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Abstract
Background and Objectives
Due to current limitations in diagnosing chronic traumatic encephalopathy (CTE) clinically,
traumatic encephalopathy syndrome (TES) has been proposed as the clinical presentation of
suspected CTE. This study aimed to determine whether there was an association between a
clinical diagnosis of TES and subsequent temporal decline in cognitive or MRI volumetric
measures.

Methods
This was a secondary analysis of the Professional Athletes Brain Health Study (PABHS),
inclusive of active and retired professional fighters older than 34 years. All athletes were
adjudicated as TES positive (TES+) or TES negative (TES−) based on the 2021 clinical criteria.
General linear mixed models were used to compare MRI regional brain volumes and cognitive
performance between groups.

Results
A total of 130 fighters met inclusion criteria for consensus conference. Of them, 52 fighters
(40%) were adjudicated as TES+. Athletes with a TES+ diagnosis were older and had signif-
icantly lower education. Statistically significant interactions and between-group total mean
differences were found in all MRI volumetric measurements among the TES+ group compared
with those among the TES− group. The rate of volumetric change indicated a significantly
greater increase for lateral (estimate = 5,196.65; 95%CI = 2642.65, 7750.66) and inferior lateral
ventricles (estimate = 354.28; 95% CI = 159.90, 548.66) and a decrease for the hippocampus
(estimate = −385.04, 95% CI = −580.47, −189.62), subcortical gray matter (estimate =
−4,641.08; 95% CI = −6783.98, −2498.18), total gray matter (estimate = −26492.00; 95% CI =
−50402.00, −2582.32), and posterior corpus callosum (estimate = −147.98; 95% CI = −222.33,
−73.62). Likewise, the rate of cognitive decline was significantly greater for reaction time
(estimate = 56.31; 95% CI = 26.17, 86.45) and other standardized cognitive scores in the TES+
group.

Discussion
The 2021 TES criteria clearly distinguishes group differences in the longitudinal presentation of
volumetric loss in select brain regions and cognitive decline among professional fighters 35
years and older. This study suggests that a TES diagnosis may be useful in professional sports
beyond football, such as boxing and mixed martial arts. These findings further suggest that the
application of TES criteria may be valuable clinically in predicting cognitive decline.
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Introduction
Chronic traumatic encephalopathy (CTE) is a neurodegen-
erative disorder related to prolonged exposure of repetitive
head impacts (RHI).1 Due to current limitations in di-
agnosing CTE clinically, traumatic encephalopathy syndrome
(TES) has been proposed as the clinical presentation of
suspected CTE based on findings such as cognitive impair-
ment, behavioral dysregulation, and other supportive features.
Due to a weak specificity with wide CIs when assessing the
predictive probability of the initial 2014 criteria,2,3 a consen-
sus panel modified each of the diagnostic components and
updated the clinical criteria in 2021 (NINDS consensus
clinical criteria for traumatic encephalopathy syndrome
[ccTES]).4 The panel determined the primary criteria re-
quired substantial exposure to RHI, the inclusion of core
clinical features, signs and symptoms not fully accounted for
by other diagnoses, and grading for the level of functional
dependence or dementia. The first 3 of the 4 criteria are
required for a definitive diagnosis of TES.4

To date, CTE remains a pathologic diagnosis. The ccTES
criteria are intended for research use only and to be used to
identify individuals most likely to be harboring CTE pathol-
ogy. If validated, the ccTES could potentially classify indi-
viduals exposed to extensive RHI in epidemiologic studies or
select groups for clinical trials. However, much of the available
data used in developing the ccTES came from clinicopatho-
logic studies of former American football players. How the
ccTES perform in other cohorts exposed to RHI, and among
living participants rather than a retrospective review of de-
ceased athletes, are still unknown.

As a neurodegenerative disorder, CTE is considered a pro-
gressive condition. As such, having evidence of a progressive
course is a core feature of ccTES. Consequently, one would
expect that those who fulfill the ccTES would continue to dis-
play both clinical and biomarker worsening over time. One of
the readily available potential biomarkers is the measurement of
MRI regional volumes. Prior work from our group has shown
that volumetric loss can be detected prospectively over a
several-year period in a cohort of retired fighters in the hippo-
campus and amygdala.5 Other regions of interest that have been
reported to show lower volumes in athletes exposed to RHI
include the thalamus, caudate, and corpus callosum.6-9 Exam-
ples from other neurodegenerative disorders, such as Alzheimer
disease and Parkinson disease, have demonstrated that MRI-
based volumetric changes can precede clinical declines such as
cognitive impairment and behavioral dysregulation and may be

a useful tool to track change over time.10,11 Using a well-
characterized cohort of professional fighters, this study aimed to
determine whether the ccTES criteria can differentiate those
who are more likely to show a temporal decline in cognitive or
MRI volumetric imaging measures.

