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Abstract

Background: Chronic traumatic encephalopathy (CTE), a neurodegenerative tauopathy, cannot currently be diag-
nosed during life. Atrophy patterns on magnetic resonance imaging could be an effective in vivo biomarker of CTE,
but have not been characterized. Mechanisms of neurodegeneration in CTE are unknown. Here, we characterized
macrostructural magnetic resonance imaging features of brain donors with autopsy-confirmed CTE. The association
between hyperphosphorylated tau (p-tau) and atrophy on magnetic resonance imaging was examined.

Methods: Magnetic resonance imaging scans were obtained by medical record requests for 55 deceased sympto-
matic men with autopsy-confirmed CTE and 31 men (n = 11 deceased) with normal cognition at the time of the scan,
all >60 years Three neuroradiologists visually rated regional atrophy and microvascular disease (0 [none]-4 [severe]),
microbleeds, and cavum septum pellucidum presence. Neuropathologists rated tau severity and atrophy at autopsy
using semi-quantitative scales.

Results: Compared to unimpaired males, donors with CTE (45/55=stage Ill/IV) had greater atrophy of the orbital-
frontal (mean diff=1.29), dorsolateral frontal (mean diff=1.31), superior frontal (mean diff.=1.05), anterior temporal
(mean diff=1.57), and medial temporal lobes (mean diff=1.60), and larger lateral (mean diff.=1.72) and third (mean
diff.=0.80) ventricles, controlling for age at scan (ps<0.05). There were no effects for posterior atrophy or microvascu-
lar disease. Donors with CTE had increased odds of a cavum septum pellucidum (OR = 6.7, p < 0.05). Among donors
with CTE, greater tau severity across 14 regions corresponded to greater atrophy on magnetic resonance imaging
(beta =068, p < 0.01).

Conclusions: These findings support frontal-temporal atrophy as a magnetic resonance imaging finding of CTE and
show p-tau accumulation is associated with atrophy in CTE.
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Background
Chronic traumatic encephalopathy (CTE) is a neurode-
generative disease associated with exposure to repetitive
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criteria [6]. The pathognomonic lesion of CTE includes
hyperphosphorylated tau (p-tau) in neurons, with or
without astrocytes, around small blood vessels at the
depths of the cerebral sulci [3, 6, 7]. Four pathological
stages of CTE have been defined, ranging from stage I
(mild) to stage IV (severe) [3, 4, 6, 7]. In stage I CTE, 1 or
2 isolated foci of p-tau neurofibrillary tangles are found,
most frequently in the frontal cortex. In stage II CTE,
p-tau lesions and superficial tangles spread to adjacent
temporal cortices. In stage III CTE, tangles are diffusely
distributed in medial temporal lobe (MTL) structures.
In stage IV CTE, perivascular p-tau lesions and tangles
are distributed throughout the cerebral cortex, with pro-
nounced neurofibrillary degeneration of the MTL. Neu-
ronal loss and gliosis are prominent in the frontal and
temporal cortices. Gross features include progressive
cerebral, MTL, and anterior diencephalic atrophy. Fron-
tal and temporal lobe atrophy are initial and most promi-
nent. There is marked MTL atrophy by stage III CTE [3,
6]. Other common gross features include a cavum sep-
tum pellucidum (CSP) and corpus callosum thinning.

Our understanding of the clinical presentation of CTE
has improved [2—4], but still lags behind other tauopa-
thies. At this time, CTE cannot be diagnosed accurately
in life, partially due to the lack of validated in vivo bio-
markers that can detect CTE pathology and differentiate
it from other neurological disorders, like Alzheimer’s dis-
ease (AD). Tau positron emission tomography imaging
[8, 9] and cerebrospinal fluid protein analysis [10] hold
promise for the detection of CTE p-tau pathology in the
central nervous system, but these are still under investi-
gation and may lack feasibility due to high costs and/or
perception of invasiveness.

Structural magnetic resonance imaging (MRI) is an
integral component of the clinical evaluation of neuro-
degenerative diseases. Atrophy patterns on MRI are non-
specific biomarkers of neurodegeneration, but are used to
support diagnosis and monitoring of neurodegenerative
diseases, like AD and frontotemporal dementia (FTD).
Atrophy rates serve as outcomes for large-scale multi-
center clinical trials of disease-modifying therapies. It
is clinically essential that structural MRI signature(s) of
CTE are discerned. Preliminary studies on structural
MRI patterns among living individuals at risk for CTE
(e.g., former elite football players, fighters) have shown
reduced volume of the frontal and temporal lobes [9]
and MTL [9, 11-14], greater white matter abnormalities
[15, 16], and higher rates of a CSP [17, 18]. These stud-
ies lacked gold-standard assessment for CTE pathology
and thus could not definitively characterize the specific
in vivo structural MRI patterns of CTE.

The causes of atrophy or neurodegeneration in CTE
are also poorly understood. In AD and related dementias,
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p-tau is a driver of atrophy and clinical decline [19-21].
In CTE, it is hypothesized that p-tau aggregates are pre-
cipitated by exposure to RHI and accumulate and spread
with age [7], compromising neuronal integrity and trig-
gering widespread cell death. The contribution of p-tau
to neurodegeneration in CTE has not been empirically
tested.

Clinical-pathological correlation studies are essential
to establish biomarker patterns of CTE and to identify
the mechanisms of disease pathogenesis and neurode-
generation. We examined the MRI patterns of CTE by
comparing visually rated macrostructural features (using
established visual rating scales) on antemortem MRIs in
brain donors with autopsy-confirmed CTE, all of whom
were reported to be symptomatic, and participants with
normal cognition (NC) (deceased and living, only six of
whom donated their brain for autopsy examination). To
determine if CTE p-tau pathology is a driver of neuro-
degeneration, like in AD [19, 21], we tested associations
between p-tau severity in donors with CTE and atrophy
on in vivo MRI assessments. An initial step in biomarker
development is to determine whether the target bio-
marker can detect disease presence. For this reason, we
included participants with NC as a comparison group,
acknowledging that comparison with other neurode-
generative diseases would be an important next step to
establish biomarker specificity.

Methods

Study design

The sample included 55 brain donors with neuropatho-
logically confirmed CTE and 31 participants with NC
(combination of deceased and living, further details in
the “Clinical research diagnosis of NC” section). Those
with neuropathologically confirmed CTE were from the
Veteran’s Affairs-Boston University-Concussion Legacy
Foundation brain bank and were part of the Understand-
ing Neurologic Injury in Traumatic Encephalopathy
(UNITE) study. Participants with NC were from the Bos-
ton University Alzheimer’s Disease Research Center (BU
ADRC) Clinical Core (1 = 19) or the Framingham Heart
Study (FHS, n = 12). Procedures for all studies were
approved by the BU Medical Campus and/or the Bedford
VA Hospital Institutional Review Board. All informants
of brain donors and participants from the BU ADRC and
FHS provided written informed consent. Methodological
descriptions of the UNITE study [4, 22], the BU ADRC
[23, 24], and the FHS [25-27] have been published else-
where. The following is an overview of each study:

UNITE
The objective of UNITE is to characterize the neuropa-
thology and clinical-pathological correlates of CTE and
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other long-term consequences of RHI. It is made up of
brain donors (N = 863 at the time of this study) who
have a history of RHI (e.g., from contact sport play, mili-
tary service, physical violence) regardless of whether
symptoms were present during life. Next of kin contact
the BU CTE Center to arrange brain donation near the
time of death or following death. Other brain donors are
referred by medical examiners, recruited by the Concus-
sion Legacy Foundation, or agree to donation during life.
Brain donors are excluded for prolonged post-mortem
interval (i.e., >72 h) or poor tissue quality. In addition
to neuropathological examinations, retrospective clini-
cal evaluations (blinded to the neuropathological results)
are performed using online questionnaires and struc-
tured and semi-structured telephone interviews between
researchers and informants of brain donors to ascertain
demographic, athletic, clinical, military, traumatic brain
injury, and RHI exposure characteristics. Through these
methods, a detailed chronology of the donors cognitive,
behavioral, mood, motor, and functional symptoms are
ascertained. This data is reviewed by a multidisciplinary
consensus panel to determine if antemortem dementia
was present.

BUADRC

This center is one of ~30 centers funded by the National
Institute on Aging that provides data to the National Alz-
heimer’s Coordinating Center to facilitate collaborative
research on AD and related dementias. It longitudinally
follows approximately 400 older adults with and without
cognitive impairment. Inclusion criteria include English
speaking older adults who have adequate hearing and vis-
ual acuity. Participants are excluded for a history of a seri-
ous mental illness (e.g., bipolar disorder, schizophrenia),
confounding neurological disorders (e.g., brain tumor,
multiple sclerosis), or medical conditions that preclude
study participation. Participants complete annual clinical
and medical history interviews, neurological examina-
tions, neuropsychological testing, and measures of func-
tional independence, among other procedures.

FHS

This is a longitudinal community-based study that began
in 1948. It involves serial examinations of the Original
1948 cohort, as well as of the original cohort partici-
pants’ children (i.e., Generation 2, “Offspring Cohort”)
and grandchildren (ie., Generation 3, “Third Genera-
tion Cohort”). Recruitment of the OMNI1 Cohort began
in 1994 and was aimed to improve representation of the
evolving racial and ethnic make-up of the Framingham,
Massachusetts community. Of the 12 FHS participants in
this study, 9 were from Generation 2, 2 were from Gener-
ation 1, and 1 was from the OMNI1 Cohort. Participants
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Donors with autopsy-confirmed
CTE

(n=55)
Fig. 1 Sample derivation of brain donors with autopsy-confirmed
CTE

complete detailed medical and physical examinations,
laboratory tests, neurological evaluations, and neuropsy-
chological testing, among other procedures, every 2 years
for the Generation 1 Cohort and approximately every 4
years for the Generation 2 and OMNI1 Cohorts.

Brain donor and participant selection

Refer to Fig. 1 for a flowchart of sample derivation of
brain donors. Brain donors with CTE were not followed
in life as part of a research study and did not undergo a
research-grade MRI. Therefore, the sample was restricted
to donors with CTE who underwent an antemortem MRI
that could be obtained through medical record request.
Only men met these criteria. If more than one clinical
MRI was obtained, the most recent was used. The BU
ADRC and the FHS were drawn from to obtain a com-
parison group of men with NC. The present sample was
restricted to age 60 or older to facilitate similar age dis-
tributions across groups. To mirror procedures utilized
for the brain donors with CTE, we only included partici-
pants with NC who had available MRIs obtained through
medical record request. We did not draw on the research
grade MRIs that participants completed during life as
part of their participation in the BU ADRC and FHS
because it would have resulted in a comparison group
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with substantially better quality MRIs that could influ-
ence visual ratings. Due to varied locations of care and
policies for obtaining medical records, obtaining MRIs
from medical records significantly reduced the avail-
able pool of participants with NC from the BU ADRC
and FHS to be included in this study. In addition, the
BU ADRC and FHS have substantial representation of
older women and thus our age and sex restrictions fur-
ther limited the pool of eligible NC. After the aforemen-
tioned criteria were applied, our initial analyses of the
data showed sufficient statistical power to detect group
differences, which justified our final analytic sample of 55
brain donors with CTE and 31 participants with NC.

