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Abstract

Post-mortem studies reveal a high rate of cavum septi pellucidi (CSP) in chronic traumatic encephalopathy (CTE). It
remains, however, to be determined whether or not the presence of CSP may be a potential in vivo imaging marker in
populations at high risk to develop CTE. The aim of this study was to evaluate CSP in former professional American
football players presenting with cognitive and behavioral symptoms compared with noncontact sports athletes. Seventy-
two symptomatic former professional football players (mean age 54.53 years, standard deviation [SD] 7.97) as well as 14
former professional noncontact sports athletes (mean age 57.14 years, SD 7.35) underwent high-resolution structural 3T
magnetic resonance imaging. Two raters independently evaluated the CSP, and interrater reliability was calculated. Within
National Football League players, an association of CSP measures with cognitive and behavioral functioning was eval-
uated using a multivariate mixed effects model. The measurements of the two raters were highly correlated (CSP length:
rho=0.98; Intraclass Correlation Coefficient [ICC] 0.99; p <0.0001; septum length: rho=0.93; ICC 0.96; p <0.0001). For
presence versus absence of CSP, there was high agreement (Cohen kappa=0.83, p<0.0001). A higher rate of CSP, a
greater length of CSP, as well as a greater ratio of CSP length to septum length was found in symptomatic former
professional football players compared with athlete controls. In addition, a greater length of CSP was associated with
decreased performance on a list learning task (Neuropsychological Assessment Battery List A Immediate Recall, p=0.04)
and decreased test scores on a measure of estimate verbal intelligence (Wide Range Achievement Test Fourth Edition
Reading Test, p=0.02). Given the high prevalence of CSP in neuropathologically confirmed CTE in addition to the results
of this study, CSP may serve as a potential early in vivo imaging marker to identify those at high risk for CTE. Future
research is needed to investigate the pathomechanism underlying the development of CSP after repetitive head impacts,
and its potential association with neuropathologically confirmed CTE.
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CTE has been most often observed in professional contact sports
athletes (e.g., boxing, American football®) with a history of repet-
itive head impacts, including mild traumatic brain injuries (TBIs)
or even asymptomatic, repetitive subconcussive brain trauma.>”’
Moreover, CTE has been found in nonathletes who have experi-
enced repetitive head impacts, including military service mem-
bers,>®° persons with medical conditions such as epilepsy and
autism, and victims of physical abuse.>'”

All patients with neuropathologically confirmed CTE reported to
date have had a history of brain trauma, typically from repetitive mild
or subconcussive head impacts. This suggests that this head impact
exposure is a necessary, but not sufficient, condition for the initiation of
the pathogenetic cascade that eventually leads to neurodegeneration.’

The incidence and prevalence of CTE are unknown, although the
number of those who may be afflicted may be large, because each
year between 1.6 and 3.8 million persons experience a sports-
related mild TBI in the United States.'"'* The incidence of repet-
itive subconcussive blows is even higher."?

One of the main problems in diagnosing CTE in vivo is the
current lack of clinical biomarkers.'*'> A noninvasive imaging
biomarker may, however, make it possible to diagnose CTE during
life, which could pave the way for developing therapeutic inter-
ventions to prevent further neurodegenerative changes and/or to
selectively treat the symptoms of this disease.

In addition to the p-tau aggregation and regional brain atrophy,
post-mortem studies also reveal a high rate of cavum septi pellucidi
(CSP) in CTE: the greater severity of neuropathological findings of
CTE, the more often CSP was observed.” Tn addition, a review
article in 2013 by Smith and associates'® reported a CSP to be
present in 64 of 99 (65%) cases of neuropathologically confirmed
CTE. The CSP is formed by the two leaves of the septum pellu-
cidum (lateral), the corpus callosum (CC) (superior), and the fornix
(posterior).!” The CSP typically closes during brain development,
but it can also persist. The overall prevalence of CSP in the pop-
ulation varies greatly in the literature, depending on the cohort and
technique used.'®'® Moreover, a higher prevalence of CSP has
been linked to neurodevelopmental diseases such as schizophre-
nia®* as well as to genetic conditions.?*

