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Abstract

INTRODUCTION: We evaluated how the apolipoprotein E (APOE) ¢4 allele modulated
the spatial patterns of longitudinal atrophy in the Alzheimer’s disease-vulnerable brain
areas of patients with mild traumatic brain injury (mTBI) from the acute to chronic
phase post injury.

METHODS: Fifty-nine adult patients with acute mTBI and 48 healthy controls with
APOE ¢4 allele testing underwent T1-weighted magnetic resonance imaging and neu-
ropsychological assessments with 6 to 12 months of follow-up. Progressive brain
volume loss was compared voxel-wise in the temporal lobes.

RESULTS: Patients with the APOE ¢4 allele presented significant longitudinal atro-
phy in the left superior and middle temporal gyri, where the progressive gray matter
volume loss predicted longitudinal impairment in language fluency, whereas mTBI
APOE &4 allele noncarriers showed mainly significant longitudinal atrophy in the medial
temporal lobes, without significant neuropsychological relevance.

DISCUSSION: The atrophy progression observed in mTBI patients with the APOE ¢4
allele may increase the possibility of developing a specific phenotype of Alzheimer’s

disease with language dysfunction.

KEYWORDS
Alzheimer’s disease risk, APOE &4 allele status, longitudinal atrophy, mild traumatic brain injury,
temporal lobes

Highlights
* The apolipoprotein E (APOE) ¢4 allele and mild traumatic brain injury (mTBI) are risk

factors for Alzheimer’s disease (AD) progression.
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phenotype of AD.

1 [ BACKGROUND

Traumatic brain injury (TBI), even mild TBI (mTBI), is an environmental
risk factor for Alzheimer’s disease (AD),%2 increasing the risk by more
than two-fold.® The interaction of a history of TBI with AD genetic
determinants, such as the apolipoprotein E (APOE)-¢4 allele, could lead
to chronic neuropathological changes related to AD in the brain®-®
and exacerbate the long-term risk of AD development. However, it is
unclear whether and how the interaction between brain injury and the
genetic risk of AD impacts the progressive neuroanatomic changes in
the brain, particularly the early progression post injury.

The APOE &4 allele is a recognized genetic determinant for several
AD phenotypes, and relevant to poor outcomes and AD-like pathol-
ogy after TBL.*47 It is linked to brain neuroanatomic changes in AD

8-10 \where severe

phenotypes, primarily located in the temporal lobes,
amyloid beta (ApB) protein plaques are deposited in APOE ¢4 allele car-
riers post TBI.1! Recent studies have proposed that TBI increases the
risk of dementia in some specific subtypes.!2-14 Neuropsychological
impairments post TBI contain multiple cognitive domains, which are
found as in AD.2>16 Underlying those dysfunctional phenotypes, there
are distinct neuropathological hallmarks of neurodegeneration path-
ways in AD-vulnerable areas. The initial atrophy in either the medial
or lateral temporal lobes is involved in the early stages of different AD
phenotypes with typical or atypical symptoms, including the language
dysfunction variant.2” Previous studies focused primarily on typical
AD-relevant neurodegeneration in the medial temporal lobe (MTL)
after TBI'®1?; for example, researchers found that TBI patients with
the APOE 4 allele had no significant difference in hippocampal volumes
compared to those without the allele.?% Further study is required to
investigate how the interaction of the APOE ¢4 allele and TBI modulates
the neuroanatomic changes in AD-vulnerable areas.

The AD-like neurodegenerative changes in AD-vulnerable brain
areas are commonly detected in the TBI chronic phase.?"23 The
first-year post injury is critical for long-term prognosis. Significant
brain atrophy caused by a single TBI can be detected 6-months post
injury and progress for years.>24 Neuronal loss and microglial acti-
vation could last for up to 1-year post injury, during which more
than 50% of patients reported neurocognitive impairments.2>2¢ This
evidence has suggested that neurodegeneration in AD-vulnerable
areas appeared rapidly and progressed over a long-term course after

* It is unclear how the interaction of mTBI with the APOE &4 allele impacts the
progressive atrophy topography in AD-vulnerable brain regions.

* |n this study, patients with the APOE ¢4 allele showed progressive atrophy patterns
similar to the early stage of logopenic variant of primary progressive aphasia (IvPPA)

* APOE ¢4 allele carriers with mTBI history may be at the risk of developing a given AD

phenotype with language dysfunction.

TBI,2728 highlighting the need for further examination of the progres-
sion of neuroanatomic changes from the acute to chronic phases post
injury.

