.

Statistical Analyses

Statistical differences of the mean SUVR and volumes were
compared using the Wilcoxon rank-sum test for unpaired data
between patients with DAI and HCs and between focal injury
patients and HCs. To investigate the effect of amyloid pathol-
ogy on neuropsychological sequelae and outcomes, correlation
coefficient analyses between the mean SUVR in regions with
significantly higher '*F-FPYBF-2 uptake versus those of the
HCs and clinical values were performed using Spearman’s
rank correlation analysis in TBI patients. Age and duration
from TBI onset were controlled for the correlation analysis.
The statistical analysis was performed using statistical soft-
ware R version 3.0.2 (The R Foundation for Statistical
Computing Platform, Vienna, Austria), in which p < 0.05
with multiple comparisons using the family-wise error rate
was considered to indicate statistical significance.

Results

Neurocognition and Social Function

Table 2 shows the Wechsler Adult Intelligence Scale-III,
Wechsler Memory Scale-Revised, Behavioral Assessment
of the Dysexecutive Syndrome, and the World Health
Organization Disability Assessment Schedule 2.0 for 1Q,
memory, and executive and social functions. Patients with
DALI had lower scores than those with a focal injury for all
measurements. Scores for processing speed and delayed
memory function were approximately >2 SD lower than
standard scores.

Amyloid Pathology Detected by
'8F-FPYBF-2 Binding

Figure 1 shows the group-average '‘F-FPYBF-2 PET
images from patients with focal injury or DAI and from
HCs. "®F-FPYBF-2 uptake was observed in cerebral white
matter in HCs and appeared stronger in patients with focal

injury and DAL In DAI group, '*F-FPYBF-2 uptake was
observed in cerebral gray matter as well as white matter.
"E_FPYBF-2 PET images in all patients with focal injury
or DAI are shown in Figures 5 and 6.

Mean SUVRs in all gray matter ROIs were higher in
DAL patients than in HCs. The group comparison between
these two groups showed significantly increased
'8 F_.FPYBF-2 binding in the DAI patients in the occipital
cortices (W=38, z = 3.06, r = 0.56, p = 0.002) and tem-
poral cortices (W =41, z=2.93, r = 0.53, p = 0.003) but
no significant differences in binding in the frontal, parietal
cortical, and subcortical regions (Figure 2, Table 3).
Because the DAI group contains one clear outlier, who
showed very high SUVRs, we also applied the statistical
analysis without the outlier. Significant results remained
after excluding the outlier (occipital cortex, W=38, z =
2.67, r = 0.49, p = 0.008; temporal cortex, W = 40, z=
2.53, r=0.46, p = 0.011). In contrast, patients with focal
injury showed lower mean SUVRs in the frontal, temporal,
parietal, and subcortical regions (but not in the occipital
cortex) than that in HCs. Comparison between the focal
injury group and HCs revealed no significant differences
in binding.

Regarding the white matter, the mean SUVR of the
whole white matter ROI was significantly higher in DAI
patients (W= 44, z = 2.80, r = 0.51, p = 0.005) than in
HCs, but was not different in the focal injury group
(Table 3). Regionally, patients with DAI showed signif-
icantly higher mean SUVRs in the sagittal stratum
(including the inferior longitudinal fasciculus and infer-
ior fronto-occipital fasciculus) and superior longitudinal
fasciculus (W= 23, z =3.77, r = 0.69, p = 0.0001, W=
33.5, z=3.28, r = 0.60, p = 0.001, respectively). There
were no significant differences in binding in the corpus
callosum, cerebral peduncle, cingulum, fornix or unci-
nate between the DAI and HC groups. Patients with
focal injury had significantly lower mean SUVRs in
the fornix compared with HCs. There were no signifi-
cant differences in binding in any other white matter
ROIs in patients with focal injury compared with HCs
(Supplementary eTable 1).