Increased rates of CSP have also been reported among boxers
and participants of other contact-sports exposed to repetitive head
impacts.'>** In addition, recent studies suggest a possible causal
relationship between repetitive head impacts and CSP. Aviv and
colleagues,?® for example, studied 164 active boxers who under-
went annual magnetic resonance imaging (MRI) for a boxing board
license renewal. CSP was present in 49% of boxers but, most
noteworthy, in 8 boxers who did not exhibit CSP on their first scan,
CSP was present on subsequent scans. Moreover, three boxers
showed an increasing extent of CSP in follow-up scans.

It remains to be determined, however, whether or not CSP may be a
potential in vivo imaging marker in populations at high risk for de-
velopment of CTE. The aims of this study are (1) to characterize
neuroimaging features of CSP in former professional American
football players who present with cognitive, mood, and behavioral
symptoms compared with asymptomatic noncontact sports athletes,
and (2) to evaluate the association between CSP and cognitive and
behavioral functioning in former professional American football
players who present with cognitive, mood, and behavioral symptoms.

Methods

This study is part of the Diagnosing and Evaluating Traumatic
Encephalopathy using Clinical Tests (DETECT) study, funded by
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the National Institutes of Health, to develop biomarkers for the
in vivo diagnosis of CTE. Study participants underwent extensive
testing, which included neuroimaging, neuropsychological testing,
interview on medical history, neurological and psychiatric evalu-
ation, as well as genetic testing and lumbar puncture for cerebro-
spinal fluid (CSF) protein analysis.

Recruitment for DETECT was started in November 2011 by
means of e-mails to a mailing list of the National Football League
(NFL) Players Association and NFL Alumni Associations, and also
a post on the Boston University CTE Center website, presentations
held at NFL alumni meetings, and by word of mouth. Details of the
study protocol can also be found elsewhere.?”?® The study protocol
was approved by the Boston University Medical Center Institu-
tional Review Board, and by the Partners Institutional Review
Board. Written informed consent was obtained from all study
participants before enrollment into the study.

Participants

The DETECT inclusion criteria for former NFL players were:
male, age 40-69 years, English as primary language, more than 12
years of organized football experience, including a minimum of 2
years in the NFL, and a self-report of mood, cognitive, and be-
havioral symptoms ongoing for at least 6 months before enrollment.
Athletes with contraindication for MRI or lumbar puncture, as well
as other diagnosed diseases of the central nervous system, were
excluded from the study. At the time of this study, 74 former NFL
players were included in DETECT, and 2 had no imaging data.
Thus, a total of 72 imaging data sets of former NFL players were
included in this study.

The DETECT inclusion criteria for controls were: male, age 40—
69 years, and English as the primary language. In addition, healthy
controls had to have participated in organized noncontact sports for
at least 4 years, of which 2 years had to have been at the college
level or beyond. Control subjects were excluded if they had ever
served in the military or had ever participated in any of the fol-
lowing organized sports: football, hockey, rugby, soccer, lacrosse,
wrestling, boxing, basketball, gymnastics, martial arts, kickboxing,
cycling, or distance running. Medical conditions that led to the
exclusion of controls included self-reported history of concus-
sion,? diagnosis of dementia, or medication that would make
lumbar puncture unsafe.

Evaluation of mood, behavior, and cognition

All subjects were administered the following tests: Neu-
ropsychological Assessment Battery (NAB) List Learning; NAB
Map Reading; NAB Naming, Rey-Osterrieth Complex Figure
(scored using the Boston Qualitative Scoring System); Trailmaking
Test, Parts A and B; Wechsler Adult Intelligence Scale-Revised
(WAIS-R) Digit Symbol; Wide Range Achievement Test Fourth
Edition (WRAT-4) Reading Test; and the Wisconsin Card Sort Test
(WCST). The Hamilton Depression Rating Scale (HAM-D),
Brown-Goodwin Lifetime History of Aggression, Barratt Im-
pulsivity Scale (BIS), and Modified Scale for Suicidal Ideation
(MSSI) are assessed as part of the psychiatric interview, while the
Behavior Rating Inventory of Executive Function-Adult Version
(BRIEF-A), Beck Depression Inventory (BDI), Beck Hopelessness
Inventory (BHI), and Buss-Durkee Hostility Inventory (BDHI)
were self-completed by the subject in paper form.