In this prospective study, we evaluated the longitudinal brain vol-
ume changes voxel-wise using magnetic resonance imaging (MRI)
scans, on which a within-subject longitudinal registration approach was
adopted to directly model the progressive brain atrophy with high
sensitivity.2?30 By using this method, we illustrated the progressive
atrophy spatial patterns in the temporal lobes under the interaction
of mTBI and the APOE ¢4 allele within the first-year post injury, and
examined its neuropsychological association. We hypothesized that
patients with the APOE ¢4 allele would present a distinct atrophy spa-
tial pattern in the temporal lobes, and that the atrophy was related
to AD-vulnerable neuropsychological impairments; however, patients
without the APOE ¢4 allele would show that the atrophy was irrelevant
to AD-vulnerable neuropsychological performance.

2 | METHODS

2.1 | Participants

The recruitment flowchart of this cohort study is outlined in Figure 1.
We first recruited 100 acute mTBI patients from the emergency
department of a local hospital (the Second Affiliated Hospital of
Wenzhou Medical University) (Table S1), and all of them had no non-
hemorrhagic and microhemorrhagic lesions. Of the 100 patients, 21
were initially excluded because of lack of blood sample for APOE geno-
typing, and another 20 patients were excluded because of loss in
communication. We finally recruited 59 adult patients with acute mTBI
(31 male; median age 36.0 years, interquartile range [IQR] 29.0-43.5;
Table S2); and all the patients had MRI scans in the acute (median
3.0 days post injury, IQR 2.0-4.0) and chronic phases (6-12 months
post injury). The longitudinal MRI scans were also acquired from
matched 48 healthy controls (HCs; 22 male; median age 33.0 years, IQR
28.8-48.5 years). Screening for mTBI was based on the World Health
Organization’s Collaborating Centre for Neurotrauma Task Force.3!
The inclusion criteriaincluded: (1) Glasgow Coma Scale score of 13-15;
(2) one or more of the following: loss of consciousness (if present) <30

min, post-traumatic amnesia (if present) <24 h, and/or other tran-
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100 mTBI patients within 1-week post-injury firstly
recruited from emergency department.

79 acute mTBI patients at first visit:

« T1-weighted scanning;

« Clinical assessments;

« Neuropsychological assessments;

« 2ml peripheral blood for APOE genotypes test.

21 patients were excluded for
lack of blood samples.

59 patients at their second visit with 6~12 months
follow-up:

* T1-weighted scanning;

« Neuropsychological assessments.

20 patients lost contact.

FIGURE 1 The flowchart of mTBI patient recruitment. mTBI, mild
traumatic brain injury.

sient neurological abnormalities such as focal signs and seizure; and
(3) no contraindications to MRI. The exclusion criteria were: history of
neurological disease or psychiatric disorder, head injury, history of sub-
stance or alcohol abuse, intubation, and/or presence of a skull fracture
and administration of sedatives on arrival in the emergency depart-
ment, spinal cord injury, manifestation of mTBI due to medications by
other injuries (e.g., systemic injuries, facial injuries, or intubation) or
caused by other problems (e.g., psychological trauma, language barrier,
or coexisting medical conditions), or caused by penetrating cranio-
cerebral injury. HCs were enrolled through an advertisement calling
for healthy participants and carefully screened for any neurologi-
cal or psychiatric disorders. All participants signed written informed
consent after the experimental procedures had been fully explained.
The research procedures were approved by the local ethics com-
mittee board and conducted in accordance with the Declaration of
Helsinki.

2.2 | Clinical symptom and neuropsychological
assessments

Clinical assessments for patients were performed on their first visit,
including postconcussive symptoms (PCS), duration of anterograde
amnesia, and coma. The PCS status was evaluated using the Inter-
national Classification of Diseases, Tenth Edition, Clinical Criteria,
according to whether they reported three or more symptoms.
Neuropsychological assessments were conducted at two time-
points for patients and HCs. We focused on information processing
speed (IPS) and language fluency because they were the prominently
affected cognitive domains in AD.3233 |PS was evaluated using the
digit symbol coding test (DSCT)3* and the trail-making test part A
(TMT-A).3° Language fluency was evaluated using the forward digit
span test (FDST) and the verbal fluency test (VFT),!” which assessed
phonemic and semantic fluency respectively, with high discrimina-

tion for language impairment.3¢ The performance of IPS and language
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RESEARCH IN CONTEXT

1. Systematic review: Mild traumatic brain injury (mTBI) is
a risk factor for Alzheimer’s disease (AD), but it remains
unclear how mTBlI interacts with AD genetic risk factors
that affect the neurodegeneration progression from the
acute to chronic phase post injury.