Diagnostic procedures
Neuropathological evaluation
Neuropathological evaluation occurred blinded to clini-
cal data and was reviewed by four neuropathologists
(BH, TS, ACM, VA); any discrepancies in the neuro-
pathological diagnoses were resolved by discussion and
consensus of the group. Methods for pathological pro-
cessing and evaluation have been published elsewhere
[3, 4, 6, 7, 22, 28] and follow established procedures
[29, 30]. Brain weight and macroscopic features were
recorded during initial processing. Twenty-two sections
of paraffin-embedded tissue were stained for Luxol fast
blue, hematoxylin and eosin, Bielschowsky’s silver, p-tau
(AT8), alpha-synuclein, beta amyloid (Af}), and phos-
phorylated TDP-43 using methods described previously
[31]. The neuropathological diagnosis of CTE was made
using criteria defined by the National Institutes of Neu-
rological Disease and Stroke/National Institute of Brain
Imaging and Behavior (NINDS/NIBIB) consensus panel
[6, 32]. According to the 2016 NINDS/NIBIB panel, the
pathognomonic lesion of CTE was defined as “an accu-
mulation of abnormal hyperphosphorylated tau (p-tau)
in neurons and astroglia distributed around small blood
vessels at the depths of cortical sulci and in an irregular
pattern” It has been clarified that the neuropathological
diagnosis of CTE requires the presence of at least one
pathognomonic p-tau lesion in the cortex and astrocytic
perivascular p-tau lesions are non-diagnostic [7, 32, 33].
Supportive diagnostic features included neurofibrillary
tangles in superficial cortical layers (layers II/III) of the
cerebral cortex and pretangles, tangles, or dendritic dys-
trophy in CA2 and CA4 of the hippocampus [6]. Patho-
logical severity of CTE was graded using the McKee CTE
staging scheme (stages I-1V, with I being least severe and
IV most severe) [7]. Established criteria were used for the
neuropathological diagnosis of other neurodegenerative
diseases.

Independent semi-quantitative assessments of the
density of p-tau pathology were performed by the
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aforementioned neuropathologists at the time of ini-
tial diagnosis, blinded to clinical data, using semi-quan-
titative rating scales (0-3 scale; 0 = none, 1 = mild,
2 = moderate, 3 = severe) in 14 regions. AT8-immu-
nostained, 10-um thick paraffin-embedded sections
of the following regions were evaluated: dorsolateral
frontal cortex, rolandic cortex, inferior frontal cortex,
inferior parietal cortex, superior temporal cortex, CAl-
hippocampus, CA2-hippocampus, CA4-hippocampus,
entorhinal cortex, amygdala, thalamus, substantia nigra,
locus coeruleus, and the dentate nucleus of the cerebel-
lum. These regions were a priori selected because of their
involvement in CTE [4-7]. The neuropathologists have
very good interrater reliability for the semi-quantitative
ratings of CTE stage and regional p-tau severity [7]. We
created a global composite of p-tau burden based on a
summary of ratings for all regions (possible range: 0—42).

Clinical research diagnosis of NC

For the BU ADRC, cognitive diagnoses were adjudi-
cated during diagnostic consensus conferences that are
comprised of at least one neurologist and one neuropsy-
chologist. Consensus diagnoses were made following
presentation and discussion of all examination and test
findings (including review of structural MR], if available),
and social, family, and medical history. Participants who
performed within the normal range (i.e., >—1.5 SD the
normative mean) on all neuropsychological tests were
designated as having NC. FHS screens all participants for
cognitive impairment as described previously [34]. Par-
ticipants were considered for this study if screening was
always negative or if further assessment beyond a posi-
tive screen demonstrated NC. We included participants
from the ADRC and FHS who had NC at the time closest
to their MRI. This was done because it decreases likeli-
hood of meaningful pathology at the time of MRI and
because only 11 of the participants with NC were known
to be deceased at the time of this study and only six of
whom donated their brain and had available neuropatho-
logical diagnoses. Two had no neurodegenerative disease
diagnoses, one had low AD and vascular pathological
changes, one had intermediate AD pathological changes,
one had primary age-related tauopathy (i.e., presence of
p-tau in the medial temporal lobe in the absence of beta-
amyloid plaques) [35], and one had amyotrophic lateral
sclerosis (ALS). The autopsy diagnosis of ALS was based
on loss of lower motor neurons in the brain stem in the
context of a normal brain weight and no cortical atrophy.
Based on medical record review, the MRI used for that
individual was done prior to a clinical ALS diagnosis;
the participant may have been manifesting early motor
symptoms. Limitations associated with differences in
diagnostic procedures are reviewed in the Discussion.
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Visual ratings of MRIs

We adopted previously published methods for visual
rating(s) of antemortem MRIs [36]. Scans were acquired
from five different manufacturers (38 GE, 33 Siemens, 13
Philips, 1 Toshiba, 1 Hitachi) that used different imaging
protocols, with seven scans done on a 1.0 T, 66 on a 1.5
T, and 13 scans on a 3.0 T. Visual ratings of MRIs were
performed in part due to the heterogeneity of MRI scans.
Visual ratings of the scans were performed by three neu-
roradiologists (AM, KB, CF). At the time of the ratings,
AM was (and is) an experienced attending neuroradiolo-
gist, KB was a junior attending neuroradiologist, and CF
was a senior radiology resident/neuroradiology fellow.
The raters were blind to the diagnostic groups, but were
provided with the age at the time of scan. All images were
rated in native space using RadiAnt (K.B., C.F.) or Mic-
roDicom (A.M.) DICOM viewers. To be consistent with
standard clinical reads, the raters were able to adjust con-
trast and zoom to their preference.

The raters used modified versions of established visual
rating scales to rate patterns of atrophy, thinning, CSP,
and microvascular disease. Selection of MRI features was
based on the neuropathology of CTE [3, 4, 7] and those
that are routinely evaluated on MRI as part of a demen-
tia evaluation to detect and differentiate the common
neurodegenerative diseases. The following were rated
using T1-weighted images: orbital-frontal, dorsolateral
frontal, and superior frontal lobe atrophy [37-39]; pari-
etal-occipital lobe (i.e., posterior) atrophy [40]; anterior
temporal lobe atrophy [37, 41]; MTL atrophy [42]; lateral,
third, and fourth ventricular enlargement [43]; and cor-
pus callosum thinning of the genu, body, and splenium
[44]. The T1-weighted images were also used to deter-
mine the presence/absence of an anterior and posterior
CSP [45]. Microvascular disease (i.e., periventricular
and deep white matter hyperintensities) was rated using
T2-fluid attenuated inversion recovery (FLAIR) images
[46]. Susceptibility weighted images or gradient echo/
T2* sequences were used to count the number of deep
and lobar microbleeds. In the absence of the required
sequence for a specific region, the neuroradiologist was
not permitted to use other sequences to conduct ratings
for that region; instead, the data were considered miss-
ing. All regions were rated on axial sequences with the
exception of MTL atrophy and corpus callosum thinning,
which were rated using coronal and sagittal sequences,
respectively. Other orientations were also permitted to
rate microbleeds in the absence of an axial in order to
maximize data availability. To aid rating consistency, all
scales were modified to be a five-point scale (0 = none, 1
= minimal, 2 = mild, 3 = moderate, 4 = severe), with the
exception of a binary scale for anterior and posterior CSP
(absent/present) and a count for microbleeds. Separate
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scores were provided for the left and right hemisphere,
when appropriate.

The raters were trained on the visual rating scales
through an iterative process. Directed readings of the vis-
ual rating scales that included reference slices and images
of the targeted regions were provided to the raters and
used for reference throughout the project [37-46]. The
raters practiced the scales on two training data sets using
images not part of the present study sample. Following
completion of each practice data set, the raters met with
the study behavioral neurologist (JM) and two clinical
neuropsychologists (MA, RK), all of whom have exper-
tise in neuroimaging of neurodegenerative disorders, to
review their ratings and resolve discrepancies, in order
to facilitate rating consistency. For analyses, the major-
ity consensus score among the raters was used; in the
absence of a majority, the median was used.

Statistical analyses

Due to missing MRI sequences, sample sizes across the
brain regions were reduced and varied (Table 1). Not all
participants had T1, FLAIR, and SWI/GRE sequences
in requisite orientations as the sequences and orienta-
tions obtained for clinical scans often vary. The sample
included participants who had an available MRI regard-
less of the sequences present and who also met our other
eligibility criteria described above. For example, there
are participants who had an available axial FLAIR but no
other sequences. There were also four participants who
had an MRI but had none of the required sequences to
perform the ratings per our methods. Interrater reliabil-
ity among the three raters for each region rated on the
ranked ordinal 0—4 scale was assessed using Kendall’s
coefficient of concordance for ordinal variables (Kendall’s
W). Krippendorft’s alpha was used for non-ordinal scales
(i.e., absence/presence of an anterior and posterior CSP,
total number of microbleeds).

To reduce the number of analyses performed, left and
right hemisphere MRI ratings (0-4 rating scale each) were
combined into a single summary composite for a possible
range of 0—8. For scales that had ratings for both left and
right hemispheres, a symmetry model was conducted to
determine whether there were statistically significant dif-
ferences (using the chi-square statistic) between left and
right visual rating scale scores in the donors with CTE.
Summary composites of total number of microbleeds,
as well as of the genu, body, and splenium of the corpus
callosum were also computed. Due to the small cell sizes,
anterior and posterior CSP were combined into a single
binary CSP variable.