Data acquisition

All subjects underwent MRI at Brigham and Women’s Hospital
using a 3T scanner (Magnetom Verio, Siemens Healthcare, Erlan-
gen, Germany) equipped with a 32-channel head coil. A T1-weighted
Magnetization Prepared Rapid Gradient Echo (MPRAGE) sequence
was acquired with the following sequence parameters: TE=3.36
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TABLE 1. DEMOGRAPHIC DATA OF STUDY PARTICIPANTS

NFL players Controls t test
Mean (SD) Mean (SD) p value
Age (y) 54.53 (8.03) 57.14 (7.62) 0.264
BMI 32.04 (4.47) 28.49 (3.60) 0.007
Years of education 16.39 (0.87) 17.64 (2.10) 0.045*
Years of football total 18.11 (3.49)
Years in NFL 7.80 (2.67)
History of concussion** 446.9 (1077.4) 0.5 (1.53) 0.001*

SD, standard deviation; BMI, body mass index; NFL, National Football
League.

*Satterthwaite correction for unequal variance.

**Based on self-report after being given a modern definition of
concussion using the methods described by Robbins and associates.”®

msec, TR =1800 msec, inversion time 1100 msec, flip angle 7 de-
grees, acquisition matrix of 256 X 256 x 176 voxels with a voxel size
of 1 xX1x1mm.

Of the initial 15 controls screened, one control was excluded
because of motion artifacts, resulting in 14 controls included in this
study (Table 1).

Post-processing

Data sets were visually inspected for distortion and motion ar-
tifacts. All images were reoriented using 3D Slicer version 3.6
(Surgical Planning Laboratory, Brigham and Women’s Hospital,
Boston, MA) after visually identifying the anterior and posterior
commissure and the midsagittal plane as landmarks.

Rating of CSP

CSP was defined as CSF being visible between two leaflets of the
septum pellucidum on coronal slices of the T1-weighted MRI. The
length of the cavum was determined by counting the number of
coronal slices where CSP was visible and then multiplying the
number of slices by the slice thickness of 1 mm to calculate the
overall length of the CSP.>*?® Raters also evaluated the presence
and length of cavum vergae, a posterior variant of CSP. The av-
erage amount of time to obtain all measurements was approxima-
tely 3 min per data set.

To account for possible bias of individual head size and ven-
tricular enlargement, the length of the entire septum pellucidum
was measured. Septum length was measured in 3D Slicer version
4.3.0 (Surgical Planning Laboratory) by visually defining the bor-
ders of the septum at the genu and splenium of the CC on the
midsagittal plane, and measuring the longest distance between
these two (Fig. 1). These landmarks were selected because the

FIG. 1. Left: Illustration of measurement of septum length on a
T1-weighted magnetic resonance image in the midsagittal plane;
Right: Example of cavum septi pellucidi visible on a coronal slice.
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development of the CC is closely associated with the development
of the septum pellucidum.*® To adjust for individual septum length,
the ratio of CSP length to septum length was calculated. Ratings of
CSP length and septal length were performed in random order by
two different raters for each subject after both agreed on the defi-
nitions and procedures described above. Both raters were blinded to
the subjects’ group and to the rating of the other rater.

Statistical analyses

Statistical analyses were performed using SAS (Version 9.4).
Results with a p value below 0.05 are reported as statistically sig-
nificant. Interrater reliability was tested using the Intraclass Cor-
relation Coefficient (ICC) of the two raters for continuous
outcomes and the Cohen kappa for binary outcomes, and a paired
t test for the difference between raters. Mean measurement dis-
crepancies between raters by group (NFL-Control) were tested
using analysis of variance (ANOVA), as well as for potential as-
sociation with body mass index (BMI) and age using simple linear
regression. A group comparison between the NFL players and
controls was performed using a Wilcoxon two-sample test.