2. Interpretation: We designed a perspective study in
patients with acute mTBI, with apolipoprotein E (APOE)
e4allele status testing, longitudinal T1-weighted magnetic
resonance imaging (MRI) scanning, and neuropsychologi-
cal assessments. Patients with the APOE ¢4 allele showed
progressive atrophy in the left superior and middle
temporal gyri. This atrophy spatial pattern and its neu-
ropsychological relevance were similar to the logopenic
variant of primary progressive aphasia phenotype of AD
at early stages, whereas patients without the APOE ¢4
allele showed the atrophy mainly in the medial temporal
lobes, without neuropsychological relevance.

3. Future directions: The APOE ¢4 allele interacting with
mTBI may increase the risk of developing a given AD
phenotype with language dysfunction.

fluency was summarized by averaging the Z-score of tests in each
domain with the whole sample, respectively; the lower score denoted
the worse performance. The Z-score of each domain was expressed
as: Z-scoreips = [Zpsct+Zi1/mmr a)l/2, Z-SCOr€language fluency = [ZrpsT
+Zyrrl/2.

2.3 | APOE genotyping

A 2 mL peripheral blood sample per participant was collected for
APOE genotyping. DNA was extracted from the blood sample using the
Omega D3494-01 Blood DNA Midi Kit (Omega Biotek, Inc., USA). Two
single nucleotide polymorphisms (SNPs; rs429358 and rs7412) were
genotyped to identify APOE genotypes including the APOE ¢2, €3, and
¢4 allele, using the Assay Design Suite v2.0 (Agena Bioscience, Inc., San
Diego, CA). All genotypes containing the ¢4 allele (4/c4; €4/e3; £4/¢2)
were combined as the composite APOE ¢4+, and others (¢2/¢2; £2/¢3;
£3/e3) were combined as the composite APOE ¢4-.

2.4 | Neuroimaging data acquisition and processing
MRI data acquisition and processing procedures are showed in
Figure 2. High-resolution structural T1-weighted images for two time-
points were acquired using a 3T GE 750 MRl scanner with a 32-channel
head coil (Figure 2A). High-resolution sagittal three-dimensional (3D)

T1 images were collected using the BRAVO sequence: repetition time
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(A) Longitudinal T1-weighted image acquisition
1 \i i

HCs with APOE-€4 allele (N=10)

HCs without APOE-¢4 allele (N=38)

(B) Longitudinal T1 WI scans processing
» Baseline T1 WI » Follo

» GM and WM JD
images in
MNI152 space

» Study-specific
longitudinal template

Acute mTBI patients with APOE-¢4 allele (N=14)
-

Acute mTBI patients without APOE-¢4 allele (N=45)

(C) Voxel-wise group comparisons of JD
images within the temporal lobes

> Statistics for GM

=8 +B8x+
y,=6,+6x+¢,

» Statistics for WM

y= 30 + le/+ g

» T1 WI acquisition at two
time-points;
» Follow-up for 6~12 months

MRI scanner

(D) Analysis of JD values of ROIs

Performance changes

Mean JD values

» Baseline neuropsychology tests

» Follow-up neuropsychology tests

FIGURE 2 MRIdataacquisition and processing procedure. (A) Longitudinal T1-weighted image acquisition. The longitudinal T1-weighted
images were acquired from 59 patients with acute mTBI (14 APOE ¢4 allele carriers) and 48 HCs (10 APOE ¢4 allele carriers) with 6-12 months of
follow-up. (B) Processing of longitudinal analysis on T1-weighted images. Here, an initial symmetric within-subject registration for each
participant’s baseline and follow-up scans was employed. The within-subject temporal average image and JD image were generated and
segmented into GM and WM; the JD value represented the voxel-wise spatial expansion or contraction between the baseline and follow-up scans.
A random selection of 20 patients with mTBI and 20 HCs was used to define a study-specific longitudinal template with DARTEL for the following
registration use. Subsequently, the GM and WM JD images were normalized to MNI152 space with resampling to 1.5 mmx1.5 mmx 1.5 mm voxels
via the longitudinal template using DARTEL. (C) Voxel-wise group comparisons on normalized GM and the WM JD images. In the present study, we
used FSL 6.0 Randomise software to conduct the voxel-wise between-group comparisons for the bilateral temporal lobes according to the MNI
structural atlas. (D) Within each APOE subgroup of patients with mTBI, the linear regression was conducted between the regional JD value and the

longitudinal changes in neuropsychological performance. APOE, apolipoprotein E; DARTEL, diffeomorphic anatomical registration using
exponentiated Lie algebra; FSL, FMRIB software library; GM, gray matter; HCs, healthy controls; JD, Jacobian determinant; MNI, Montreal
Neurological Institute; mTBI, mild traumatic brain injury; ROls, regions of interest; T1 WI, T1-weighted image; WM, white matter.