Separate linear regression models were used to com-
pare brain donors with CTE and participants with NC
on visual rating scores for all regions with the exception
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Table 1 Visual MRI rating unadjusted means and standard deviations by region and group

Brain donors with CTE Normal cognition
Mean (SD) Mean (SD)

Orbital-frontal (axial, 0-4 scale)

N 40 22

Left orbital-frontal 0.72(0.78) 0.32(0.57)

Right orbital-frontal 0.75 (0.84) 0.32(0.57)
Dorsolateral frontal (axial, 0-4 scale)

N 40 22

Left dorsolateral frontal 1.10(0.93) 0.73 (0.70)

Right dorsolateral frontal 1.13(0.91) 0.73(0.70)
Superior frontal (axial, 0-4 scale)

N 40 22

Left superior frontal 1.43 (0.90) 1.18 (0.80)

Right superior frontal 148(0.91) 1.18 (0.80)
Anterior temporal lobe (axial, 0-4 scale)

N 40 22

Left anterior temporal lobe 1.03 (0.89) 0.64 (0.79)

Right anterior temporal lobe 1.10 (1.06) 0.59 (0.85)
Parietal-occipital (axial, 0-4 scale)

N 40 22

Left parietal-occipital 1.72 (1.04) 1.68 (0.89)

Right parietal-occipital 1.65 (1.00) 1.68 (0.89)
Medial temporal lobe (coronal, 0-4 scale)

N 24 13

Left medial temporal lobe 1.08 (1.10) 0.54 (0.66)

Right medial temporal lobe 1.25 (1.03) 0.69 (0.86)
Ventricular enlargement (axial, 0-4 scale)

N 40 22

Left lateral ventricle 1.57(0.98) 1.09 (1.27)

Right lateral ventricle 1.55 (0.99) 1.09 (1.27)

Third ventricle 1.47 (0.99) 1.05(1.21)

Fourth ventricle 0.03 (0.16) 0.0
Corpus callosum (sagittal, 0-4 scale)

N 48 26

Genu of the corpus callosum 0.79 (1.03) 0.65 (0.89)

Body of the corpus callosum 1.19(1.18) 1.04 (1.15)

Splenium of the corpus callosum 0.54 (0.82) 0.31(0.55)
Microvascular disease (axial, 0-4 scale)

N 43 26

Periventricular 1.86 (0.99) 1.85(1.05)

Deep white matter 1.70 (0.96) 1.73(0.87)
Microbleeds, n (%) present

N 25 22

Deep 2 (8.0) 1(4.5)

Frontal lobe 1(4.0) 1(4.5)

Temporal lobe 1(4.0) 1(4.5)

Parietal lobe 2(8.0) 0

Occipital lobe 0 0
Cavum septum pellucidum (axial) N (%) N (%)

N 40 22

Anterior cavum septum pellucidum 13(32.5) 2(9.1)

Posterior cavum septum pellucidum 4(10.0) 0
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Table 1 (continued)
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Due to missing MRI sequences, sample sizes across the brain regions were reduced and varied. Not all participants had T1, FLAIR, and SWI/GRE sequences in requisite
orientations as the sequences and orientations obtained for clinical scans often vary. The sample included participants who had an available MRI regardless of the
sequences present and who also met our other eligibility criteria. For example, there are participants who had an available axial FLAIR but no other sequences. There
were also four participants who had an MRI but had none of the required sequences to perform the ratings per our methods. Note that these are unadjusted means as
compared with the adjusted mean differences in Fig. 2 and Table 2 that account for age

of the CSP. For the binary CSP outcomes, binary logistic
regression was used. All effects for a given outcome were
adjusted for age at MRI scan and expressed as marginal
mean differences (i.e., differences in predicted values
between brain donors with CTE compared to partici-
pants with NC). Two-sided statistical tests were used and
p-values were false discovery rate adjusted using the Ben-
jamini-Hochberg Procedure. Statistical significance was
defined as a false discovery rate-adjusted alpha level less
than 0.05. Given the small sample size, we place emphasis
on effect sizes.

Among brain donors with CTE, multivariable linear
regression analyses were conducted to examine the asso-
ciation between p-tau severity and atrophy on MRI. We
examined the association between the global composite
of p-tau severity (summary composite of semi-quan-
titative ratings of p-tau (possible range 0-42) across 14
cortical and subcortical brain regions, each rated on a 0
[none]-3 [severe] scale [7]) and the global composite of
MRI atrophy (sum of frontal, anterior temporal, poste-
rior, and MTL visual MRI ratings of atrophy) controlling
for age at death and time since MRI. Global composites
were computed and analyzed to limit the number of anal-
yses and to increase statistical power by creating con-
tinuous scales as opposed to ordinal. Exploratory linear
regression analyses examined regional correspondence
between p-tau severity and the MRI ratings of atrophy.
P-tau severity was assessed in the following regions that
mapped onto lobes visually rated for atrophy on MRI:
frontal cortex (dorsolateral frontal cortex + inferior fron-
tal cortex), superior temporal cortex, inferior parietal
cortex, and hippocampus (CA1+CA2+CA4). Note that
there was missingness (n = 1 to 3) across the pathologi-
cal variables of p-tau severity and sample sizes vary; com-
posites were based on those with complete data across all
regions.

Results

Tables 3 and 4 present demographic and neuropathol-
ogy characteristics of the sample. On average, brain
donors with CTE were approximately 5 years younger at
the time of the MRI scan than the participants with NC
(p<0.01). There were no statistically significant differ-
ences between brain donors with CTE and participants
with NC in terms of racial identity and years of educa-
tion. Among the brain donors with CTE, the primary
sport was American football for 52 of the 55 brain donors

neuropathologically diagnosed with CTE (highest level
played: 2 high school, 22 college, 10 semi-professional, 18
professional). Ice hockey was the primary sport for two
brain donors (both played professionally) and military
with combat exposure was the source of repetitive head
impact exposure for one brain donor with CTE. 31.5%
(17/54) served in the military, but only the one had com-
bat exposure. 93% (50/54) were determined to have had
antemortem dementia at the time of death by the diag-
nostic consensus panel (clinical data were not collected
for one brain donor). The other four CTE brain donors
had reported cognitive symptoms, but were determined
to be functionally independent (i.e., not demented).
The primary indication for referral for the antemortem
clinical MRI for a majority of the CTE brain donors was
dementia- or neurodegenerative disease-related (n=36;
65%). Other indications for the clinical MRI were stroke-
related (n=8; 15%), brain tumor (n=>5; 9%), syncope
(n=2; 4%), seizure (n=2; 4%), late-onset psychotic symp-
toms (n=1; 2%), and Horner’s syndrome (n=1; 2%).

The MRI indications for the NC group were diverse and
related to cerebrovascular causes (n=7; 22.6%), memory
complaints (n=5; 16.1%), vertigo (n=3; 9.7%), headaches
(n=2; 6.5%), visual disturbances (n=2; 6.5%), transient
global amnesia (n=2; 6.5%), gait instability (n=1; 3.2%),
paresthesia (n=1; 3.2%), olfactory hallucinations (n=1;
3.2%), tinnitus (n=1; 3.2%), transient weakness (n=1;
3.2%), disequilibrium and ataxia (n=1; 3.2%), TBI-related
(n=1; 3.2%), and multiple sclerosis (n=1; 3.2%). Two
(6.5%) were done as part of participation in an outside
research study. As previously mentioned, seven scans
were performed on a 1.0 T, 66 on a 1.5 T, and 13 scans
on a 3.0 T. Chi-square analyses showed no statistically
significant differences between brain donors with CTE
and participants with normal cognition on MRI magnet
acquisition (p=0.66).

Interrater reliability

Because there was no difference in left vs right hemi-
sphere ratings (they were nearly identical, described
below), we only examined interrater for left sided rat-
ings. There was substantial agreement across all scales
(i.e., interrater agreement statistic [Kendall's W for
ordinal variables, Krippendorft’s alpha for non-ordinal
scales] between 0.61 and 0.80) with the exception of
moderate agreement for the anterior CSP (Krippendorff’s
alpha = 0.52) and fair agreement for the posterior CSP
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Table 2 Summary of regression models comparing brain donors with CTE and participants with normal cognition on visual rating

scales

Brain region Est. marginal mean diff. 95% Cl FDR-adjusted P-value
Orbital-frontal cortex 1.29 0.52-2.06 0.009

Dorsolateral frontal cortex 1.31 042-2.19 0.013

Superior frontal cortex 1.05 0.15-1.96 0.046

Anterior temporal lobes 1.57 0.68-2.46 0.009

Parietal-occipital lobes 0.54 —048101.57 0.375

Medial temporal lobes 1.60 0.25-2.95 0.046

Lateral ventricles 1.72 0.62-2.82 0.013

Third ventricle 0.80 0.26-1.35 0.013

Fourth ventricle 0.03 —0.05100.10 0.501

Corpus callosum (genu + body + sple-  1.13 —0.1310240 0.122

nium)

Periventricular white matter hyperintensi- 0.28 —0.191t00.74 0.330

ties

Deep white matter hyperintensities 0.14 —0.321t00.59 0.553

Total number of microbleeds 0.21 —0.25t0 067 0428

Brain region OR 95% Cl FDR-adjusted P-value
Cavum septum pellucidum 6.69 1.46-50.09 0.049

The majority consensus score among the raters was used; in the absence of a majority, the median was used. Sample sizes vary across regions due to missing data
as result of missing sequences from the MRI scans (see Table 1). Orbital-frontal cortex, dorsolateral frontal cortex, superior frontal cortex, anterior temporal lobes,
parietal-occipital lobes, medial temporal lobes, and lateral ventricles are a summary composite of left and right hemisphere 0 (none)-4 (severe) ratings (possible
range 0-8). Each region of the corpus callosum (genu, body, splenium) were separately rated on the 0-4 scale and summed. Periventricular and deep white matter
hyperintensities were rated on the 0-4 scale. Absence/presence of anterior and posterior cavum septum pellucidum were rated and combined into a single variable.
Total number of microbleeds is a summary composite of microbleeds in all lobes. Linear regression models were used to compare brain donors with CTE and
participants with normal cognition on each visually rated region with the exception of the CSP for which binary logistic regression was used. A separate model was
performed for each region and all models controlled for age at the time of the MRI scan. The estimated marginal mean differences are differences between brain
donors with CTE and participants with normal cognition for the given outcome adjusted for age at MRI scan. P-values were false discovery rate (FDR) adjusted using

the Benjamini-Hochberg Procedure

(Krippendorft’s alpha = 0.33) and fourth ventricle (Ken-
dall's W= 0.36).

