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Abstract

Background The cavum septi pellucidi (CSP), a persistent separation between the septal
leaflets in the brain, is found among athletes exposed to repetitive head impacts (RHI), yet
existing grading systems may inadequately capture anatomical variants. This study
presents a revised CSP grading scale for RHI-exposed populations.
Methods This cross-sectional study included 170 former American football players and 54
unexposed asymptomatic controls, all males aged 45-74, who underwent magnetic
resonance imaging. Two blinded raters independently applied a revised 5-point CSP
grading scale, with reliability assessed using Cohen’s κ. CSP length and volume were
quantified, and associations with cumulative head impact exposure were examined.
Multivariable ordinal logistic regression compared CSP grades between former football
players and controls.
Results Following consensus ratings, former football players demonstrated significantly
greater odds of being classified into a higher CSP grade than unexposed controls
(OR = 4.41, [95% CI: 2.34, 8.31], p < 0.001). CSP length and volume increased across CSP
grade (both p < 0.001), supporting the anatomical validity of the revised grading system.
Among former football players, estimated cumulative linear and rotational head impact
exposures differed significantly acrossCSPgrades (Kruskal–Wallis p = 0.007 and p < 0.001,
respectively), with Grade 4 showing greater exposure than Grade 0.
Conclusion A revised CSP grading scale incorporating posterior variants shows high inter-
rater reliability and concordance with quantitative measures in RHI-exposed athletes. More
severe CSP morphology was associated with greater cumulative biomechanical exposure,
and the revised grading system enables consistent classification of CSP morphology for
future RHI studies.

Repetitive head impacts (RHI) sustained over years of participation in
contact and collision sports have increasingly been linked to structural brain
alterations detectable during life1–7. As efforts to characterize the in vivo
consequences of RHI have expanded, attention has focused on brain
structures thatmay be particularly vulnerable to repeatedmechanical stress.
One such structure is the cavum septi pellucidi (CSP), a persistent separa-
tion of the septal leaflets between the lateral ventricles formed by the corpus

callosum and fornix8–11. The CSP has emerged as a consistently reported
neuroimaging finding in contact- and collision-sport athletes and may be a
potential imaging marker of RHI, with studies demonstrating higher pre-
valence and increased length compared with control populations7,12–19.
These observations have motivated the use of grading scales to characterize
CSP morphology and to relate structural variation to neuropsychiatric20–23

and neurodegenerative outcomes associated with RHI7,12,13,16,24.

A full list of affiliations appears at the end of the paper. e-mail: hector.arciniega@nyulangone.org

Plain language summary

Asmallfluid-filled space in thebrain called the
cavum septi pellucidi (CSP) is often seen on
MRI scans of athletes with histories of repe-
ated head impacts (RHI). However, existing
visual grading systems may miss forms of
CSP, especially when it extends toward the
back of the brain. We developed a revised
5-pointMRI grading scale and tested it in 170
former American football players and 54
unexposed controls without a history of RHI.
The new scale matched precise CSP size
measurements and showed strong rater
agreement. More severe CSP grades were
associated with lifetime head-impact expo-
sure, suggesting that RHI may contribute to
thesebrain changesandserve asabetter tool
for long-term brain health research.
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Early neuroimaging work introduced visual grading schemes to
characterize CSP width in clinical populations21,22. These approaches were
subsequently applied to cohorts exposed to RHI12,16,18,24,25. However, existing
CSP grading systems were not developed for RHI-exposed populations and
have limited capacity to capture the full spectrum of septal morphologies
observed in contact and collision sport athletes7,14,18,19. These methods have
largely relied onqualitative, width-based assessments, overlooking posterior
extensions and complex variants such as cavum vergae and mixed or
fenestrated configurations (CSP et vergae)26–30. These posterior and mixed
morphologies are frequently observed in athletes with extensive RHI
exposure, both during life and at postmortem examination, yet remain
insufficiently represented in existing grading frameworks1,7,31. As a result,
associations between CSP morphology and RHI exposure may be
underestimated.

In the present study, we develop and evaluate a revised visual CSP
grading scale designed to capture a broader range of septal morphology in
individuals exposed to RHI, including posterior extension and septal leaflet
discontinuity. We assess the reliability of the revised scale, examine its
correspondence with quantitative measures of CSP length and volume, and
investigate associations with cumulative RHI exposure. We find that the

revised scale demonstrates high inter-rater reliability, with increasing CSP
grades corresponding to greater CSP length and volume. FormerAmerican
football players have greater odds of higher CSP grades than unexposed
asymptomatic controls, and the most severe CSP morphology is associated
with greater cumulative linear and rotational head impact exposure.