Methods
Data for this analysis were derived from the Professional Athletes
Brain Health Study (PABHS), an observational longitudinal
study of active and retired professional fighters (boxing, martial
arts, and mixed martial arts [MMA]). Athletes enrolled in the
PABHS primarily identified as “boxers” or “MMA” fighters, al-
though the general term of “martial arts” was also included as a
category for any professional fighter who competed in one of the
many specific disciplines such as Jui-Jitsu, Karate, Muay Thai, or
Taekwondo. A fourth category, “Mixed,” was included for any
athlete who may have competed in more than 1 discipline of
boxing and/or martial arts. The Nevada Athletic Commission,
fight promoters, and local training facilities were provided with
study information for dissemination to active and retired fighters.
Active fighters were required to have at least 1 professional fight
within the past 2 years during enrollment and be currently
training with an intent to compete. Retired fighters required a
minimum of 2 years since their most recent sanctioned fight,
with no intention to return to competition. Both active and
retired fighters required a minimum of 10 professional fights to
meet criteria for substantial exposure to RHI and could not have
any history of other neurologic or psychiatric disorders. Enroll-
ment in the PABHS has been continuous since 2011. All par-
ticipants attended annual follow-up visits. Active fighters were
required to wait at least 45 days after a sanctioned event before
attending their annual visit to minimize acute findings on ex-
amination. If an annual visit was missed, the subsequent study
visit was conducted at the participant’s soonest availability. More
detailedmethods of recruitment and study procedures have been
previously described.12

Standard Protocol Approvals, Registrations,
and Patient Consents
The original clinical PABHS was approved by the Cleveland
Clinic Institutional Review Board (IRB) #10-944, and written
informed consent was obtained from all participants. This
study represents a secondary analysis of a deidentified data-
base with no contact with participants; hence, it was sub-
mitted to and approved by the University of Nevada Las
Vegas (UNLV) IRB for administrative review of exempt re-
search. This study was conducted in full accordance with
applicable UNLV Policies and Procedures and Federal and

Glossary
ccTES = clinical criteria for traumatic encephalopathy syndrome; CTE = chronic traumatic encephalopathy; MMA = mixed
martial arts; OR = odds ratio; PABHS = Professional Athletes Brain Health Study; PHQ-9 = patient health questionnaire–9;
RHI = repetitive head impacts; ROI = regions of interest; TES = traumatic encephalopathy syndrome.
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state laws and regulations, including 45 CFR 46 and the
HIPAA Privacy Rule. The investigators performed the study
in accordance with the study proposal.

Equity, Diversity, and Inclusion Statement
Our study included participants from a wide range of socio-
economic backgrounds. Discussing the limitations of our
findings, we acknowledge the lack of representation among
female participants and the population specificity due to the
inclusion criteria of being a professional fighter. Our re-
search and author team included both junior and senior
researchers from a variety of disciplines and cultural
backgrounds.

TES Diagnosis and Outcome Classification
A panel of 4 PABHS clinicians used the ccTES criteria to
adjudicate a TES positive (TES+) or TES negative (TES−)
diagnosis on the first visit in which the athlete was at least 35
years of age or had retired. A full description of the PABHS
TES adjudication process has been recently published.13 To
adhere to the ccTES, substantial exposure to RHI was mea-
sured with the cutoff threshold value of 10 professional
fights.14 The core clinical feature of cognitive dysfunction was
assessed through memory and executive function perfor-
mance on the PABHS cognitive test battery, inclusive of the
CNS Vital Signs and C3 Logix.15,16 Neurobehavioral dysre-
gulation was not included for diagnosis among the PABHS
athletes because it was not incorporated as a data point among
the cohort during program initiation. Symptom progression
was based on prior cognitive test performance, participant
report, and PABHS clinician input. Self-reported medical
history, clinician examination by either a neurologist or neu-
ropsychiatrist, MRI findings, and scores on the patient health
questionnaire–9 (PHQ-9) were used to rule out other po-
tential contributing disorders. The consensus panel was not
able to assign provisional levels of CTE pathology because the
PABHS does not evaluate all supportive features in its data.