(TR) = 8.15 ms, echo time (TE) = 3.17 ms, slice thickness = 1 mm,
field of view (FOV) = 256 x 256 mm?, matrix size = 256 x 256, flip
angle = 9°.

Here, we followed the standard pipeline of within-subject longitu-
dinal registration in Statistical Parametric Mapping 12 (SPM12)% to
obtain the Jacobian determinant (JD) images (Figure 2B; details in Sup-
plementary eMethods). The JD image characterized the longitudinal
brain volume changes, and the JD value represented the geometric
warping amount between baseline and follow-up T1-weighted scans.
We got the JD images of gray matter (GM) and white matter (WM)
segmentation after the pre-processing of longitudinal registration, and
then registered to Montreal Neurological Institute (MNI)—152 space
with resampling to 1.5 mm?3 voxels. We kept the default settings in
SPM for bias correction (bias regularization: 0.001, bias FWHM: 60 mm
cutoff); the GM and WM JD images were then smoothed with an 8-

mm full-width half-maximum kernel to improve signal-to-noise ratio

and reduce the impact of potential misregistration, representing the
longitudinal volume change for the subsequent voxel-wise statisti-
cal analysis. The positive or negative JD value denoted the increase
or decrease in GM and WM volume within the follow-up period,
respectively.

TBI damages the neuroanatomic integrity of the temporal

lobes,2438

in which the AD-like pathology can be detected after
TBI and tends to worsen over the long term.23? Given the
vulnerability of the temporal lobes to mTBI, voxel-wise group
comparisons of JD images were performed within the bilateral
temporal lobes defined by the MNI structural atlas (Figure 2C).
Subsequently, for mTBI patients with different APOE ¢4 allele sta-
tus, linear regressions were conducted between the mean JD value
extracted from regions with significant group-comparison differences
and the longitudinal changes in neuropsychological assessments
(Figure 2D).
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2.5 | Statistics

Voxel-wise statistical analysis on JD images was conducted using FSL
6.0 Randomise software®? for a two-way between-subject (groups:
HCs vs mTBI; APOE &4 allele status: APOE ¢4+ vs APOE &4-) anal-
ysis of variance in a generalized linear model, with age, sex, edu-
cation, and intracranial volume as covariates. Multiple testing cor-
rection used 5000 permutations to generate statistically corrected
voxel-wise p-values for each contrast, with threshold-free cluster
enhancement (TFCE) correction (p < 0.05). Significant regions were
defined as regions of interest (ROIs) for the next analysis in mTBI
APOE ¢4 allele status subgroups (i.e., mTBI-APOE ¢4+ and mTBI-
APOE &4-).

Analysis of demographic, neuropsychological, and clinical measure-
ments, and the relationships of ROI-based mean JD values with lon-
gitudinal changes in neuropsychological assessments were performed
using SPSS (version 21.0; IBM, Armonk, NY). The group comparisons
for categorical data were analyzed using chi-square? tests. All the anal-
ysis for continuous data were based on the normality distribution test.
The group differences for demographics, clinical, neuropsychological
assessments, and mean JD value were compared using Mann-Whitney
or independent t-tests, as appropriate. To evaluate whether the lon-
gitudinal atrophy was symptomatic related in mTBI APOE subgroups,
stepwise linear regressions were estimated to determine the associ-
ations between ROI-based mean JD value and longitudinal changes
in neuropsychological assessments. The threshold for significance was
set at two-tailed p < 0.05.