Visual MRl ratings of atrophy, CSP, and microvascular
disease

Table 1 reports the means and standard deviations of
all visual MRI rating scores by group. Table 2 provides
a summary of the results from the multivariable lin-
ear regression models that compared brain donors with
CTE and participants with NC on each visual rating scale
controlling for age at the time of the MRI. Note that the
“mean dift” below refers to estimated marginal mean dif-
ference for the given outcome between the brain donors
with CTE and participants with NC, adjusted for age at
MRI. Findings included:

Lobar atrophy (possible score range: 0-8)

Compared to participants with NC, brain donors with
CTE had false discovery rate-corrected statistically sig-
nificant higher visual MRI rating scores (i.e., greater
atrophy) for the following regions: orbital-frontal cor-
tex (mean diff.=1.29, 95% CI = 0.52-2.06, p=0.009),
dorsolateral frontal cortex (mean diff.=1.31, 95% CI

= 0.42-2.19, p=0.013), superior frontal cortex (mean
diff.=1.05, 95% CI = 0.15-1.96, p=0.046), anterior
temporal lobes (mean diff.=1.57, 95% CI = 0.68-2.46,
p=0.009), and the MTL (mean diff.=1.60, 95% CI =
0.25-2.95, p=0.046). There were no statistically sig-
nificant group differences in visual MRI ratings of
parietal-occipital lobe atrophy (mean diff.=0.54, 95%
CI = —0.48 to 1.57, p=0.375). There were no statisti-
cally significant differences in effect sizes between left
and right hemisphere ratings for any of the regions in
donors with CTE (p’s>0.10 for all). Figure 2 displays
group differences in regional atrophy ratings in order of
effect size magnitude. Figure 3 shows an exemplar MRI
scan of brain donors with CTE and participants with
NC. Figure 4 shows an antemortem MRI scan and gross
brain photographs taken at autopsy for a brain donor
with CTE.

Ventricle size

Brain donors with CTE had statistically significant
higher visual MRI rating scores (i.e., greater ventricle
size) for the lateral ventricles (mean diff.=1.72 [0-8
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Table 3 Sample characteristics
Brain donors with CTE Normal Cognition -value
N 55 31 -
Age at MRI scan, mean (SD) years 71.04 (7.32) 76.16 (8.55) <0.01
Time from MRI scan to death, mean (SD) years 3.96 (3.07) - -
Sex, n (%) female 0 0 -
Race, n (%) White 53 (96.4) 28(90.3) 035
Education, mean (SD) years® 16.87 (2.33) 16.17 (2.23) 0.18
Antemortem dementia, n (%) yesb 50 (92.6%) 0 -
Functional Activities Questionnaire, mean (SD) 22.20 (9.02) 137 (344) <0.01
Cause of death, n (%) @
Neurodegenerative disease 36 (65.5) 0 -
Cardiovascular disease 4(7.3) 3(273) -
Suicide 2 (3.6) 0 -
Cancer 5(9.1) 4(364) -
Motor neuron disease 3(5.5) 1(9.1) -
Injury 1(1.8) 0 -
Other/Unknown 4(7.3) 3(27.3) -

2 Education is missing for one participant with normal cognition

b Antemortem dementia status for the brain donors with CTE was determined by a consensus panel of clinicians based on informant-reported cognitive, behavioral,
mood, and functional symptoms at time of death. Antemortem dementia was not determined for one brain donor with CTE because of missing clinical data. The four
brain donors with CTE who were not determined to have had antemortem dementia did have informant-reported cognitive symptoms. The normal cognition group

had normal cognition at the time of the MRI

“The Functional Activities Questionnaire (FAQ) assesses activities of daily living and ranges from 0 to 30 with higher scores reflecting greater functional difficulties.
For brain donors with CTE, the informant of the brain donor completed the FAQ asking about difficulties at time of death. There were 6 brain donors with CTE and 12

participants with normal cognition who had missing scores for the FAQ

4 Of the participants with normal cognition, 11 were known to be deceased and causes of death listed in the table are based on these 11 individuals. Six donated their
brains for autopsy examination and two of the three other/unknown causes of death were not brain donors. Of the six brain donors, two had no neurodegenerative
disease changes, one had low Alzheimer’s disease and vascular neuropathological changes, one had intermediate Alzheimer’s disease neuropathological changes,
one had primary age-related tauopathy, and the other had amyotrophic lateral sclerosis. The autopsy diagnosis of amyotrophic lateral sclerosis was based on loss of
lower motor neurons in the brain stem in the context of a normal brain weight and absence of cortical atrophy. Based on our medical record review, the MRI used

in this study for that individual was done prior to a clinical amyotrophic lateral sclerosis diagnosis, though the participant may have been manifesting early motor

symptoms

¢ Independent samples t-test compared brain donors with CTE to participants with normal cognition on age at MR, years of education and FAQ scores; Fisher’s exact

test was used to test for differences on race

scale], 95% CI = 0.62-2.82, p=0.013) and the third
ventricle (mean diff.=0.80 [0—4 scale], 95% CI=0.26—
1.35, p=0.013). See Fig. 3 as an example. There were
no statistically significant differences in effect sizes
between ratings of the left and right lateral ventri-
cles (p=1.00). There was not a statistically significant
group difference on visual MRI ratings of the fourth
ventricle (p=0.501).

Cavum septum pellucidum (absence/presence)

Thirteen brain donors with CTE (33%) had an ante-
rior CSP, whereas 2 of the participants with NC (9%)
had an anterior CSP (Fig. 3). Four brain donors with
CTE had a posterior CSP, whereas none of the partici-
pants with NC had a posterior CSP. Three of the brain
donors with CTE had both an anterior and posterior
CSP. Overall, the brain donors with CTE were at 6.7X
(95% CI = 1.5-50.1, p=0.049) increased odds for hav-
ing a CSP.

Corpus callosum thinning
There was not a statistically significantly group effect for
thinning of the corpus callosum (p>0.05).

Microvascular disease

There were no statistically significant group differ-
ences on FLAIR MRI ratings for periventricular WMH
(p=0.330), deep WMH (p=0.553), or number of micro-
bleeds (p=0.428).

Sensitivity analyses: excluding co-morbidities

Thirty-five (63.6%) of the brain donors with CTE had a
co-morbid neurodegenerative disease diagnosis (i.e.,
CTE+) and 20 had CTE and no other neurodegenerative
disease diagnoses. Of the brain donors with CTE (n=55),
9 (16.4%) had FTLD (n=4 tau, n=5 TDP-43). Given the
frontal-temporal similarities in atrophy between CTE and
frontotemporal lobar degeneration, we repeated the lin-
ear regression models for the frontal (i.e., orbital-frontal,
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Table 4 Neuropathological characteristics of brain donors with CTE

Brain donors with CTE (N = 55) Brain donors with CTE+ (N = 35) Brain donors with CTE only (N =20) P-value®
Brain weight Mean SD Mean SD Mean SD --
Grams 1255.16 161.49 1215.60 154.66 132440 15292 0.02
Semi-quantitative Mean SD Mean SD Mean SD --
ratings of p-tau
severity, 0-3 scale
Dorsolateral 233 0.80 244 0.79 215 0.81 0.20
frontal cortex
Rolandic cortex 1.58 1.12 1.67 1.14 145 1.10 0.50
Inferior frontal ~ 2.06 0.93 227 091 1.70 0.87 0.03
cortex
Inferior parietal  1.98 1.02 2.09 1.04 1.79 0.98 031
cortex
Superior tempo- 2.31 091 244 0.86 210 0.97 0.19
ral cortex
CA1 1.96 1.05 211 1.05 1.70 1.03 0.16
CA2 191 1.05 1.80 1.16 211 0.81 0.26
CA4 1.89 1.08 1.86 1.06 1.95 1.15 0.76
Entorhinal 237 0.88 235 0.95 240 0.75 0.85
Amygdala 233 0.86 2.29 093 240 0.75 0.64
Thalamus 1.85 1.01 1.82 1.03 1.89 0.99 0.81
Substantia nigra 1.80 0.95 1.74 0.85 1.90 1.12 0.56
Locus coeruleus 2.25 0.76 218 0.81 2.35 0.67 044
Dentate nucleus 0.92 0.90 0.85 0.89 1.06 0.94 045
CTE stage n % n % n % 0.86
Stage | 2 3.8 1 29 1 50
Stage Il 5 96 4 114 1 50
Stage Il 19 345 12 343 7 350
Stage IV 29 52.7 18 514 Il 550
Alzheimer’s n % n % n % -
disease
Yes 15 273 15 429 0 0
Lewy body diseasen % n % n % -
Brain stem pre- 6 109 6 171 0 0
dominant
Limbic (transi- 11 20.0 I 314 0 0
tional)/neocortical
(diffuse)
Frontotemporal n % n % n % --
lobar degenera-
tion (FTLD)
FTLD-tau 4 7.3 4 121 0 0
FTLD-TDP-43 5 9.1 5 143 0 0
Motor neuron n % n % n % -
disease
Yes 3 54 3 8.6 0 0
Prion disease n % n % n % --

Yes 2 36 2 5.7 0 0
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Table 4 (continued)
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Brain donors with CTE (N = 55)

Brain donors with CTE+ (N = 35)

Brain donors with CTE only (N =20) P-value®

CERAD neuritic n % n
plaque score

No neuritic 18 327 7
plaques

Sparse neuritic 26 473 18
plaques

Moderate neu- 7 12.7 6
ritic plaques

Frequent neuritic 4 7.3 4
plaques
Thal phase n % n

Phase 0 (A0) 5 9.1 4

Phase 1/2 (A1) 8 14.5 2

Phase 3 (A2) Il 200 5

Phase 4/5 (A3) 31 56,4 24
Braak stage n % n

Stage 0 1 1.8 1

Stage I/l 8 14.5 3

Stage lll/IV 27 49.1 14

Stage V/VI 19 345 17
White matter n % n
rarefaction

Moderate-severe 35 63.6 24
Arteriolosclerosis n % n

Moderate-severe 38 69.1 24

% n % 0.03
20.0 11 550

514 8 40.0

171 1 50

114 0 0

% n % 0.02
114 1 50

57 6 300

14.3 6 30.0

68.6 7 350

% n % 0.02
29 0 0

8.6 5 250

40.0 13 65.0

48.6 2 10.0

% n % 0.31
68.6 11 55.0

% n % 0.91
68.6 14 70.0

Note. Brain donors with CTE+ included those with CTE and other neurodegenerative disease diagnoses whereas the CTE only group had CTE and no other
neurodegenerative disease diagnoses. ’Independent samples t-test compared brain donors with CTE+ and CTE only on all variables for which mean and standard
deviations are reported. Chi-square was used to test for group differences for all other variables. Due to missing data, sample sizes include n = 54 for dorsolateral
frontal cortex, inferior parietal cortex, superior temporal cortex, CA2, and entorhinal; n = 53 for rolandic cortex, inferior frontal cortex, locus coeruleus, and thalamus;

and n = 52 for dentate nucleus

dorsolateral frontal and superior frontal cortex) and ante-
rior temporal lobes after excluding CTE brain donors
who had a co-morbid frontotemporal lobar degeneration
neuropathological diagnosis (CTE+FTLD). Effect sizes
remained similar (i.e., less than 10% change in estimates).
In addition, 15 (27.3%) had a neuropathological diagnosis
of AD. Although we did not observe group differences on
visual ratings of posterior atrophy (as would be expected
with AD), there was a group effect for the MTL—a hall-
mark MRI finding in AD. We repeated the model with
MTL as the outcome after excluding CTE brain donors
with AD (CTE+AD). There was a small 11.3% increase in
the effect size estimate (mean diff.=1.78, 95% CI = 0.43—
3.13, p=0.01), suggesting observed differences were not
explained by AD pathology. Effect sizes remained similar
for atrophy and ventricle size when the two brain donors
with prion disease and the three with motor neuron dis-
ease were excluded (5% or less change in effect size with
the exception of a 10.4% and 10.8% increase in effect for
the superior frontal and MTL, respectively, when prion

disease was excluded). As shown in Table 4, independent
samples t-tests and chi-square analyses showed no statis-
tically significant differences between the brain donors
with CTE+ and CTE only on the semi-quantitative rating
scales of p-tau severity across 14 cortical and subcortical
brain regions (except the inferior frontal cortex), semi-
quantitative ratings of atrophy at autopsy (except the
right frontal lobe), CTE stage, white matter rarefaction,
or arteriolosclerosis.