Voxel-Based Analysis

Patients with DAI exhibited '*F-FPYBF-2 uptake relative
to controls in right superior frontal gyrus, left medial
orbital gyrus, and left occipital gyrus (Figure 3). Patients
with focal injury had higher "*F-FPYBF-2 uptake relative
to controls in several regions when uncorrected for voxel

Neuropsychiatric Disease and Treatment 2020:16
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Standard Score

n/a

TBI DAI

(n=8)

84.8 (12.4)
82.6 (20.5)
82.1 (16.1)
93.8 (11.0)
68.9 (18.5)
98.9 (20.5)
72.6 (24.7)

TBI Focal
(n=12)

93.8 (18.3)
98.2 (18.1)
94.0 (19.6)
103.2 (23.1)
95.4 (21.7)
1024 (17.1)

66.8 (25.4)

TBI

(n =20)

90.2 (16.5)
92.2 (20.1)
89.3 (18.8)
99.4 (19.4)
84.8 (24.0)
101.0 (18.1)
69.1 (24.6)

Test

WMS-R?

Verbal
Visual
General
Attention
Delay

BADS

WHODAS

Standard Score

TBI DAI

(n=8)

TBI Focal
(n=12)

TBI

(n = 20)

Test

Table 2 Neuropsychological Assessment and Social Function Scores

WAIS-III?

FIQ

vIQ
PIQ
\'
PO
WM

PS

Note: Results are expressed as the mean (SD).

Abbreviations: TBI, traumatic brain injury; DA, diffuse axonal injury; SD, standard deviation; WAIS-IIl, Wechsler Adult Intelligence Scale-Third Edition; FIQ, full intelligence quotient; VIQ, verbal intelligence quotient; PIQ, performance

intelligence quotient; VC, verbal comprehension; PO, perceptual organization; WM, working memory; PS, processing speed; WMS-R, Wechsler Memory Scale-Revised; BADS, Behavioral Assessment of the Dysexecutive Syndrome;

WHODAS, World Health Organization Disability Assessment Schedule.

level, but these differences did not survive multiple com-
parisons with cluster-level corrections.

Group Comparisons of Mean Volumes
The DAI patients exhibited significantly reduced gray
matter volume (compared with the controls) in the occi-
pital cortex (W = 130, z = 2.59, r = 0.06, p = 0.0096)
and subcortical regions (W = 151, z = 4.02, r = 0.86,
p = 0.00005) (Figure 4, Table 4). Compared with that of
the HCs, focal injury reduced the gray matter volume in
the frontal cortex (W = 176, z = 2.18, r = 047, p =
0.029) and subcortical regions (W = 180, z = 2.35, r =
0.50, p = 0.019), respectively, but the difference disap-
peared after multiple comparison  corrections.
Cerebellum volume was also significantly reduced in
DALI patients (W=163, z = 3.85, r = 0.82, p = 0.0001).
Cerebellum volume trended lower in focal injury
patients than in HCs (W=168, z = 1.85, r = 04, p =
0.064).

Correlation Analyses Between Mean
SUVR and Clinical Valuables

DAI patients showed no significant correlations between
the mean SUVR in occipital or temporal cortices or in any
clinical variables, including severity, neuropsychological
assessment, and social function.

Discussion

Our main aim was to investigate amyloid deposition using
PET with an '"®F-FPYBF-2 tracer in TBI patients grouped
by injury type: focal injury or DAI. The two groups dis-
played different spatial patterns of amyloid accumulation.
DAL patients showed significantly increased '*F-FPYBF-2
binding in the occipital and temporal cortices. Although
not statistically significant, DAI patients showed higher
"E_FPYBF-2 binding in all ROIs, whereas focal injury
patients showed lower '*F-FPYBEF-2 binding in all ROIs
except the occipital cortex.

One novel finding in this study was amyloid deposition
in the occipital and temporal cortices in patients with
chronic DAI, with a large effect size despite the small
sample in the ROI analysis. Furthermore, voxel-based
analysis revealed significant clusters of '|F-FPYBF-2
binding in the occipital cortex. Significant clusters were
also found in the frontal cortex of patients with DAI,
although there was no significant amyloid deposition in
the frontal cortex in the ROI analysis. It might be that
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Healthy control