For estimating the effect of CSP on neuropsychological scores,
the group of former professional NFL players was divided in those
with CSP <2 mm and those with CSP =6 mm based on the litera-
ture.®' Multivariate linear mixed effects models were run using the
vector of neuropsychological scores from each subject as the de-
pendent variable, and CSP as the main predictor of interest ad-
justed for BMI, age, years of education, and years playing football.
Hence, we model two levels of correlations in our outcomes: (1)
correlations of all test scores from the same subjects, and (2)
correlations of all scores from the same domain (e.g., Trailmaking
A and Digit Symbol in the Attention and Psychomotor Speed
Domain).

Results

Demographical data, cognitive and behavioral
functioning

Information on demographics of former professional football
players and controls is summarized in Table 1. Of the 14 controls,
11 (79%) reported swimming as their primary sport, 2 (14%) re-
ported baseball, and 1 (7%) reported rowing.

Cognitive and behavioral functioning

Former professional NFL players demonstrated significantly
lower outcome scores in most tests of cognitive functioning and
higher scores in behavioral evaluations. Table 2 summarizes test
scores of cognitive and behavioral evaluation of both groups.

Interrater reliability and bias analysis of CSP

The measurements of the two raters were highly correlated (CSP
length, rho=0.98; ICC 0.99; p <0.0001; septum length, rho=0.93;
ICC 0.96; p <0.0001; CSP length to septum length ratio, rho=0.98;
ICC 0.97; p<0.0001). Measurements of septum length by rater 1
were on average significantly higher than those by rater 2 (average
difference of measurements 0.6 mm; SD=1.8). The mean mea-
surement discrepancies between raters, however, were not signifi-
cantly different between groups (¢ test=0.53; p=0.5992) and
showed no statistically significant correlation with BMI (z test=
—1.18; p=0.2424) or age (¢ test=0.83; p=0.4114) (Table 3).
Therefore, all further analyses were calculated based on the mean
of the two raters’ measurements.
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TABLE 2. TEST SCORES OF COGNITIVE AND BEHAVIORAL EVALUATION

Outcome measures Control (n=14) NFL (n=72)

Scale Mean SD Mean SD P value
BRI 45.57 9.05 61.85 12.07 <0.0001
Baratt Total 49.73 8.27 64.60 14.28 <0.0001
Beck-Depression 2.36 3.86 15.18 11.50 <0.0001
Beck-Hopelessnes 1.21 2.67 4.39 5.13 0.0017
Brown-Goodwin Adult Sum 12.14 1.35 16.48 3.29 <0.0001
Brown-Goodwin Max Aggression Scale 12.93 1.94 18.27 4.54 <0.0001
Buss-Durkee total 16.57 9.52 33.44 13.09 <0.0001
Hamilton Total 0.93 1.86 8.26 7.28 <0.0001
List A Long Delay 48.36 12.43 41.86 14.43 0.1196
List A Short Delay 51.50 11.02 45.00 13.28 0.0895
List A(1+2+3)Immediate Recall 51.21 6.28 44.04 9.22 0.0067
List B Immediate Recall 51.93 8.90 46.31 10.43 0.0627
MSSI 0.00 0.00 0.55 2.58 0.0808
Meta-Cognition Index 47.57 11.29 62.69 13.20 0.0001
NAB Map Reading 52.79 6.00 46.09 10.15 0.0023
NAB naming 5143 5.37 44.46 11.38 0.0011
ROCEF Delayed Presence & Accuracy 55.71 7.59 48.36 11.53 0.0248
ROCF Immediate Presence & Accuracy 54.93 7.21 47.61 10.24 0.0126
ROCF Organization 50.50 7.18 42.61 16.08 0.0055
Trailmaking A 52.64 8.79 48.89 12.02 0.2705
Trailmaking B 50.07 16.42 44.24 16.33 0.2268
WAIS-R Digit Symbol 52.14 9.80 46.97 9.41 0.0655
WRAT-4 Reading 111.93 14.69 98.07 10.70 <0.0001
Wisconsin Percent Errors 44.57 10.63 39.96 9.84 0.1192