P-Tau severity and MRI atrophy in brain donors with CTE

We examined the association between p-tau severity
(rated at autopsy by neuropathologists who were blinded
to clinical data and MRI ratings) and visually rated MRI
atrophy (Table 5). Linear regressions showed that the
global visual MRI atrophy composite was associated
with the global summary composite of p-tau (standard-
ized beta=0.68, SE=0.22, p<0.01) controlling for age at
death and time from MRI to death. Greater total p-tau
burden was associated with greater total brain atrophy on
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Medial temporal lobe 1 | |

Anterior temporal lobe 1 | |

Dorsolateral frontal cortex 1 | |

Region

Orbital-frontal cortex | |

Superior frontal cortex 1 | |

Parietal-occipital lobes 1 | |

0 1 2 3
CTE Effect

Fig. 2 Visually rated MRI patterns of atrophy in CTE compared to participants with normal cognition. The regions (y-axis) were rated on a 5-point
scale with 0 = none and 4 = severe and the left and right hemispheres were rated separately and combined into a summary composite for
analyses (possible range: 0-8). The “Effect” represents the mean difference (black dot) between the brain donors with CTE compared to participants
with normal cognition after accounting for age at the time of MRI. Higher x-axis scores represent higher scores (i.e., greater atrophy) in brain donors
with CTE. The whiskers represent 95% confidence intervals. Statistically significant differences (i.e, false discovery rate-adjusted p-value less than
0.05) were found for the medial temporal lobe, anterior temporal lobe, dorsolateral frontal cortex, orbital-frontal cortex, and superior frontal cortex.
There was no significant effect for the posterior-occipital lobes (p = 0.375).

Visual Ratings
0 [none] — 4 [severe]

Orbital-frontal: (A)2(B)0
Dorsolateral frontal: (A)3(B)0O
Superior frontal: (A)3(B)1
Parietal-occipital: (A)4(B)2
Medial temporal lobe: (C)3(D)0
Lateral ventricles: (A)2(B)O

*Ratings were the same for left and right
hemispheres. Not shown: anterior temporal lobe,
third ventricle, fourth ventricle, corpus callosum

Fig. 3 Antemortem MRI scans for brain donors with autopsy-confirmed CTE compared to participants with normal cognition. Three
neuroradiologists used established visual rating scales to rate patterns of frontal, anterior temporal, parietal-occipital lobe atrophy on axial T1
sequences, as well as medial temporal lobe atrophy on coronal sequences in brain donors with CTE and participants with normal cognition. The
regions were rated on a 5-point scale with 0 = none and 4 = severe. A Axial T1 of a male former professional American football player in his early
60's with CTE stage IV that was rated to have mild orbital-frontal and anterior temporal lobe atrophy (not shown), moderate dorsolateral and
superior frontal lobe atrophy, severe parietal-occipital lobe atrophy, and presence of an anterior and posterior cavum septum pellucidum. B Axial

T1 of a participant with normal cognition in his late 60's rated to have no orbital-frontal, dorsolateral frontal, or anterior temporal lobe (not shown)
cortical atrophy; minimal superior frontal atrophy; mild parietal-occipital lobe atrophy; and absence of a cavum septum pellucidum. C and D are
coronal sequences that show moderate hippocampal atrophy in a former professional American football player in his early 80's with CTE stage IV (C)
compared to no hippocampal atrophy in a participant with normal cognition in his early to mid-70s (D)
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E) including the hippocampus and amygdala

Fig. 4 MRI and autopsy patterns of atrophy and P-tau deposition in a brain donor with CTE. The figure shows an antemortem axial (A) and coronal
(D) T1 MRI sequence and corresponding gross atrophy at autopsy (B, C, E) of a male former professional American football player with CTE stage
IV.The antemortem MRI scan was done when he was in his early 60's and he died in his mid-70s and donated his brain. The antemortem MRI and
neuropathological examination both showed frontal and temporal cortical atrophy (A-E) along with atrophy of medial temporal lobe structures (C,

Table 5 Summary of regression models examining the effect of P-tau severity on atrophy in the brain donors with CTE

Effects of p-tau severity on atrophy

Measures of atrophy Standardized beta Standard error P-value

“Visually rated MRI global atrophy 0.68 0.22 <0.01
Frontal lobes 0.30 0.15 0.047
Temporal lobes 0.23 0.15 0.15
Posterior lobes 0.08 0.15 0.62
Medial temporal lobes 0.25 0.21 0.25

A summary composite of semi-quantitative ratings of p-tau (0 [none]-3 [severe] scale) across 14 cortical and subcortical brain regions was computed’ and served as
the independent variable. A global composite of MRI atrophy was calculated, based on the sum of frontal (orbital-frontal cortex, dorsolateral frontal cortex, superior
frontal cortex), anterior temporal, posterior (parietal, occipital), and MTL visual MRI ratings of atrophy. P-tau severity was assessed in the following regions that
mapped onto lobes visually rated for atrophy on MRI: frontal cortex (dorsolateral frontal cortex + inferior frontal cortex), superior temporal cortex, inferior parietal

cortex, and hippocampus (CA1+CA2+CA4)

2The primary analyses included linear regression models that tested the association between global-based composites to limit the number of analyses and to
increase statistical power. Exploratory linear regression analyses examined regional correspondence between p-tau severity and the MRI ratings of atrophy. Analyses

controlled for age at death and time since MRI

MRI. As sensitivity analyses, we repeated the above lin-
ear regression models after first excluding brain donors
with CTE+4+FTLD, followed by excluding those with
CTE+AD. The association between the global visual MRI
atrophy composite and the global summary composite
of p-tau remained after exclusion of brain donors with
CTE+AD (standardized beta=0.84, SE=0.19, p<0.01)
and CTE+FTLD (standardized beta=0.60, SE=0.21,
p=0.01).

Exploratory linear regression analyses showed regional
correspondence between frontal p-tau severity and fron-
tal MRI atrophy (orbital-frontal + dorsolateral frontal
+ superior frontal) (standardized beta=0.30, SE=0.15,
p=0.047). Greater frontal p-tau severity correlated with
greater frontal atrophy on MRI. There were no other sta-
tistically significant regional effects between p-tau sever-
ity and atrophy on MRL
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Discussion

Based on visual ratings of antemortem MRIs obtained
from medical record requests, brain donors who had
autopsy-confirmed CTE had more severe frontal and
anterior temporal lobe atrophy, MTL atrophy, lateral and
third ventricular enlargement, and increased odds for
having a CSP compared to participants with NC. There
was no evidence of left vs right asymmetry in atrophy.
There were no statistically significant differences in rat-
ings of posterior atrophy (i.e., parietal-occipital lobes) or
microvascular disease between brain donors with CTE
and participants with NC. Additionally, we found that
more severe p-tau pathology (rated at autopsy) was asso-
ciated with greater MRI ratings of atrophy among the
brain donors with CTE. In summary, the current findings
provide, for the first time, insight into the structural MRI
profiles of people with neuropathologically confirmed
CTE, as well as support p-tau accumulation as a correlate
of atrophy in CTE.

Compared to participants with NC, brain donors with
CTE had greater visually rated frontal-temporal and
MTL atrophy on MRI. These findings match the neuro-
anatomical distribution of CTE p-tau pathology and the
corresponding gross neuropathology [3, 4, 6, 7]. In CTE,
there is early p-tau involvement in the dorsolateral fron-
tal cortices [3, 4, 6, 7], the region of the frontal lobe for
which we found the largest group differences. The hip-
pocampus is also markedly affected in CTE, but later in
the disease course and with CA2 and CA4 hippocampal
subfields disproportionately affected [6, 7]. Third ventri-
cle enlargement may also result from thalamic atrophy in
CTE [3, 4]. Our findings are also consistent with in vivo
studies that show tau positron emission tomography
(flortaucipir) frontal-temporal and MTL binding [8, 9],
as well as reduced MRI-derived volumetrics of frontal
and temporal lobes [9] and MTL structures (e.g., amyg-
dala, hippocampus) [9, 11-14] among people at high risk
for having CTE neuropathology (e.g., former National
Football League players, professional fighters). Taken
together, there is converging evidence for frontotemporal
and MTL atrophy in CTE that might be able to be visual-
ized on MRI.

Our observed effect estimates remained similar when
donors with CTE+AD and CTE+FTLD pathological
diagnoses were excluded. Neuropathologically, CTE is
distinguished from AD by the lack of beta amyloid neu-
ritic plaques and a distinctive pattern, type, and regional
distribution of p-tau pathology [6, 8, 47]. Although the
present findings provide insight into potential MRI dif-
ferential diagnostic patterns for CTE, inferences on dis-
ease specific differences are limited due to lack of an AD,
FTLD, or other neurodegenerative disease comparison
groups. The use of a NC group allows for testing of the
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usefulness of the biomarker for disease detection; if the
biomarker cannot discriminate from NC (other limita-
tions notwithstanding) it is unlikely to be a useful bio-
marker. Specificity of our findings remain unknown
without a neurodegenerative disease comparison group
and future research is underway to address this knowl-
edge gap.