o8 8

Focal injury

5800

Diffuse axonal injury

RiAE

Figure | Mean axial PET images of '8F-FPYBF-2 PET in healthy control (n = 30) and patients with focal injury (n = 12) or DAI (n = 8). In the healthy controls, '®F-FPYBF-2
uptake was mainly observed in cerebral white matter. In the DAI group, 'SE-FPYBF-2 uptake was observed in cerebral gray matter as well as white matter.
Abbreviations: R, right; SUVR, standardized uptake value ratio; DAI, diffuse axonal injury.
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Figure 2 Violin and whisker plot shows 5% and 95% confidence intervals (whiskers) and medians of the mean SUVRs of each region of interest in patients with focal injury
(red) or DAI (orange) and the healthy controls (green). Mean SUVR in DAl patients in the occipital and temporal cortices were significantly higher than those of healthy
controls. *p<0.05, Wilcoxon rank sum test, FWE.

Abbreviations: TBI, traumatic brain injury; DA, diffuse axonal injury; HC, healthy control; FEWV, family-wise error.

there were no differences in the ROI of the entire frontal  stage may act as an initial trigger for AB production and
cortex, because ROI analysis excludes local effects. accumulation of amyloid pathology.”'” In contrast, during
Animal models and human autopsy studies have shown chronic-stage TBI, cerebrovascular dysfunction, including

that axonal damage as the primary injury during the acute  an altered clearance mechanism related to progressive
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Table 3 Mean SUVR of Regions of Interest in Each Group

Region TBI Focal TBI DAI HC

Frontal cortex 0971 £0.118 1.055 £ 0.117 1.013 + 0.085
(0.146) 0411)

Parietal cortex 1.107 £+ 0.092 1.192 £ 0.136 1.116 = 0.092
(0.902) (0.076)

Occipital cortex 1.215 £ 0.080 1.281 £ 0.128 1.174 + 0.067
(0.229) (0.002)*

Temporal cortex 1.062 £ 0.045 I.164 £ 0.124 1.079 + 0.089
(0.837) (0.003)*

Subcortical 1.283 £ 0.126 1.407 £ 0.242 1.381 + 0.073
0.011) (0.372)

White matter 1.797 £ 0.115 1.923 £ 0.226 1.743 + 0.078
(0.229) (0.005)*

Notes: Results are expressed as the mean + SD (p-value). Wilcoxon rank sum test, *p < 0.05, family-wise error.
Abbreviations: SUVR, standardized uptake value ratio; TBI, traumatic brain injury; DAI, diffuse axonal injury; HC, healthy control; SD, standard deviation.

axonal damage, may play a role in AP deposition.>* In our
study, the increased amyloid deposition in the occipital
and temporal cortices could be attributed to axonal injury-
related pathology in these regions. Volumetric analysis
showed that GM volumes in the occipital and temporal
cortices were reduced in DAI patients. Volume reduction
in the temporal cortex was not statistically significant, but
there was a trend compared with that in controls. These
results suggest that the impact of trauma and its subse-
quently related neuropathology on these brain regions
could affect the specific regional pattern of amyloid
deposition, at least in our patients with DAL

In contrast, we found no significant increase in amy-
loid deposition in the patients with focal injury compared
with that in the HCs. Previous PET studies revealed no or
little binding near focal lesions or in the penumbra
around these lesions.®® In the present study, eight
patients with focal injury exhibited lesions mainly in
the frontal cortex: two in the temporal cortex, and two
in subcortical regions. In agreement with previous stu-
dies, visual inspection of individual SUVR images
revealed no or little amyloid binding in these focal
lesions (Figure 5). This finding is likely the result of
neurodegeneration and/or axonal injury preventing the
tracer from binding in the injury area.’**° Therefore, it
should be noted that amyloid deposition could not be
measured accurately with PET in patients with focal
lesions. Another possible explanation for no amyloid
deposition with a focal injury is the effect of the refer-
ence region chosen for quantifying '*F-FPYBF-2 binding.
We used the cerebellum as a reference region because we