Cognitive outcomes were additionally derived from the CNS
Vital Signs and C3 Logix testing procedures with the PABHS
at each annual visit, including raw scores for simple reaction
time and choice reaction time and standardized scores for
processing speed, psychomotor speed, and reaction time.
Processing speed was measured through the number of cor-
rect responses on the CNS Vital Signs symbol digit coding
minus the number of errors. Psychomotor speed was mea-
sured through the total number of finger taps plus the number
of correct responses on the symbol digit coding. Simple and
choice reaction times were composed of scoring on the
Stroop test. The scores were then standardized against age-
matched norms.

A high-resolution T1-weighted anatomical MRI was per-
formed at each visit. Between April 2011 andNovember 2015,
a 3T MRI scanner (Siemens [Munich, Germany] Verio was
used on all athletes, while the Siemens Skyra with a 32-channel
head coil was used to acquire structural 3D T1-weighted

magnetization-prepared rapid acquisition gradient echo images
(repetition time ms/echo time ms = 2,300/2.98; resolution = 1
× 1 × 1.2 mm3) from December 2015 through the end of the
study period. To maintain stringency of data, only high-quality
cortical reconstruction from FreeSurfer and a signal-to-noise
ratio of at least 16 were used in this study, ensured through a
quality control procedure outlined by FreeSurfer’s quality anal-
ysis tools (FreeSurfer 5.3 QATools, 2021). Based on prior
studies evaluating RHI,5,14,17 10 regions of interest (ROI) were
prespecified for analysis: hippocampus, corpus callosum, lateral
and inferior lateral ventricles, white matter, total gray matter, and
subcortical gray matter, including the thalamus, caudate, and
putamen. Brain region volumes were calculated using Free-
Surfer’s automated full-brain segmentation process (version v.6;
FreeSurfer, Boston, MA).

Data Analysis
Initial evaluation included descriptive statistics of the pop-
ulation and compared values using t tests for continuous
variables (age, years of education, and the number of pro-
fessional fights) and the Fisher-Freeman-Halton test for
categorical variables (sex, race, ethnicity, fighting status, and
type of fighting). Odds ratios (ORs) were computed for
TES+ compared with TES− in the PABHS cohort to de-
termine the odds of TES+ athletes being retired vs active
fighters. The mean values of all hemispherical volumes were
calculated to create an average of the left and right cerebral
regions (hippocampus, lateral and inferior lateral ventricles,
white matter, subcortical gray matter, thalamus, caudate, and
putamen). A mean was not calculated for total volumes and
corpus callosum volumes because neither distinguished be-
tween left and right hemispheres. All athletes completed an
initial assessment (visit = 1) and at least 1 or more annual
follow-up assessments (visits 2 through 7). The general
linear mixed model was used to observe temporal differences
in those with a TES+ diagnosis compared with those with a
TES− diagnosis over repeated measurements of cognitive
and MRI outcomes, while considering the within-subject
correlations to control for artifactual variability between
visits. All outcomes were predicted by TES diagnosis, age,
sex, years of education, and race. Previous analyses of these
data found no significant differences in the win/loss record
among PABHS athletes12; thus, this predictor was not in-
cluded in the model. Effect sizes were calculated for mean
differences using Cohen’s D. MRI outcomes, denoted by Yit ,
were additionally predicted by scanner type because theMRI
machine was upgraded within the time frame of data
collection:

Yit = β0 + β1TESi + β2Ageit + β3Sexi + β4Educ Yrsi +

β5Racei + β6Scanneri + γTESVisitit + «it
(1)

where β0 represents the fixed intercept, β1, β2, β3, β4, β5, and
β6 are the fixed-effect coefficients of each of the fixed-effect
regressors (TES, age, sex, years of education, race, and scan-
ner), γTES denotes the random slope of visit, and «it repre-
sents the error term.
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Cognitive outcomes were predicted by all independent vari-
ables except for scanner type (note the exclusion of the β6 term):

Yit = β0 + β1TESi + β2Ageit + β3Sexi + β4Educ Yrsi + β5Racei +

γTESVisitit + «it
(2)

Neither model presented normality violations nor significant
collinear variables. Model selections for various covariance
structures were evaluated using the Akaike information criteria.
The first-order autoregressive covariance structure provided the
best approximation of the data for fixed effects, while the un-
structured covariance structure was used for random effects. All

analyses were 2-sided and evaluated with a significance level of
0.05. Statistical analyses were performed using SAS statistical
software (version 9.4; SAS Institute Inc., Cary, NC).