We found that brain donors with CTE were at 6.7X
increased odds for a CSP compared to participants with
NC. In autopsy-confirmed CTE, there are frequently
abnormalities of the septum pellucidum [3, 4, 6]. The
in vivo MRI literature shows an association between
exposure to repetitive head impacts and the presence
of a CSP [9, 17, 18, 48, 49]. However, a CSP is not spe-
cific to CTE and is a frequent MRI finding in the gen-
eral adult population. A CSP may not be associated with
specific clinical symptoms and may be better viewed as
a marker of global injury associated with repetitive head
impact exposure. Regardless, the presence of a CSP may
be a supportive differential diagnostic feature for CTE
when combined with other relevant risk factor, clinical,
and neuroimaging data points. There are challenges for
the accurate and reliable detection of a CSP, as evidenced
by the fair to moderate interrater agreement among the
neuroradiologists. A small CSP can easily be missed and/
or a posterior CSP can be mistaken for detachment of the
fornix.

In other tauopathies, such as AD and FTLD-tau, p-tau
pathology is a contributor to neurodegeneration [19-21].
Although p-tau may induce microtubule disruption, pro-
tein aggregation, and alterations in protein expression,
the exact mechanism by which p-tau triggers neurode-
generation is unclear. The neurodegeneration in CTE has
similarly been hypothesized to be a result of CTE p-tau
pathology. This study provides empirical support for this
hypothesis by showing an association between p-tau
severity and atrophy on antemortem MRI. This associa-
tion remained after excluding donors who had co-morbid
AD and FTLD, suggesting unique contribution from CTE
and this is consistent with research showing the molecu-
lar composition of p-tau is distinct from AD and FTLD
[47, 50, 51]. Similar to other neurodegenerative diseases,
widespread p-tau pathology in CTE is likely needed for
neurodegeneration to result in clinical syndromes (e.g.,
dementia) [28].

Limitations

The study has limitations. The restricted and vari-
able sample sizes across sequences due to missingness
are important limitations of this study and effect esti-
mates and p-values should be interpreted together and
with caution. Our findings best generalize to a clinic-
based population (i.e., those who present for a dementia
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evaluation and undergo MRI). The external validity is
limited by potential selection biases associated with brain
donation. Our previous data show that brain donation
selection biases do not invalidate exposure to repeti-
tive head impact-CTE associations [5]. We would not
expect observed atrophy and tau relationships to be dif-
ferent in people with CTE who did not donate their
brains, a requirement for brain bank selection to bias
the current findings. We accounted for differences in
the time interval between antemortem MRI and death
in our models, but this remains a limitation because the
presence or severity of pathology at the time of MRI
was unknown. It would have been optimal to examine
associations between visual ratings of MRI atrophy and
metrics of atrophy at autopsy. However, current metrics
of pathological atrophy are relatively crude (e.g., semi-
quantitative scales) and issues with measurement and
other reasons (e.g., statistical power) are unable to be
overcome without a larger sample size and more refined
measures of atrophy. The visual ratings of atrophy in the
brain donors with CTE in this sample tended to be of
mild severity on average and the clinical significance of
both the MRI atrophy and pathology at autopsy require
further investigation. Given 93% of brain donors with
CTE were judged to have had antemortem dementia, we
were unable to examine dementia as an outcome. Future
research is currently underway to examine the various
cognitive, mood, and behavioral symptoms associated
with p-tau in CTE.

There are limitations of the NC group. The neuropatho-
logical status of the NC group was largely unknown, with
only six coming to autopsy. Given the absence of cogni-
tive impairment, we assumed the NC group does not
have meaningful neuropathology. Given there were par-
ticipants from the NC group who came to autopsy and
had pathological evidence of neurodegenerative disease,
this may not be the case. The presence of pathology in the
NC group would likely bias results towards the null and
the reported effects might be an underestimate. The sam-
ple was restricted to 60 years or older to have a similar
age distribution between the CTE and NC groups. Even
after this restriction, participants with NC were on aver-
age approx. 5 years older and this group difference might
have underestimated the effects. Lastly, the sample size
was small, particularly of the NC group, and the null
effects (e.g., for posterior atrophy) should be interpreted
with caution.

We obtained antemortem MRIs via medical record
request resulting in scans that were heterogenous in
terms of quality and acquisition parameters (e.g., reso-
lution, slice thickness, scanner type). For these reasons,
we used established visual rating methods as opposed to
automated software (e.g., FreeSurfer). Visual ratings have
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ecological validity and the use of established rating scales
allows for replication. The scales are subjective and can
introduce measurement error. The three trained neuro-
radiologists had relatively good agreement on the visual
rating scales, which is consistent with other imaging-
pathological studies [36]. It is reassuring that previous
in vivo research using research grade MRIs and auto-
mated image analysis software in samples at high risk
for CTE found similar patterns [9, 11-14, 17, 18, 48, 49].
Prospective clinical-imaging-pathological correlation
studies are the gold standard and will be essential to vali-
date the current findings. Such studies are ongoing [8, 9],
but it will require years to gather sufficient clinicopatho-
logical data for meaningful analysis. There is a timely
need to identify potential biomarker targets that can be
used in conjunction with current research diagnostic cri-
teria for CTE (i.e., traumatic encephalopathy syndrome)
to support a diagnosis of “probable CTE” [52, 53].

Conclusions

Cognitively symptomatic male brain donors with
autopsy-confirmed CTE had more severe visually
rated frontal, temporal, and hippocampal atrophy and
increased odds for having a CSP on antemortem MRI
scans compared to same-age men with NC. In addition,
more severe p-tau pathology was associated with greater
MRI ratings of atrophy. If validated with prospective
clinical-pathological correlation studies, these findings
support the use of structural MRI as a valuable tool to
support a diagnosis of CTE during life.

Abbreviations

AD: Alzheimer's disease; ALS: Amyotrophic lateral sclerosis; BU ADRC: Boston
University Alzheimer’s Disease Research Center; CSP: Cavum septum pelluci-
dum; CTE: Chronic traumatic encephalopathy; FHS: Framingham Heart Study;
FLAIR: Fluid attenuated inversion recovery; FTD: Frontotemporal dementia;
FTLD: Frontotemporal lobar degeneration; MRI: Magnetic resonance imag-
ing; MTL: Medial temporal lobe; NC: Normal cognition; RHI: Repetitive head
impacts; SWI: Susceptibility weighted imaging; UNITE: Understanding Neuro-
logic Injury in Traumatic Encephalopathy; P-tau: Hyper-phosphorylated tau.

Acknowledgements

We would like to acknowledge the many families who contributed to this
work; Christopher Nowinski, Ph.D., and Lisa McHale from the Concussion
Legacy Foundation; and the clinical and neuropathology research staff of the
BU CTE Center, VA Boston Healthcare System and Edith Nourse Rogers VA
Medical Center.

Authors’ contributions

Study design and conception: MLA, AZM, KB, CWF, YT, ZB, RK, JM; acquisition
and analysis of data: MLA, AZM, KB, CWF, MU, YT, ZB, BM, JP, CP, TA, PJ, LEG, DK,
BD, DD, CN, RCC, NWK, BH, VA, RAS, TDS, ACM, JM; drafting of the manuscript:
MLA, AZM, KB, CWF, MU, TY, ZB, BM, JP, CP, TA, PJ, LEG, RA, DI, BD, DD, CN, RCC,
NWK;, BH, VEA, RAS, TDS, RJK, ACM, JM. The authors read and approved the
final manuscript.

Funding
This work was supported by grant funding from the following: NIA (AG057902,
AG06234, RFTAG054156, K23AG046377, AG008122, AGO16495, AG033040,



Alosco et al. Alzheimer’s Research & Therapy (2021) 13:193

AG054156, AG049810, AG062109, P30AG072978), NINDS (U54NS115266,
UOTNS086659, K23NS102399), National Institute of Aging Boston University
AD Center (P30AG072978), Department of Veterans Affairs Merit Award
(101-CX001038), the Nick and Lynn Buoniconti Foundation, and BU-CTSI
Grant Number TUL1TR001430. JC is funded by the Alzheimer's Association
(AARF-17-529888). The views, opinions, and/or findings contained in this
article are those of the authors and should not be construed as an official
Veterans Affairs or Department of Defense position, policy, or decision, unless
so designated by other official documentation. Funders did not have a role in
the design and conduct of the study; collection, management, analysis, and
interpretation of the data; preparation, review, or approval of the manuscript;
or decision to submit the manuscript for publication.

Availability of data and materials

Most data associated with this study are available in the main text. UNITE data
is also made available through FITBIR. Individual MRI scans are not made freely
available to protect privacy. However, MRl data will be made available in FITBIR
in the future and this data and other data can also be shared upon reasonable
request.

Declarations

Ethics approval and consent to participate

Procedures for all studies were approved by the Boston University Medical
Campus and/or the Bedford VA Hospital Institutional Review Board. All inform-
ants of brain donors and participants from the Boston University Alzheimer’s
Disease Research Center and Framingham Heart Study provided written
informed consent.

Consent for publication
Not applicable

Competing interests

Lee E. Goldstein is a paid consultant to Johnson & Johnson (New Brunswick,
NJ) / Janssen Research & Development, LLC (Raritan, NJ) and Rebiscan, Inc.
(Cambridge, MA). He has received funding from the WWE and Ivivi Health
Sciences. Robert A. Stern is a member of the Mackey-White Committee of
the NFL Players Association. He is a paid consultant to Biogen (Cambridge,
MA, USA). He receives royalties for published neuropsychological tests from
Psychological Assessment Resources, Inc. (Lutz, FL, USA), and is a member of
the Board of Directors of King-Devick Technologies (Chicago, IL, USA). Robert
C. Cantu is a senior advisor to the NFL Head Neck & Spine Committee, VP of
NOCSAE and Chair Scientific Advisory Committee, Co-Founder and Medi-

cal Director of the Concussion Legacy Foundation; receives royalties from
Houghton Mifflin Harcourt; receives compensation for legal expert opinion
(NCAA, NHL etc.); and is on the medical science committee for the National
Collegiate Athletic Association Student-Athlete Concussion Injury Litigation.
Ann C. McKee is a member of the Mackey-White Committee of the NFL Play-
ers Association. Chris Nowinski is a member of the Mackey-White committee
of the NFL Players Association and a shareholder in Oxeia Biopharmaceuticals.
Rhoda Au is a scientific advisor to Signant Health and Biogen.