assumed that the minimal AP plaque density in the cer-
ebellum and the cortical/cerebellar binding ratio provided
a measure of the cortical AP burden.*® In previous PET
imaging studies, including that associated with TBI, the
entire cerebellum emerged as the most widely used refer-
ence region for quantifying the amyloid burden.'®!'" With
TBI, however, the cerebellum is one of the common
regions that atrophies, which means that it could be
damaged by trauma.*' Our results indicate that the cere-
bellum volume reduction associated with focal injury,
compared with that of the HCs, was not statistically
significant. The presence of amyloid binding in the cere-
bellum reference region would thus lead to underestimat-
ing the calculated SUVR in target regions. To justify the
choice of the cerebellar cortex as the reference region, we
confirmed the reproducibility of our results using
a different reference region. Very similar results were
produced when the brainstem was used as the reference
region (Supplementary eTable 2). The DAI patients
showed a tendency toward increased '*F-FPYBF-2 bind-
ing in the occipital and temporal cortices, although these

results were not statistically significant. Nevertheless,
future studies are needed to establish a precise measure-
ment for quantifying AP burden against a reference
region following TBI.

The type of injury may importantly influence AR
dynamics.'” Because TBI is a complex, heterogeneous disor-
der, the type and extent of the acute pathology probably plays
an important role in determining the deposition and accumula-
tion of AB.'” In a previous report, interstitial AB42 levels
during the acute stage were slightly higher in patients with
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T-statistics

Figure 3 Voxel-based analysis showed that the patients with DAl exhibited '®F-FPYBF-2 uptake relative to controls in right superior frontal gyrus, left medial orbital gyrus
and left occipital gyrus. p < 0.001 uncorrected for voxel level and p <0.05 FWE corrected for cluster level.

DAI than in those with a focal injury.'® These observations
suggest that damaged axons may be an important source of A}
after TBI. Our results support the view that axonal injury—not
focal neuronal damage—is the most important contributor to
interstitial AP following TBI, even during the chronic
stage.'®* These results suggest that the pattern of amyloid
pathology is different depending on the injury type (ie, focal or
DAI without a focal lesion). It would be meaningful to inves-
tigate amyloid deposition while taking into consideration the
heterogeneous nature of TBI (eg, injury type and disease
stage). Given that TBI is a major risk factor for dementia,

*
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Vqum%
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| —
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-

o5 ¥V 1
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Frontal Parietal Occipital Temporal

amyloid imaging may help to understand the pathogenesis of
TBI, especially in the case of poor prognosis. Furthermore, the
assessment of amyloid pathology might provide us a selection
of appropriate therapeutic interventions, such as anti-amyloid
therapies, at an early stage.

Visual inspection of SUVR images suggested increased
'"®F_-FPYBF-2 binding in white matter of patients with
either focal injury or DAI. Similar to the pattern of amy-
loid deposition in the gray matter, DAI patients had higher
'8E_-FPYBF-2 binding in the whole white matter as well as
in regional white matter ROIs compared with HCs,

I TBI Focal injury
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- -_— TBI DAI
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35
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Figure 4 Violin and whisker plot shows 5% and 95% confidence intervals (whiskers) and the median of the mean volume of each region of interest in patients with focal
injury (red) or DAI (orange) and healthy controls (green). Mean volumes of the DAI patients in the occipital cortex, subcortical, and cerebellum were significantly lower than

those of healthy controls. *p<0.05, Wilcoxon rank sum test, FWE.

Abbreviations: TBI, traumatic brain injury; DA, diffuse axonal injury; HC, healthy control; FEWV, family-wise error.
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Figure 5 'SF_FPYBF-2 PET images in all patients with focal injury.'sF-FPYBF-Z uptake was observed in cerebral gray matter and white matter in patients with focal injury.

Arrow indicates the location of lesions.

Abbreviations: M, male; F, female; mo, months from injury; Frontal, Subcortical, Temporal, location of lesions; SUVR, standardized uptake value ratio; R, right.
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Figure 6 'F-FPYBF-2 PET images in all patients with diffuse axonal injury.'®F-FPYBF-2 uptake was observed in cerebral gray and white matter in patients with diffuse axonal

injury.