3 | RESULTS

3.1 | Demographic, clinical, and neuropsychological
assessments

Demographic, clinical, and neuropsychological information for all par-
ticipants is listed in Table 1. There was no evidence of a statistically
significant difference between mTBl and HC for these variables:
age (median [IQR], 36.0 [29.0-43.5] years vs 33.0 [28.8-18.5] years;
Z = 0.39, p = 0.70), education (median [IQR], 8.0 [6.0-12.0] years vs
11.0[5.8-15] years; Z=1.66,p=0.10),sex (31 mTBI male[52.5%] vs 22
HC male [45.8%];;(2 =0.48, p = 0.49), the APOE &4 allele carrier status
(14 mTBI APOE &4 allele carriers [23.7%] vs 10 HC APOE ¢4 allele car-
riers [20.8%); 2 = 0.13, p = 0.72), and the scan interval (median [IQR],
10.0[6.0-11.7] months vs 12.0 [9.0-12.0] months; Z = 1.81, p = 0.07).
Compared to HCs, patients with mTBI showed worse performance in
IPS (mean [SD], —0.2 [0.8] vs 0.2 [1.0]; t = —2.23, p = 0.01) and lan-
guage fluency (mean [SD], —0.2[0.8] vs 0.2 [0.8]; t = —2.12,p = 0.02) in
their acute phase. However, patients performed slightly worse than HC
follow-up in language fluency in their chronic phase (mean [SD], —0.14
[0.76] vs 0.17 [0.96]; t = —1.85, p = 0.07), but not the IPS (mean [SD],
—0.04[0.85]vs0.16[0.96]; t = —1.18, p = 0.24). Within the mTBI group,
there was no evidence of a change between the acute and chronic
phases in IPS (mean [SD], —0.2 [0.8] vs —0.1 [0.9]; t = —0.60, p = 0.55)

Disease Monitoring

and language fluency (mean [SD], —0.2 [0.8] vs —0.0 [0.8]; t = —1.73,
p=0.09).

3.2 | Longitudinal atrophy of the temporal lobes
after mTBI

During the nearly 10-months post-injury follow-up, patients with mTBI
showed significant brain volume loss in their temporal lobes (GM:
0.27% per year [0.43],t = 4.82, p < 0.001; WM: 0.27% per year [0.50],
t = 4.63, p < 0.001). In contrast, HCs showed slight volume changes
for GM and WM of the temporal lobes during the follow-up (GM:
0.07% per year [SD = 0.40] loss; WM: 0.04% per year [SD = 0.46]
increase); and the volume changes showed no significant difference
with zero, neither in GM nor WM (GM:t=1.17,p=0.21; WM:t=0.62,
p=0.54).

Voxel-wise between-group comparisons (mTBI patients vs HCs) on
the JD image of GM and WM revealed the spatial patterns of pro-
gressive volume loss in the temporal lobes after mTBI (Figure 3). By
comparison, patients with mTBI exhibited significant longitudinal atro-
phy of the GM in the bilateral temporal lobe areas, primarily involving
extensive areas of the left medial and lateral temporal lobes, and a part
of the right lateral temporal lobe (Figure 3A; p < 0.05, TFCE corrected).
Similarly, the patients showed progressive atrophy of the WM primar-
ily in the left temporal lobe and the right middle temporal gyrus regions
(Figure 3B; p <0.05, TFCE corrected), corresponding to the topography
of GM atrophy.

3.3 | APOE ¢4 allele status modulating longitudinal
atrophy topography in the temporal lobes after mTBI

Compared to healthy APOE ¢4 allele carriers, mTBI APOE &4 allele car-
riers exhibited a significant longitudinal volume loss in the left superior
and middle temporal gyri for GM and WM (Figure 4A and 4B; p < 0.05,
TFCE corrected), which was replicated when we removed the protec-
tive effect of APOE ¢2 allele (see eResults in Supplement). These regions
were defined as the ROIs of mTBI-APOE ¢4+. In contrast, mTBI patients
without the APOE &4 allele exhibited a significant longitudinal atrophy
of the GM in the right lateral temporal lobe and bilateral MTL areas
(Figure 4C; p < 0.05, TFCE corrected), and a significant longitudinal
atrophy of the WM under the right lateral and medial temporal cortices
(Figure 4D; p < 0.05, TFCE corrected), compared to HCs without the
APOE &4 allele. These regions were defined as the ROIs of mTBI-APOE
e4-.