Author details

"Boston University Alzheimer’s Disease Research Center and CTE Center,
Department of Neurology, Boston University School of Medicine, 72 E Con-
cord Street, Suite B7800, Boston, MA 02118, USA. 2Department of Radiology,
Boston University School of Medicine, Boston, USA. *Department of Radiology,
Massachusetts General Hospital, Boston, USA. “Department of Biostatistics,
Boston University School of Public Health, Boston, USA. ®Biostatistics and Epi-
demiology Data Analytics Center, Boston University School of Public Health,
Boston, USA. ®Framingham Heart Study, Boston University School of Medi-
cine, 72 E Concord Street, Suite B7800, Boston, MA 02118, USA. 7Department
of Pathology and Laboratory Medicine, Boston University School of Medicine,
Boston, USA. 8Department of Psychiatry, Boston University School of Medicine,
Boston, USA. “Departments of Biomedical, Electrical & Computer Engineering,
Boston University College of Engineering, Boston, USA. '°Department of Anat-
omy and Neurobiology, Boston University School of Medicine, Boston, USA.
"Department of Epidemiology, Boston University School of Public Health,
Boston, USA. '?Braintree Rehabilitation Hospital, Braintree, MA, USA. *Concus-
sion Legacy Foundation, Boston, MA, USA. “Department of Neurosurgery,

Page 16 of 17

Boston University School of Medicine, Boston, USA. ' Department of Neuro-
surgery, Emerson Hospital, Concord, USA. '®US Department of Veteran Affairs,
VA Boston Healthcare System, Boston, USA. "National Center for PTSD, VA
Boston Healthcare, Boston, USA. "®Department of Veterans Affairs Medical
Center, Bedford, MA, USA. "*Center for Biomedical Imaging, Boston University
School of Medicine, Boston, USA.

Received: 13 September 2021 Accepted: 31 October 2021
Published online: 07 December 2021

References

1. Bieniek KF, Ross OA, Cormier KA, et al. Chronic traumatic encephalopathy
pathology in a neurodegenerative disorders brain bank. Acta Neuro-
pathol. 2015;130:877-89. https://doi.org/10.1007/500401-015-1502-4.

2. Ling H, Morris HR, Neal JW, et al. Mixed pathologies including chronic
traumatic encephalopathy account for dementia in retired association
football (soccer) players. Acta Neuropathol. 2017;133:337-52. https://doi.
org/10.1007/500401-017-1680-3.

3. McKee AC, Stern RA, Nowinski CJ, et al. The spectrum of disease in
chronic traumatic encephalopathy. Brain. 2013;136:43-64. https://doi.
0rg/10.1093/brain/aws307.

4. Mez J, Daneshvar DH, Kiernan PT, et al. Clinicopathological ealuation of
chronic traumatic encephalopathy in players of American football. JAMA.
2017,318:360-70. https://doi.org/10.1001/jama.2017.8334.

5. Mez J, Daneshvar DH, Abdolmohammadi B, et al. Duration of Ameri-
can football play and chronic traumatic encephalopathy. Ann Neurol.
2020;87:116-31. https://doi.org/10.1002/ana.25611.

6. McKee AC, Cairns NJ, Dickson DW, et al. The first NINDS/NIBIB consensus
meeting to define neuropathological criteria for the diagnosis of chronic
traumatic encephalopathy. Acta Neuropathol. 2016;131:75-86. https://
doi.org/10.1007/500401-015-1515-z.

7. Alosco ML, Cherry JD, Huber BR, et al. Characterizing tau deposition in
chronic traumatic encephalopathy (CTE): utility of the McKee CTE staging
scheme. Acta Neuropathol. 2020;140:495-512. https://doi.org/10.1007/
500401-020-02197-9.

8. Stern RA, Adler CH, Chen K, et al. Tau positron-emission tomography in
former National Football League players. N Engl J Med. 2019;380:1716-25.
https://doi.org/10.1056/NEJMoa1900757.

9. Lesman-Segev OH, La Joie R, Stephens ML, et al. Tau PET and multimodal
brain imaging in patients at risk for chronic traumatic encephalopathy.
Neuroimage Clin. 2019;24:102025. https://doi.org/10.1016/j.nicl.2019.
102025.

10. Alosco ML, Tripodis Y, Fritts NG, et al. Cerebrospinal fluid tau, Abeta,
and sTREM2 in former National Football League players: modeling the
relationship between repetitive head impacts, microglial activation, and
neurodegeneration. Alzheimers Dement. 2018;14:1159-70. https://doi.
0rg/10.1016/j,alz.2018.05.004.

11. Lepage C, Muehlmann M, Tripodis Y, et al. Limbic system structure
volumes and associated neurocognitive functioning in former NFL
players. Brain Imaging Behav. 2019;13:725-34. https://doi.org/10.1007/
511682-018-9895-z.

12. Coughlin JM, Wang Y, Munro CA, et al. Neuroinflammation and brain
atrophy in former NFL players: an in vivo multimodal imaging pilot
study. Neurobiol Dis. 2015;74:58-65. https://doi.org/10.1016/j.nbd.2014.
10.019.

13. Bernick C, Shan G, Zetterberg H, et al. Longitudinal change in regional
brain volumes with exposure to repetitive head impacts. Neurology.
2020,94:e232-40. https://doi.org/10.1212/WNL.0000000000008817.

14. Strain JF, Womack KB, Didehbani N, et al. Imaging correlates of memory
and concussion history in retired National Football League athletes.
JAMA Neurol. 2015;72:773-80. https://doi.org/10.1001/jamaneurol.
2015.0206.

15. Hart J Jr, Kraut MA, Womack KB, et al. Neuroimaging of cognitive dysfunc-
tion and depression in aging retired National Football League players: a
cross-sectional study. JAMA Neurol. 2013;70:326-35. https://doi.org/10.
1001/2013 jamaneurol.340.

16. Alosco ML, Koerte IK, Tripodis Y, et al. White matter signal abnormalities
in former National Football League players. Alzheimers Dement (Amst).
2018;10:56-65. https://doi.org/10.1016/j.dadm.2017.10.003.


https://doi.org/10.1007/s00401-015-1502-4
https://doi.org/10.1007/s00401-017-1680-3
https://doi.org/10.1007/s00401-017-1680-3
https://doi.org/10.1093/brain/aws307
https://doi.org/10.1093/brain/aws307
https://doi.org/10.1001/jama.2017.8334
https://doi.org/10.1002/ana.25611
https://doi.org/10.1007/s00401-015-1515-z
https://doi.org/10.1007/s00401-015-1515-z
https://doi.org/10.1007/s00401-020-02197-9
https://doi.org/10.1007/s00401-020-02197-9
https://doi.org/10.1056/NEJMoa1900757
https://doi.org/10.1016/j.nicl.2019.102025
https://doi.org/10.1016/j.nicl.2019.102025
https://doi.org/10.1016/j.jalz.2018.05.004
https://doi.org/10.1016/j.jalz.2018.05.004
https://doi.org/10.1007/s11682-018-9895-z
https://doi.org/10.1007/s11682-018-9895-z
https://doi.org/10.1016/j.nbd.2014.10.019
https://doi.org/10.1016/j.nbd.2014.10.019
https://doi.org/10.1212/WNL.0000000000008817
https://doi.org/10.1001/jamaneurol.2015.0206
https://doi.org/10.1001/jamaneurol.2015.0206
https://doi.org/10.1001/2013.jamaneurol.340
https://doi.org/10.1001/2013.jamaneurol.340
https://doi.org/10.1016/j.dadm.2017.10.003

Alosco et al. Alzheimer’s Research & Therapy

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

(2021) 13:193

Koerte IK, Hufschmidt J, Muehlmann M, et al. Cavum septi pellucidi

in symptomatic former professional football players. J Neurotrauma.
2016;33:346-53. https://doi.org/10.1089/neu.2015.3880.

Lee JK, Wu J, Bullen J, et al. Association of cavum septum pellucidum and
cavum vergae with cognition, mood, and brain volumes in professional
fighters. JAMA Neurol. 2019. https://doi.org/10.1001/jamaneurol.2019.
2861.

La Joie R, Visani AV, Baker SL, et al. Prospective longitudinal atrophy in Alz-
heimer’s disease correlates with the intensity and topography of baseline
tau-PET. Sci Transl Med. 2020;12. https://doi.org/10.1126/scitransimed.
aau5732.

Ossenkoppele R, Schonhaut DR, Scholl M, et al. Tau PET patterns mirror
clinical and neuroanatomical variability in Alzheimer’s disease. Brain.
2016;139:1551-67. https://doi.org/10.1093/brain/aww027.

laccarino L, Tammewar G, Ayakta N, et al. Local and distant relationships
between amyloid, tau and neurodegeneration in Alzheimer’s disease.
Neuroimage Clin. 2018;17:452-64. https://doi.org/10.1016/j.nicl.2017.09.
016.

Mez J, Solomon TM, Daneshvar DH, et al. Assessing clinicopathological
correlation in chronic traumatic encephalopathy: rationale and methods
for the UNITE study. Alzheimers Res Ther. 2015;7:62. https://doi.org/10.
1186/513195-015-0148-8.

Gavett BE, Lou KR, Daneshvar DH, Green RC, Jefferson AL, Stern RA.
Diagnostic accuracy statistics for seven Neuropsychological Assessment
Battery (NAB) test variables in the diagnosis of Alzheimer’s disease. Appl
Neuropsychol Adult. 2012;19:108-15. https://doi.org/10.1080/09084282.
2011.643947.

Cousins CC, Alosco ML, Cousins HC, et al. Nailfold capillary morphology in
Alzheimer's disease dementia. J Alzheimers Dis. 2018,66:601-11. https://
doi.org/10.3233/JAD-180658.

Dawber TR, Meadors GF, Moore FE Jr. Epidemiological approaches to
heart disease: the Framingham Study. Am J Public Health Nations Health.
1951,41:279-81. https://doi.org/10.2105/ajph.41.3.279.

Kannel WB, Feinleib M, McNamara PM, Garrison RJ, Castelli WP. An inves-
tigation of coronary heart disease in families. The Framingham offspring
study. Am J Epidemiol. 1979;110:281-90. https://doi.org/10.1093/oxfor
djournals.aje.al12813.

Splansky GL, Corey D, Yang Q, et al. The third generation cohort of

the National Heart, Lung, and Blood Institute’s Framingham Heart

Study: design, recruitment, and initial examination. Am J Epidemiol.
2007;165:1328-35. https://doi.org/10.1093/aje/kwm021.