Data Availability
Anonymized data not published within this article will be
made available by request from any qualified investigator.

Results
Of more than 700 enrolled fighters, 130 were identified as
meeting inclusion in this analysis by having 1 or more follow-

Table 1 Study Demographics

TES+ (N = 52; % = 40) TES2 (N = 78; % = 60)

# of missing Mean (SD) Mean (SD) p Valuea

Age, y 0 45.87 (9.57) 41.31 (8.28) 0.0046

Education, y 0 12.69 (2.78) 13.90 (2.21) 0.0066

# of missing N (%) N (%) p Valuea

No. professional fights 0 36.15 (21.06) 20.96 (17.76) <0.0001

Sex 0 0.0743

Male 50 (96.15) 67 (85.90)

Female 2 (3.85) 11 (14.10)

Race 0 0.7882

White 30 (57.69) 51 (65.38)

American Indian/Alaskan Native 1 (1.92) 0 (0.00)

Black 13 (25.00) 15 (19.23)

Asian 1 (1.92) 2 (2.56)

Pacific Islander 0 (0.00) 1 (1.28)

Other 7 (13.46) 9 (11.54)

Ethnicity 0 0.3365

Hispanic 10 (19.23) 15 (19.23)

Non-Hispanic 32 (61.54) 55 (70.51)

Unknown 10 (19.23) 8 (10.26)

Fighting status 10 <0.0001

Active 9 (18.37) 44 (61.97)

Retired 40 (81.63) 27 (38.03)

Type of fighter 0 <0.0001

Boxing 44 (84.62) 31 (39.74)

Martial arts 0 (0.00) 6 (7.70)

MMA 7 (6.54) 34 (43.59)

Mixed (<70% all) 1 (1.92) 7 (8.97)

a The p values of continuous variables are reported from independent sample t tests. The other p values are from the Fisher exact test.
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up visits, no missing data, and a) retired from professional
fighting sports (or) b) an active fighter and being at least 35
years of age. The TES+ group had an average of 5.1 visits per
participant (SD = 2.25), while the TES− group had an average
of 4.7 visits (SD = 2.24). In this sample, individuals with TES
had 7.2 times higher odds of being retired than an active
professional boxer (OR = 7.24; 95% CI = 3.04, 17.24). More
than 80% of athletes adjudicated as TES+ reported boxing as
their sole form of fighting. Likewise, athletes with a TES+
diagnosis were older, had significantly lower education, and
fought in a greater number of professional fights (Table 1).

Regional Brain Volumes
Across all 10 prespecified ROI and controlling for age, sex,
education, race, and scanner, there were significant between-
group total mean differences in MRI volumes among the
TES+ compared with those among the TES− group. The
lateral and inferior lateral ventricle volumes were significantly
larger in those with a TES+ diagnosis, while the thalamus,
putamen, hippocampus, white matter, gray matter, and corpus
callosum were all significantly smaller in those with a TES+
diagnosis (Table 2). The average yearly rate of change was
also calculated for all outcome measures. Figure provides the
mean slope of each ROI among both the TES+ and TES−
groups, with the shaded regions indicating the CIs for the
slope of each group. The volumetric change increased at a

significantly greater rate for both the lateral (estimate =
5,196.65; 95% CI = 2642.65, 7750.66) and inferior lateral
ventricles (estimate = 354.28; 95% CI = 159.90, 548.66), with
significantly different trends at all time points (Figure, A and
B). TES+ volumetric trends for the hippocampus significantly
decreased over time (estimate = −385.04, 95% CI = −580.47,
−189.62), whereas TES− indicated an insignificant rate of
change (Figure C). The rate of change for the subcortical gray
matter and posterior corpus callosum volumes were signifi-
cantly greater in TES+ for visits 3–7 and 4–7, respectively
(Figure, D and F). The rate of volumetric change was not
calculated for cerebral white matter, putamen, thalamus, and
mid-posterior corpus callosum because of a lack of temporal
variation within groups. The estimated annual rates of volu-
metric change are provided in eTable 1 (links.lww.com/
WNL/C919).