SD, standard deviation; BRI, Behavioral Regulation Index; MSSI, Modified Scale for Suicidal Ideation; NAB, Neuropsychological Assessment Battery;
ROCEF, Rey-Osterrieth Complex Figure; WAIS-R, Wechsler Adult Intelligence Scale-Revised; WRAT-4, Wide Range Achievement Test Fourth Edition.

Length of septum pellucidum

Length of the septum pellucidum was not significantly different
(W=1.40; p=0.17) between NFL players (mean=53.2 mm;
SD=4.6) and controls (mean=>55.3 mm; SD=5.1) (Fig. 2).

Presence and length of CSP

CSP was present in 66 (92%) football players and in 8 (57%)
controls (p=0.0006). Length of the CSP was significantly (W=
—2.2; p=0.03) greater in NFL players (mean="7.7 mm; SD=7.8)
than in controls (mean=4.4 mm; SD=6.8). A threshold of 2 mm
had a sensitivity of 87.5%, specificity of 57%, positive predictive
value (PPV) of 91.3%, and a negative predictive value (NPV) of
47.1% (Fig. 3).

Ratio of length of CSP and length of septum
pellucidum

The ratio of CSP length and septum length was significantly
higher (W=-2.17; p=0.03) in football players (mean=0.15;
SD=0.14) than in controls (mean=0.08; SD=0.12) (Fig. 4).

Association of CSP with cognitive and behavioral
measures

Table 4 summarizes the results of the association between
cognitive and behavioral measures with length of CSP within the
group of former professional NFL players. A CSP of 6 mm and
greater (n=35) was associated with lower scores on NAB List
Learning List A Immediate Recall and lower scores on WRAT-4

TABLE 3. LENGTH OF SEPTUM PELLUCIDUM AND CAVUM SEPTI PELLUCIDI AND INTERRATER RELIABILITY

Rater 1 Rater 2
Mean (SD) Mean (SD)
NFL Controls NFL Controls Mean of raters (SD)
n=72 n=14 n=72 n=14 Correlation of ratings NFL Controls
CSP present (N [%]) 65 (90%) 8 (57%) 64 (89%) 7 (50%) Kappa=0.83 66 92% 8 (57%)
p<0.0001
Septum length (mm)  53.4 (4.6) 55.7 (5.2) 52.9 4.7) 54.8 (5.0) rho=0.93 53.2 (4.6) 553 (5.1)
p<0.0001
CSP length (mm) 7.75 (1.7) 4.3 (6.2) 7.7 (8.0) 4.5 (6.9) rho=0.98 7.7 (1.8) 44 (6.8)
p<0.0001
Ratio 0.15 (0.14)  0.08 (0.1) 0.15 (0.15)  0.08 (0.13) rho=0.98 0.15 (0.14)  0.08 (0.12)
CSP/septum length p=0.0001

SD, standard deviation; NFL, National Football League; CSP, cavum septi pellucidi.
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FIG. 2. Results of group comparison of the length of the septum
pellucidum: Wilcoxon two-sample test of National Football Lea-
gue (NFL) players (mean=53.2 mm; standard deviation [SD]=
4.6) and controls (mean=55.3 mm; SD=5.1); No significant dif-
ference was found (W=1.40; p=0.17);

Reading compared with players with CSP of 2mm and smaller
(n=23). (Note: the remaining 14 patients had a CSP >2 mm and
<6 mm.)