3.4 | Neuropsychological association with
longitudinal atrophy in mTBI patients with the APOE
£4 allele

For mTBI APOE ¢4 allele carriers, the mean JD value of GM and WM
in ROIs of mTBI-APOE ¢4+ was significantly related to the performance
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TABLE 1 Demographic, clinical, and neuropsychological characteristics of patients and healthy controls.

mTBlI HCs
Variable (N=59) (N =48) Statistics® p value®
Age, median (IQR),y 36.0(29.0-43.5) 33.0(28.8-48.5) —-0.39 0.70
Sex, No. (%)*
Female 28(47.5) 26(54.2) 0.4n 0.49
Male 31(52.5) 22(45.8)
Education, median (IQR), y 8.8(6-12) 11(5.8-15) -1.66 0.10
APOE, no. (%)*
g4+ 14 (23.7) 10(20.8) 0.13 0.72
e2/e4 2 2
e3/e4 9 7
ed/ed 8 1
&4~ 45(76.3) 38(79.2)
€2/e3 8 8
£3/e3 37 30
e2/e2 0 0
Scan interval, median (IQR), mo 10.0(6.0-11.7) 12.0(9.0-12.0) -1.81 0.07
Injury causes, no. (%)* NA
Traffic accident 34(57.6) NA
Fall 5(8.5) NA
Assault 16 (27.1) NA
Other 4(6.8) NA
PCS, no. (%)* NA
PCS+ 48(81.4) NA
PCS- 11(18.6) NA
Coma duration, median (IQR), min 10.0 (4.0-20.0) NA NA
AA duration, median (IQR), min® 0.0(0.0-0.0) NA NA
Zscore_|IPS, mean (SD) -0.2(0.8) 0.2(1.0) 2.23 0.03°%
DSCT, median (IQR) 34.0(26.5-48.0) 55 (28.0-60.0) -1.49 0.02°
TMT_A, median (IQR), s 50.0(29.0-72.5) 38.0(25.8-70.2) -241 0.14
Zscore_Language fluency, mean (SD) -0.2(0.8) 0.2(0.8) 212 0.04%
VFT, median (IQR) 15.0(13.0-20.0) 16.5(14.8-23.0) -1.90 0.06
FDST, median (IQR) 8.0(7.0-9.0) 8.0(8.0-9.0) -1.42 0.16

Abbreviations: AA, anterograde amnesia; APOE ¢4-, without APOE ¢4 allele; APOE €4+, with APOE ¢4 allele; DSCT, Digit Symbol Coding Test; FDST, Forward
Digit Span Test; HCs, healthy controls; IPS, information processing speed; IQR, interquartile range; mTBI, mild traumatic brain injury; NA, not applicable;
PCS-, without post-concussion symptom complaint; PCS+, with post-concussion symptom complaint; SD, standard deviation; TMT_A, Trail-making Test Part
A; VFT, Verbal Fluency Test.

*Percentages for sex, APOE ¢4 allele status, injury causes, and PCS status were calculated according to the total participants with available data in HCs or
mTBI patient group, respectively.

fSeven mTBI patients exhibited anterograde amnesia post injury, lasting for 60-120 min.

#Unless otherwise indicated, statistics for number (%), median (IQR), or mean (SD) types were x? for chi-square test, Z value for Mann-Whitney U test, or t
value for independent t-test, respectively.

$p value indicating a statistically significant difference was set at two-tailed p < 0.05. p values are derived from with the 3 test, independent t-test, or Mann-
Whitney U test, as appropriate.

changes in language fluency (GM: r = 0.58, p = 0.03; WM: r = 0.55, whereas the mean JD value of WM in ROIs of mTBI-APOE ¢4+ was
p=0.04),instead of IPS(GM:r=0.42,p=0.13; WM:r=0.38,p=0.19). excluded from the regression. Moreover, the atrophy of GM in ROIs of
The stepwise linear regression showed that the performance changes mTBI-APOE g4+ still could predict the performance changes in language
in language fluency could be predicted by the mean JD value of GM in fluency (8= 0.58, p = 0.03) after controlling for sex, age, and education
ROIs of mTBI-APOE &4+ (standardized coefficient, § = 0.58, p = 0.03), level (Table 2).
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(A) GM longitudinal changes in the temporal lobes: mTBI vs. HCs

(B) WM Iongitudinal changes in the temporal lobes: mTBI vs. HCs

FIGURE 3 Voxel-wise comparisons on JD images of the temporal lobes in contrast of mTBI patients vs HCs. (A) Patients with mTBI exhibited
longitudinal GM volume loss located in the bilateral temporal lobes, primarily including extensive areas in the left medial and lateral temporal
lobes. (B) Patients with mTBI exhibited the longitudinal WM volume loss primarily located in the left temporal lobe, which corresponded to the GM
atrophy spatial pattern. Results are thresholded at voxel-wise p < 0.05, with TFCE correction. GM, gray matter; HCs, healthy controls; JD, Jacobian
determinant; mTBI, mild traumatic brain injury; TFCE, threshold-free cluster enhancement; WM, white matter.