Cognitive Measures
After controlling for age, sex, education, and race, there were
significant between-group total mean differences in reaction
times and all standardized cognitive measures among the
TES+ compared with those among the TES− groups. Com-
pared with the TES− group, simple reaction time (estimate =
25.56; p value = 0.0044) and choice reaction time (estimate =
56.31; p value = 0.0003) were significantly slower in the TES+
group. While a longitudinal decline in cognitive function was

Table 2 MeanDifferences in VolumetricMeasures and Cognitive Assessment Outcomes Between TES+ and TES−Groups

Estimated mean difference (mm3) 95% CI p Value Effect sizea

Regional brain volumes

Lateral ventricle 5,196.65 2642.65, 7750.66 <0.0001 4.03

Inferior lateral ventricle 354.28 159.90, 548.66 0.0005 3.61

Thalamus proper −784.01 −1,100.87, −467.15 <0.0001 −4.90

Putamen −396.94 −631.63, −162.25 0.0011 −3.35

Hippocampus −385.04 −580.47, −189.62 0.0002 −3.90

Hemispherical cerebral white matter −15,824.00 −26,993.00, −4,654.56 0.0059 −2.81

Subcortical gray matter −4,641.08 −6,783.98, −2,498.18 <0.0001 −4.29

Total gray matter −26,492.00 −50,402.00, −2,582.32 0.0302 −2.19

Mid-posterior CC −56.93 −106.38, −7.48 0.0244 −2.28

Posterior CC −147.98 −222.33, −73.62 0.0001 −3.94

Cognitive assessments

Simple reaction time 25.56 8.07, 43.05 0.0044 2.89

Choice reaction time 56.31 26.17, 86.45 0.0003 3.70

Processing speed, standard score −14.10 −20.64, −7.55 <0.0001 −4.25

Psychomotor speed, standard score −17.13 −23.75, −10.51 <0.0001 −5.11

Reaction time, standard score −15.15 −23.63, −6.66 0.0005 −3.52

a Effect size was calculated for mean differences using Cohen’s D.
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observed in the TES− group, it was significantly less than that
of the TES+ group for all standardized cognitive assessments.
Standardized processing speed was significantly lower across
all visits for the TES+ group (estimate = −14.10; p value
<0.0001). Standardized scores for psychomotor speed
(estimate = −17.13; p value <0.0001) and reaction time
(estimate = −15.15; p value = 0.0005) were also signifi-
cantly lower (Table 2). The rate of cognitive decline was
significantly greater in TES+ for visits 5–7 of standardized
reaction time. The estimated annual rates of change for
cognitive outcomes are provided in eTable 2 (links.lww.
com/WNL/C919).

Discussion
Those with extensive exposure to RHI are at an increased risk
of long-term neurologic impairment, including CTE. Al-
though the phenomena of cognitive and motoric impairments
were first observed among professional boxers in the early
1900s, termed “punch drunk syndrome,”18 an agreed-upon
set of diagnostic clinical features for CTE had not been for-
mulated until recently. In 2021, the first NINDS ccTES were
published to reflect the clinical syndrome of CTE. One po-
tential use of such criteria would be to identify individuals who
may most likely develop a progressive neurodegenerative

Figure 1 Estimated Linear Trend in Regional Brain Volumes Among TES+ and TES− (in Cubic Millimeters)

X axis for all figures A-F = Visit number, Y axis for all figures = Volumetric change
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condition. However, the TES criteria have yet to be validated,
and the subsequent course of those who fulfill the criteria is
unknown. In this study, we examined the trajectory of MRI
regional brain volumes and cognitive assessments among
professional fighters, assessing the longitudinal differences
between those who fulfill the criteria for TES based on the
consensus criteria and those who do not.

Over a 6-year period of observation, there was a significant
association between TES and regional MRI-based volumetric
measurements and cognitive decline. A variety of cortical and
subcortical structures showed a decline in the average yearly
volume, whereas ventricular volumes increased in size. Indi-
viduals adjudicated as TES− presented with relatively minimal
change among all volumetric outcomes. As with the volu-
metric outcomes, the cognitive outcomes also indicated sig-
nificant differences between TES+ and TES− groups over
time. Though by definition, the TES+ group required a his-
tory of progressive cognitive impairment for diagnosis, the
domains involved were not just in executive or memory scores
but also included declines in simple and choice reaction times.
The TES− individuals did, as a group, show a longitudinal
decline in cognitive function but to a lesser degree than the
TES+ group.