Discussion

This study reports a higher rate of CSP, a greater length of CSP,
and a greater ratio of CSP length versus septum length in symp-
tomatic former professional American football players compared
with same age noncontact sport athlete controls. Within the group
of symptomatic former professional NFL players, a CSP of 6 mm
and greater was associated with lower scores on measures of verbal
learning and word pronunciation. In the clinical setting, a CSP of
6 mm and greater may provide valuable information regarding the
risk for having or developing CTE, although we note that CTE can
only be diagnosed post-mortem at this time.

Cavum septi pellucidi
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FIG. 3. Results of group comparison of the length of the cavum
septi pellucidi (CSP): Wilcoxon two-sample test of National
Football League (NFL) players (mean=7.7mm; SD=7.8) and
controls (mean=4.4mm; SD=6.8); length of the CSP was sig-
nificantly (W =-2.2; p=0.03) greater in NFL players.
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FIG. 4. Results of group comparison of the ratio of cavum septi
pellucidi (CSP) length to septum length: Wilcoxon two-sample
test of National Football League (NFL) players (mean=0.15;
SD=0.14) and controls (mean=0.08; SD=0.12); ratio of CSP/
septum length was significantly (W=-2.17; p=0.03) higher in
NFL players.

Ninety-two percent of the former professional football players
showed presence of CSP. High rates of CSP have been reported in
neuropathologically confirmed cases of CTE**? as well as in living
contact sports athletes with a history of exposure to repetitive head
impacts (CSP in 43%),% and in boxers in particular (CSP in
57%).>* High rates of CSP have also been reported in post-mortem
studies (CSP in 69% of cadavers with history of head trauma)>* and
in vivo studies of persons with exposure to brain trauma (67% of
those with CSP had history of head trauma).*

CSP was found in 54% of victims of fatal road accidents com-
pared with 38% in a control group. This study also reported an
association between severity of axonal injury and shape of CSP.*
CSP was found to be larger in 98 children with a history of TBI
compared with a control group.®” Of note, that study also reported a
correlation between CSP volume and atrophy of the right entorhinal
cortex and the bilateral hippocampi, structures that are also re-
ported to be affected in CTE.>>®

Rates of CSP, in both former professional NFL players and
controls, were higher in this study compared with most previous
studies. Hagino and coworkers,® however, similar to our study,
counted the coronal slices in which CSP was present and reported a
prevalence of 74.7% in a control group of 79 subjects. In our control
group, CSP was present in 57%, which is well within the broad
range previously described in the literature. Further, because we
used high-resolution MRI with slice thickness of 1 mm, our method
was more sensitive in detecting CSP than most of previously
published imaging studies. Finally, we note, as above, that presence
versus absence of CSP was not as important in distinguishing be-
tween groups as was the number of slices involved, or length of the
CSP.

A study by Aviv and colleagues®® investigated longitudinal brain
changes in 79 boxers scanned for annual boxing license renewal.
They reported the formation of CSP in eight athletes over the time.
In addition, three boxers showed an increased volume of CSP over
time. Both findings support the hypothesis of a causative associa-
tion between repetitive head impacts and CSP. The same study
reports only a trend toward a higher CSP prevalence in boxers (CSP
in 49% versus in 40% in controls; p =0.099). One explanation for a
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TABLE 4. ASSOCIATION BETWEEN COGNITIVE AND BEHAVIORAL MEASURES WITH LENGTH OF CAVUM SEPTI PELLUCIDI IN FORMER
NATIONAL FOOTBALL LEAGUE PLAYERS

Outcome measures Difference <2 (n=23) 26 (n=35) Standard error t value p value
BRI 2.1797 3.4929 0.62 0.5328
Baratt Total 0.07251 4.2767 0.02 0.9865
Beck-Depression 2.2415 3.2237 0.7 0.487