0.97 0.98
TFCE-significance 1-p

( ) GM longitudinal changes in the temporal lobes: GM longitudinal changes in the temporal lobes:
mTBI APOE-&4 allele carriers vs. HC APOE-&4 allele carriers mTBI APOE-£4 allele noncarriers vs. HC APOE-¢4 allele noncarriers

| SR

( ) WM Ilongitudinal changes in the temporal lobes: (D) WM longitudinal changes in the temporal lobes:
mTBI APOE-&4 allele noncarriers vs. HC APOE-&4 allele noncarriers

mTBI APOE-&4 allele carriers vs. HC APOE-¢4 allele carriers

0.95 0.96 0.97 0.98 0.99
TFCE-significance 1-p

FIGURE 4 Voxel-wise comparisons on JD images of the temporal lobes in contrast of mTBI patients vs. HCs with different APOE ¢4 allele
status. (A) mTBI APOE ¢4 allele carriers showed severe atrophy of GM in the left superior and middle temporal gyri. (B) mTBI APOE ¢4 allele carriers
showed severe WM atrophy corresponding to their GM atrophy topography. (C) mTBI APOE ¢4 allele noncarriers showed severe atrophy in the
bilateral medial temporal areas of the GM, and extensive areas in the right lateral temporal cortex. (D) mTBI APOE ¢4 allele noncarriers showed
severe WM atrophy under the right temporal cortex, which corresponded to their GM atrophy topography. Results are thresholded at voxel-wise
p < 0.05, with TFCE correction. GM, gray matter; HCs, healthy controls; JD, Jacobian determinant; mTBI, mild traumatic brain injury;
TFCE,threshold-free cluster enhancement; WM, white matter.

For mTBI APOE ¢4 allele noncarriers, the mean JD value of GM or 4 | DISCUSSION
WM in ROIs of mTBI-APOE &¢4- had no significant correlation with the
longitudinal changes in language fluency (GM: r = 0.00, p = 0.98; WM: In this study, we found that APOE &4 allele status modulated the spa-
r=-0.02, p=0.88) or IPS (GM: r = —0.08, p = 0.63; WM: r = —0.06, tial patterns of longitudinal atrophy in the temporal lobes post mTBI.
p=0.73). Patients with mTBI showed longitudinal atrophy primarily in the left
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TABLE 2 Association between the longitudinal atrophy and
language fluency changes in mTBI patients with the APOE 4 allele.

Standardized
coefficient (B) p value
Linear regression model 1
JD value of GM in ROIs 0.58 0.03"
JD value of WMinROls * -1.42 0.47
Linear regression model 2
JD value of GM in ROIs 0.58 0.03"
Sex* 0.00 0.99
Age* 0.07 0.79
Education® -0.16 0.54

Abbreviations: GM, gray matter; JD, Jacobian determinant; ROls, regions of
interest; WM, white matter.

*Variables were excluded from stepwise linear regressions.

p value indicates significance was set at two-tailed p < 0.05.

temporal lobe during the 6-12 month follow-up period. mTBI APOE ¢4
allele carriers exhibited longitudinal atrophy in the left superior and
middle temporal gyri, where the atrophy of GM could predict the per-
formance changes in language fluency. In contrast, patients without the
APOE ¢4 allele presented longitudinal atrophy primarily distributed in
the bilateral medial and the right lateral temporal lobes, and there was
no evidence of a relationship between atrophy in these regions and
assessments of information processing speed and language fluency.

The temporal lobes are vulnerable to TBI, and AD-like plaque
deposits (e.g., AB protein plaques) can be detected in the temporal
cortex even a few hours after injury.2” With the progression of neu-
rodegeneration, chronic atrophy can be generally detected several
years after the injury.24“! Regarding the longitudinal changes, previous
findings have suggested that volume loss in the temporal lobes could be
observed as early as 7 days after mTBI, and lasting for at least 1 year.*?
In the current study we adopted a deformation-based morphometry
method to directly model the rate of brain atrophy voxel-wise, which
allowed us to detect the subtle longitudinal atrophy in the temporal
lobes within 1-year post injury. Our results were consistent with previ-
ous findings and supported the notion that the temporal lobes are vul-
nerable to TBI. Moreover, old traumatic contusional deficits in the tem-
poral lobes could be found in AD patients with a TBI history as well.3?
In addition, by the analysis in the whole-brain (see eResults in Supple-
ment), we found that mTBI APOE ¢4 allele carriers showed longitudinal
brain volume loss in the left frontal regions and the left superior and
middle temporal gyri. However, once we controlled for the high genetic
determinant of AD (i.e., the APOE &4 allele), the patients showed longi-
tudinal volume loss in the bilateral frontal regions, with limited areas in
the bilateral temporal poles. We inferred that the temporal lobes might
be involved in the risk of long-term AD incidents when we focused on
the interaction of TBI with the APOE ¢4 allele in the present study.