The MRI findings in the TES+ group are not surprising based
on prior work. Previous studies in this cohort have reported
lower regional volumes and ventriculomegaly associated with
exposure to RHI, though none have assessed changes using
TES criteria.19-27 Longitudinal atrophy was observed in sub-
cortical structures such as the thalamus and corpus callosum
among active fighters, while atrophy of cortical structures such
as the amygdala and hippocampus was observed in retired
fighters compared with controls.5 Likewise, ventriculomegaly
and atrophy of hippocampal and amygdala volumes have been
found to be related to increased years of professional football
participation.28 Prior work also described the correlation be-
tween decreased regional brain volumes and diminished
cognitive functioning.14,29,30 However, in the professional
fighter longitudinal analysis mentioned earlier, there was no
relationship between volume decline and cognitive changes.5

This study provided a longer observational period than pre-
viously observed in the PABHS cohort analyses and may
provide rationale for why cognitive changes were not pre-
viously observed, therefore leading to speculation that the
cognitive decline might manifest in a delayed manner, with
neuropathologic changes preceding clinical impairment. As
such, because we required the presence of progressive cog-
nitive impairment to fulfill the diagnosis of TES, the indi-
viduals in our study may be further along in the pathologic
process. The TES+ classification does identify a group that is
more likely to subsequently decline both clinically and with
MRI as a biomarker.

Because the diagnostic criteria of TES were recently pub-
lished, there are currently no additional analyses specifically
on TES to contrast with our findings. Literature published

before the NINDS consensus has a high level of heteroge-
neity, making it difficult to compare our results with previous
cohorts accurately or with other types of athletes experiencing
RHI. If validated in other groups exposed to RHI, the TES+
criteria could be applied to identify interventional study co-
horts or classify groups in observational research. It is im-
portant to emphasize that the TES criteria are not yet
intended for use in the clinical setting.

On reflection of our findings, there are certain limitations to
be considered. The PABHS cohort is a convenience sample,
potentially biasing the generalizability of the prevalence of
TES in combat sports. However, previous studies of this
cohort did compare those who entered the study as active
fighters with a random sample of individuals who were li-
censed professional combatants in Nevada over the same
time, with no significant differences observed in age, the
number of fights, or win/loss record.12 In adjudicating
whether cognitive impairment was present, a cutoff was used
of 1.5 SDs below age and education norms on standardized
cognitive tests. Given the varied socioeconomic back-
grounds of the PABHS cohort, these norms may not be
applicable to a subset of the cohort and may have added a
bias to the classification. Future research developing a
composite score for cognitive impairment may be of benefit.
Similarly, the determination of executive impairment re-
quired only 1 abnormal score and clinician judgment;
therefore, by only requiring 1 test to be abnormal, it is
possible that some individuals were misclassified. Because
this is a secondary analysis, all data were previously collected,
thus limiting other potential analyses that may require larger
sample sizes. Specifically, differences among certain de-
mographic categories, such as sex and race, were unable to be
assessed due to inadequate sample sizes. Likewise, neuro-
behavioral dysregulation was unable to be included for di-
agnosis among the PABHS athletes because it was not
incorporated as a data point among the cohort during pro-
gram initiation. Although analyses were adjusted for age, the
TES+ group was older than the TES− group, which could
affect volume measures. In addition, all data collected were
self-reported by the athletes, and collateral information from
an informant was not used. Because there are active fighters
in both the TES+ and TES− groups, it is difficult to quantify
the effect of ongoing exposure to RHI on regional brain
volumes or cognitive measures. This study provides a strong
foundation for hypothesis generation that may inform future
studies and suggests the continued need to assess outcomes
at longer temporal intervals.

In summary, this study reports the first longitudinal assess-
ment of individuals who fulfilled the ccTES. Our results
suggest that the ccTES can identify a group that is more
likely to have worsening MRI volumetric change and cog-
nitive performance over time, indicating a progressive course
of those who are positive, whereas those who are negative
remain relatively stable. Further clinicopathologic investi-
gations are warranted to validate the accuracy of the ccTES
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criteria in detecting CTE or other pathologies that may have
a progressive course.
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