Alosco ML, Stein TD, Tripodis Y, et al. Association of white matter rarefac-
tion, arteriolosclerosis, and tau with dementia in chronic traumatic
encephalopathy. JAMA Neurol. 2019. https://doi.org/10.1001/jamaneurol.
2019.2244.

Vonsattel JP, Aizawa H, Ge P, et al. An improved approach to prepare
human brains for research. J Neuropathol Exp Neurol. 1995,54:42-56.
https://doi.org/10.1097/00005072-199501000-00006.

Vonsattel JP, Del Amaya MP, Keller CE. Twenty-first century brain bank-
ing. Processing brains for research: the Columbia University meth-

ods. Acta Neuropathol. 2008;115:509-32. https://doi.org/10.1007/
s00401-007-0311-9.

McKee AC, Cantu RC, Nowinski CJ, et al. Chronic traumatic encepha-
lopathy in athletes: progressive tauopathy after repetitive head injury. J
Neuropathol Exp Neurol. 2009;68:709-35. https://doi.org/10.1097/NEN.
0b013e3181a9d503.

Bieniek KF, Cairns NJ, Crary JF, et al. The second NINDS/NIBIB consensus
meeting to define neuropathological criteria for the diagnosis of chronic
traumatic encephalopathy. J Neuropathol Exp Neurol. 2021;80:210-9.
https://doi.org/10.1093/jnen/nlab001.

McKee AC, Stein TD, Crary JF, Bieniek KF, Cantu RC, Kovacs GG. Practical
considerations in the diagnosis of mild chronic traumatic encephalopa-
thy and distinction from age-related tau astrogliopathy. J Neuropathol
Exp Neurol. 2020;79:921-4. https://doi.org/10.1093/jnen/nlaa047.
Satizabal CL, Beiser AS, ChourakiV, Chene G, Dufouil C, Seshadri S. Inci-
dence of dementia over three decades in the Framingham Heart Study. N
Engl J Med. 2016;374:523-32. https://doi.org/10.1056/NEJMoa1504327.
Crary JF, Trojanowski JQ, Schneider JA, et al. Primary age-related
tauopathy (PART): a common pathology associated with human

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

Page 17 of 17

aging. Acta Neuropathol. 2014;128:755-66. https://doi.org/10.1007/
500401-014-1349-0.

Harper L, Fumagalli GG, Barkhof F, et al. MRI visual rating scales in the
diagnosis of dementia: evaluation in 184 post-mortem confirmed cases.
Brain. 2016;139:1211-25. https://doi.org/10.1093/brain/aww005.

Kipps CM, Davies RR, Mitchell J, Kril JJ, Halliday GM, Hodges JR. Clinical
significance of lobar atrophy in frontotemporal dementia: application of
an MRl visual rating scale. Dement Geriatr Cogn Disord. 2007;23:334-42.
https://doi.org/10.1159/000100973.

Davies RR, Kipps CM, Mitchell J, Kril JJ, Halliday GM, Hodges JR. Progres-
sion in frontotemporal dementia: identifying a benign behavioral variant
by magnetic resonance imaging. Arch Neurol. 2006,63:1627-31. https://
doi.org/10.1001/archneur.63.11.1627.

Davies RR, Scahill VL, Graham A, Williams GB, Graham KS, Hodges JR.
Development of an MRI rating scale for multiple brain regions: compari-
son with volumetrics and with voxel-based morphometry. Neuroradiol-
ogy. 2009;51:491-503. https://doi.org/10.1007/500234-009-0521-z.
Koedam EL, Lehmann M, van der Flier WM, et al. Visual assessment

of posterior atrophy development of a MRI rating scale. Eur Radiol.
2011;21:2618-25. https://doi.org/10.1007/500330-011-2205-4.

Chow TW, Gao F, Links KA, et al. Visual rating versus volumetry to detect
frontotemporal dementia. Dement Geriatr Cogn Disord. 2011;31:371-8.
https://doi.org/10.1159/000328415.

Scheltens P, Leys D, Barkhof F, et al. Atrophy of medial temporal lobes

on MRI'in“probable” Alzheimer's disease and normal ageing: diagnostic
value and neuropsychological correlates. J Neurol Neurosurg Psychiatry.
1992;55:967-72. https://doi.org/10.1136/jnnp.55.10.967.

O'Donovan J, Watson R, Colloby SJ, et al. Does posterior cortical atrophy
on MRI discriminate between Alzheimer’s disease, dementia with Lewy
bodies, and normal aging? Int Psychogeriatr. 2013;25:111-9. https://doi.
org/10.1017/51041610212001214.

Fiori S, Cioni G, Klingels K, et al. Reliability of a novel, semi-quantitative
scale for classification of structural brain magnetic resonance imaging
in children with cerebral palsy. Dev Med Child Neurol. 2014;56:839-45.
https://doi.org/10.1111/dmcn.12457.

Nopoulos P, Krie A, Andreasen NC. Enlarged cavum septi pellucidi in
patients with schizophrenia: clinical and cognitive correlates. J Neuropsy-
chiatry Clin Neurosci. 2000;12:344-9. https://doi.org/10.1176/jnp.12.3.344.
Fazekas F, Chawluk JB, Alavi A, Hurtig HI, Zimmerman RA. MR signal
abnormalities at 1.5 T in Alzheimer’s dementia and normal aging. AJR Am
J Roentgenol. 1987;149:351-6. https://doi.org/10.2214/ajr.149.2.351.
Falcon B, Zivanov J, Zhang W, et al. Novel tau filament fold in chronic
traumatic encephalopathy encloses hydrophobic molecules. Nature.
2019;568:420-3. https://doi.org/10.1038/541586-019-1026-5.

Lee JK, Wu J, Banks S, et al. Prevalence of traumatic findings on routine
MRI'in a large cohort of professional fighters. AJNR Am J Neuroradiol.
2017;38:1303-10. https://doi.org/10.3174/ajnr.A5175.

Gardner RC, Hess CP, Brus-Ramer M, et al. Cavum septum pellucidum in
retired American pro-football players. J Neurotrauma. 2016;33:157-61.
https://doi.org/10.1089/neu.2014.3805.

Falcon B, Zhang W, Murzin AG, et al. Structures of filaments from Pick’s
disease reveal a novel tau protein fold. Nature. 2018;561:137-40. https://
doi.org/10.1038/541586-018-0454-y.

Zhang W, Tarutani A, Newell KL, et al. Novel tau filament fold in cortico-
basal degeneration. Nature. 2020;580:283-7. https://doi.org/10.1038/
$41586-020-2043-0.

Katz D, Bernick C, Dodick DW, et al. National Institute of Neurological Dis-
orders and Stroke consensus diagnostic criteria for traumatic encepha-
lopathy syndrome. Neurology. 2021. https://doi.org/10.1212/WNL.00000
00000011850.

Mez J, Alosco ML, Daneshvar DH, et al. Validity of the 2014 traumatic
encephalopathy syndrome criteria for CTE pathology. Alzheimers
Dement. 2021. https://doi.org/10.1002/alz.12338.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1089/neu.2015.3880
https://doi.org/10.1001/jamaneurol.2019.2861
https://doi.org/10.1001/jamaneurol.2019.2861
https://doi.org/10.1126/scitranslmed.aau5732
https://doi.org/10.1126/scitranslmed.aau5732
https://doi.org/10.1093/brain/aww027
https://doi.org/10.1016/j.nicl.2017.09.016
https://doi.org/10.1016/j.nicl.2017.09.016
https://doi.org/10.1186/s13195-015-0148-8
https://doi.org/10.1186/s13195-015-0148-8
https://doi.org/10.1080/09084282.2011.643947
https://doi.org/10.1080/09084282.2011.643947
https://doi.org/10.3233/JAD-180658
https://doi.org/10.3233/JAD-180658
https://doi.org/10.2105/ajph.41.3.279
https://doi.org/10.1093/oxfordjournals.aje.a112813
https://doi.org/10.1093/oxfordjournals.aje.a112813
https://doi.org/10.1093/aje/kwm021
https://doi.org/10.1001/jamaneurol.2019.2244
https://doi.org/10.1001/jamaneurol.2019.2244
https://doi.org/10.1097/00005072-199501000-00006
https://doi.org/10.1007/s00401-007-0311-9
https://doi.org/10.1007/s00401-007-0311-9
https://doi.org/10.1097/NEN.0b013e3181a9d503
https://doi.org/10.1097/NEN.0b013e3181a9d503
https://doi.org/10.1093/jnen/nlab001
https://doi.org/10.1093/jnen/nlaa047
https://doi.org/10.1056/NEJMoa1504327
https://doi.org/10.1007/s00401-014-1349-0
https://doi.org/10.1007/s00401-014-1349-0
https://doi.org/10.1093/brain/aww005
https://doi.org/10.1159/000100973
https://doi.org/10.1001/archneur.63.11.1627
https://doi.org/10.1001/archneur.63.11.1627
https://doi.org/10.1007/s00234-009-0521-z
https://doi.org/10.1007/s00330-011-2205-4
https://doi.org/10.1159/000328415
https://doi.org/10.1136/jnnp.55.10.967
https://doi.org/10.1017/S1041610212001214
https://doi.org/10.1017/S1041610212001214
https://doi.org/10.1111/dmcn.12457
https://doi.org/10.1176/jnp.12.3.344
https://doi.org/10.2214/ajr.149.2.351
https://doi.org/10.1038/s41586-019-1026-5
https://doi.org/10.3174/ajnr.A5175
https://doi.org/10.1089/neu.2014.3805
https://doi.org/10.1038/s41586-018-0454-y
https://doi.org/10.1038/s41586-018-0454-y
https://doi.org/10.1038/s41586-020-2043-0
https://doi.org/10.1038/s41586-020-2043-0
https://doi.org/10.1212/WNL.0000000000011850
https://doi.org/10.1212/WNL.0000000000011850
https://doi.org/10.1002/alz.12338

	Structural MRI profiles and tau correlates of atrophy in autopsy-confirmed CTE
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study design
	UNITE
	BU ADRC
	FHS

	Brain donor and participant selection
	Diagnostic procedures
	Neuropathological evaluation
	Clinical research diagnosis of NC

	Visual ratings of MRIs
	Statistical analyses

	Results
	Interrater reliability
	Visual MRI ratings of atrophy, CSP, and microvascular disease
	Lobar atrophy (possible score range: 0–8)
	Ventricle size
	Cavum septum pellucidum (absencepresence)
	Corpus callosum thinning
	Microvascular disease

	Sensitivity analyses: excluding co-morbidities
	P-Tau severity and MRI atrophy in brain donors with CTE

	Discussion
	Limitations

	Conclusions
	Acknowledgements
	References