Beck-Hopelessnes 1.5988 1.5995 1 0.3178
Brown-Goodwin Adult Sum —-0.02043 0.9933 -0.02 0.9836
Brown-Goodwin Max Aggression S 0.07394 1.4843 0.05 0.9603
Buss-Durkee total -0.152 4.1246 -0.04 0.9706
Hamilton Total 2.0301 2.0197 1.01 0.3151
List A Long Delay -5.1681 4.5248 -1.14 0.2537
List A Short Delay -2.0992 4.1832 -0.5 0.6159
List A(1+2+3)Immediate Recall —5.6609 2.8171 -2.01 0.0448
List B Immediate Recall —4.2249 3.2249 -1.31 0.1905
MSSI 0.6676 1.028 0.65 0.5162
Meta-Cognition Index 3.7021 3.7869 0.98 0.3285
NAB Map Reading -2.9307 3.333 —0.88 0.3795
NAB naming -0.9737 3.6733 -0.27 0.791

ROCEF Delayed Presence & Accura -2.0983 3.3465 -0.63 0.5308
ROCF Immediate Presence & Accu —-0.5896 3.0608 -0.19 0.8473
ROCF Organization 2.0236 5.543 0.37 0.7151
Trails A 1.2368 3.9888 0.31 0.7566
Trails B 0.4247 5.0576 0.08 0.9331
WAIS-R Digit Symbol -2.4132 2.7587 —-0.87 0.3819
WRAT-4 Reading —7.8474 3.4267 -2.29 0.0222
Wisconsin Percent Errors -3.9538 2.8514 -1.39 0.1659

Bolded terms indicate statistically significant findings.

BRI, Behavioral Regulation Index; MSSI, Modified Scale for Suicidal Ideation; NAB, Neuropsychological Assessment Battery; ROCF, Rey-Osterrieth
Complex Figure; WAIS-R, Wechsler Adult Intelligence Scale-Revised; WRAT-4, Wide Range Achievement Test Fourth Edition.

missing significant group difference is that Aviv and associates®®
classified the CSP in three categories: (1) anterior to the fornix; (2)
extending up to the fornix; (3) extending into the cavum vergae)
instead of measuring the absolute length of CSP. Notably, none of
their controls had a type 2 or 3 extension ( p <0.0009) in contrast to
30% and 16% prevalence in boxers.

Although links to both the immediate mechanical shearing in-
jury as well as brain atrophy and ventricular enlargement after brain
trauma have been reported,"*'® the exact pathomechanism of the
development or enlargement of a CSP after brain trauma remains
unknown. While CSP is also seen in patients with neurodevelop-
mental disordelrs,zo’23 and is therefore not specific to CTE, we
believe that in those who experience repetitive head impacts, CSP
is likely the result of trauma, which is also thought to be one of the
risk factors for development of CTE or other possible neurode-
generative disorders.

In this study, a CSP of 6 mm and greater was associated with
lower test scores in a memory test and a test of word pronunciation
within the group of NFL players. Longitudinal studies are, how-
ever, needed to determine whether a greater CSP length is merely a
reflection of exposure to repetitive head trauma or may serve as an
early indicator and biomarker to identify those at highest risk for
development of CTE.

Limitations

This study is limited by the fact that CTE is a post-mortem
diagnosis. Given the fact that CSP is evident at post-mortem ex-
amination, however, its presence in vivo is likely suggestive of
those with presumed CTE. A further limitation is that the study

does not include asymptomatic former NFL players or others be-
lieved to be at high risk for CTE because of significant exposure to
repetitive head impacts as well as those with a single major TBI
(and no history of additional repetitive head impacts). Future
studies including such cohorts would make it possible to investigate
the relationship among presence and length of CSP, history of brain
trauma, and clinical correlates of CTE.

Conclusion

This study reports a higher prevalence of CSP, a greater length of
CSP, and a greater ratio of CSP length to septum length, in
symptomatic former professional football players compared with
athlete controls. Greater length of CSP was also associated with
lower verbal memory and word pronunciation. Given the high
prevalence of CSP in neuropathologically confirmed CTE, CSP
may serve as a potential early in vivo imaging marker to identify
those at high risk for CTE. Future research is needed to investigate
the pathomechanism underlying the development of CSP after re-
petitive head impacts and its potential association with neuro-
pathologically confirmed CTE.
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