In the present study, patients with the APOE ¢4 allele exhibited
salient atrophy located primarily in the left superior and middle tem-
poral gyri. These regions were reportedly the initial atrophy areas in

the logopenic variant of the primary progressive aphasia (IvPPA)-AD

phenotype and serve as a neuroimaging signature to identify the earlier
risk of IVPPA-AD.Y” The APOE ¢4 allele is an important genetic determi-
nant for incidence of IvPPA-AD.*3 Moreover, the interaction of mTBI
with the APOE &4 allele might further increase the risk of IvPPA-AD
and trigger the progressive volume reduction in vulnerable regions of
the pathway of its atrophy. Our results supported the idea that the
interaction of AD genetic factors with mTBI leads to brain atrophy in
AD-vulnerable regions.” Regarding the neuropsychological signature,
early IVPPA-AD is characterized by a decline in language fluency,3¢43
which is one of the neuropsychological complaints of patients with
mTBI as well.1>16 |n addition, we found that the atrophy in GM, rather
than the WM, within the left superior and middle temporal gyri could
predict the decline in language fluency for mTBI APOE ¢4 allele carri-
ers. The longitudinal registration of pairs of T1 images was based on
alignment between the first and second scans of each participant, in
which a linear transform may be mostly influenced by the GM rather
than the WM. Therefore, the measures of WM volume changes might
be similar to the GM because of the regularization during the registra-
tion process. This potential collinearity could possibly explain why the
variable of WM volume changes was excluded from the regression for
predicting the language fluency decline. The regression analysis sug-
gests that the atrophy topography resulting from the interaction of
mTBI with high genetic risk for AD shares a similar neurodegeneration
spatial pattern with a specific AD phenotype with language function
decline.

Furthermore, in the present study, extensive atrophy in the MTL
areas was observed in APOE ¢4 allele noncarriers following mTBI.
The MTL areas are selectively vulnerable to damage in response to
biomechanical force impacts of TBI.*4*°> Therefore, the relevant neu-
roanatomic and neuropathological changes are often detected in these
areas.?®4647 |n the present study we observed longitudinal atrophy in
the extensive MTL areas in mTBI patients with low genetic risk for AD,
being consistent with the previous finding that the atrophy progression
in MTL regions following TBI is independent of APOE ¢4 allele and may
have little reference to typical AD progression after injury.?® Instead,
such progressive atrophy observed in mTBI APOE ¢4 allele noncarriers
might indicate the injury-related deterioration in the temporal lobes.

There were some limitations to the present study. First, the APOE
¢4 allele is termed a genetic determinant for AD, exerting a dosage-
dependent effect.*® Our study was limited to the sample size of mTBI
APOE ¢4 allele carriers (N = 14) without separating the APOE ¢4/c4
homozygotes from the heterozygote carriers. Further studies should
include a larger sample to investigate the dosage effects of the APOE
¢4 allele on the longitudinal atrophy after mTBI. Another limitation was
the observation time-points for longitudinal atrophy spatial patterns.
mTBI APOE &4 allele carriers exhibited longitudinal atrophy in the left
superior and middle temporal gyri during the first-year post injury. This
atrophy pattern is characteristic of the initial areas in the neurodegen-
eration pathway of IvPPA-AD, wherein the deterioration of the MTL
structure and several regions in the neocortex are involved in the dis-
ease progression.l” The extra time-points for follow-up in the future
might permit a complete observation of the IVPPA-AD-like atrophy

trajectory post injury.
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To conclude, APOE ¢4 allele status could modulate the spatial pat-
terns of progressive atrophy in the temporal lobes after mTBI; the
APOE &4 allele, combined with the injury, causes the longitudinal atro-
phy relevant to the AD phenotype with language dysfunction. These
findings suggest that the interaction of TBI with AD genetic determi-
nants may induce long-term neurodegenerative consequences related

to a given AD phenotype.
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