Abbreviations: M, male; F, female; mo, months from injury; SUVR, standardized uptake value ratio; R, right.

whereas focal injury patients had no differences in white
matter 'SF-FPYBF-2 binding except in the fornix com-
pared with HCs. In AD patients, ''C-PiB binding in
white matter has been considered mainly nonspecific
owing to slower ''C-PiB white matter kinetics.** In TBI
patients, it has been reported that there are no amyloid- f
plaques in the white matter of long-term survivors.**
Therefore, high 'F-FPYBF-2 binding in white matter is
likely to be caused by the slow clearance of the tracer from
white matter tissue. Our results thus suggest that the clear-
ance mechanism was more impaired in patients with DAI
as a result of axonal damage.

In the DAI group, there were no correlations between
amyloid deposition in the occipital or temporal cortices or
in any clinical variables, including severity, neuropsycho-
logical assessments, and social function. Similarly, pre-
vious studies have reported that amyloid deposition was
not correlated with neuropsychological impairment in TBI

patients.” One of the likely reasons we found no positive

relations is the small sample size available for correlation
analysis. Furthermore, the degree of amyloid deposition
would be estimated as lower using cerebellum as the
reference for quantifying 'SF-FPYBF-2 binding. This
situation would affect the lack of correlations between
the degree of amyloid deposition and neuropsychological
sequelae. In AD, amyloid deposition is not closely related
to cognitive impairment, suggesting that downstream fac-
tors have a more direct effect on neuropsychological
sequelac.* Not only amyloid pathology, but various
other factors, could be related to neuropsychological
sequelae following TBIL.

The current study contained several limitations that
should be considered. First, the small sample size was
small. Because of the small sample size, we could not
consider the effects of other variables related to neuro-
degeneration, such as age, sex and the cause of the TBI.
In addition, because of the small sample size, we

defined cortical ROIs by combining the left and right
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Table 4 Mean Volume of Regions of Interest in Each Group

Region TBI Focal TBI DAI HC

Frontal cortex 0.495 + 0.064 0.517 £ 0.070 0.547 £ 0.039
(0.008) (0.329)

Parietal cortex 0.539 £ 0.053 0.512 £ 0.039 0.539 £ 0.035
(0.823) (0.123)

Occipital cortex 0.529 £ 0.055 0.498 + 0.040 0.556 + 0.051
(0.097) 0.01)*

Temporal cortex 0.597 £ 0.070 0.589 + 0.072 0.642 + 0.047
(0.033) (0.089)

Subcortical area 2.710 £ 0422 2.641 £ 0.233 304 +£0.144
(0.019) (5.92e-05)*

Cerebellum 0.637 £ 0.093 0.565 + 0.117 0.684 + 0.065
(0.064) (0.0001)*

Notes: Results are expressed as the mean + SD (p-value). *p < 0.05, Wilcoxon rank sum test, family-wise error
Abbreviations: TBI, traumatic brain injury; DA, diffuse axonal injury; HC, healthy control; SD, standard deviation.

regions into one ROI. However, including a separate
ROI for each hemisphere is likely to provide more
information, especially in patients with unilateral focal
injury. Second, the predefined AAL ROIs were masked
with the gray matter of the average standard TI-
weighted structural template image. Because MRI was
not available for all subjects in our study, we were
unable to consider the inter-subject variability of gray
matter volumes and partial volume effects. Furthermore,
we used the cerebellum as a reference region for quan-
tifying the amyloid burden. Although the presence of
amyloid deposition in DAI patients was striking, using
the cerebellum for the reference region might cause
underestimation of the amyloid burden after TBI. The
use of the cerebellum as the reference region was justi-
fied because similar results
a different

However, partial volume correction would have reduced

were obtained using
reference region (ie, the brainstem).
any potential effects of cerebellar atrophy, and should be
considered in future studies. Third, we revealed a spatial
pattern of amyloid deposition in patients with DAI
(without focal injury) using average SUVR images.
However, average images across patients might mask
any local effects, especially in the case of focal injury.
Thus, individual analyses that consider each lesion may
be suitable for use in future studies. Hence, this study
should be regarded as preliminary, and should be re-
examined with a larger sample, possibly also measuring
amyloid deposition in vivo. Generally, AP plaque is seen
shortly after injury. The mechanism of AP production
and the effect of its accumulation on long-term prog-
noses are still unclear. Future studies investigating AP

deposition and its alterations longitudinally would pro-
vide more detailed information of amyloid pathology in
this population.
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