Methods
Study design and participants
This studywas conductedas part of themulti-siteDiagnostics, Imaging, and
Genetics Network for the Objective Study and Evaluation of Chronic
Traumatic Encephalopathy (DIAGNOSECTE)ResearchProject32.Written
informed consent was obtained from all participants before enrollment.
Former college and professional American football players and unexposed
asymptomatic controls were recruited for this cross-sectional study. Data
were collected between September 2016 and February 2020.Of 180 enrolled
former football players, 10 were excluded due to missing or poor-quality
structural MRI, yielding an analytic sample of 170 participants. Of the 60
unexposed, asymptomatic controls initially included, six were excluded
because of poor-quality structural MRI data, preexisting psychiatric con-
ditions, or a history of RHI exposure, resulting in a final sample of 54
controls. Detailed recruitment procedures and eligibility criteria have been
published previously and are provided in Supplementary Fig. 1 and Sup-
plementary eTable 1. Demographic characteristics are presented in Table 1
and Supplementary eTable 2. The study was approved by the institutional
review boards at all participating sites (Boston University Medical Campus
IRB #H-34799, Mayo Clinic IRB #16-002662, Cleveland Clinic Lou Ruvo
Center for Brain Health Banner IRB #16-1694, Alzheimer’s Institute IRB
#1168489, New York University Langone Health IRB# i16-01032 CR3, and
Partners Healthcare/Brigham and Women’s Hospital IRB #2016P001359
and #2016P001328). Reporting adheres to STROBE guidelines and ethical
standards set by the Declaration of Helsinki.

MRI
Imageacquisition. All participants underwent a headMRI scan at one of
four neuroimaging sites: Brigham andWomen’s Hospital, NYULangone
Medical Center, the Cleveland Clinic Lou Ruvo Center for Brain Health
(Las Vegas), or Mayo Clinic Arizona. The imaging protocol included
structural MRI, diffusion MRI, functional MRI, and magnetic resonance
spectroscopy sequences. The structural images were acquired on a 3 T
scanner (Siemens Magnetom Skyra, Erlangen, Germany; software ver-
sion VE11) using a 20-channel head coil. Of relevance to this study is the
high-resolution 3D T1-weighted magnetization-prepared rapid
gradient-echo (MPRAGE) sequence with a voxel size of 1 × 1 x 1 mm3, an
inversion time = 1100 ms, TR = 2530 ms, TE = 3.36 ms, a 7-degree flip
angle, and a 256 FOV. Raw T1-weighted structural images were pro-
cessed using the FreeSurfer v7.4.1 recon-all pipeline, which included
correction for inhomogeneity, signal intensity normalization, and skull
stripping.

Visual CSP grading scale
To revise the CSP grading scale, two independent raters (A.S.M. and J.S.)
were trainedby an expert rater (H.A.) to identify thepresence of theCSPand
its variants (CSP et vergae and CSP et cavum vergae)7. Each rater inde-
pendently examined all MRI scans from former American football players
and unexposed controls. All MRI scans were de-identified and graded in a
blinded fashion, such that raters were unaware of participant group
assignment during CSP grading. The raters identified the presence of CSP
(and variants, if applicable) and assigned a grade based on the revised
grading scale, which incorporates CSP variants. This scale ranged from 0 to
4, whereGrade 0was defined as either an intact septumpellucidumwithout
a visible CSP or a CSP visible on only a single coronal section. A CSP was
required to extend across at least two contiguous coronal slices to be clas-
sified as Grade 1 or higher. Grade 1 is characterized by a separation of the
septal leaflets that extends no more than a few millimeters in the anterior-
posterior axis. Grade 2 is defined by a distinctly longer CSP, often extending

Table 1 | Demographics

Characteristics Former Football
Players(n = 170)

Controls
(n = 54)

Age, median (IQR) 56 (51-64) 59.5 (52.3-67)

BMI, median (IQR) kg/m2 32.2 (28.9-36.0) 30.4 (27.8-33.1)

Years of education, median
(IQR), y

16 (16-18) 16 (16-18)

APOE ε4 carrier, n(%) 48 (29.3) 10 (19.6)

Race, n (%)

White 108 (63.5) 34 (63)

Black/African American 59 (34.7) 19 (35.2)

American Indian/Alaska
Native

0 (0) 0 (0)

Asian 0 (0) 0 (0)

Native Hawaiian/Other
Pacific Islander

0 (0) 1 (1.8)

Multiple Races 3 (1.8) 0 (0)

Exposure to RHI

Age of first exposure to
football, mean (SD), y

11.1 (2.8)

Total years of football played,
mean (SD), y

15.9 (4.3)

CHII-Frequency, median (IQR)
impacts x 103

9.6 (7.7–13.1)

CHII-Linear Acceleration,
median (IQR) g-force x 105

2.2 (1.8–2.7)

CHII-Rotational Acceleration,
median (IQR) radians/s2 x 107

1.8 (1.4–2.2)

Position Played, n (%)

Offensive Linemen 41 (24)

Offensive Backs andReceivers 48 (28)

Defensive Linemen 18 (11)

Linebackers 26 (15)

Defensive Backs 33 (19)

Special Teams 4 (3)

Overview of cohort characteristics, including demographics of 170 former football players and 54
unexposed asymptomatic controls. APOE ε4-carrier analysis was only available for 164 former
players and 51 controls. Abbreviations: BMI Body Mass Index, RHI Repetitive Head Impacts, CHII
Cumulative Head Impact Index, y years, IQR Interquartile Range, SD Standard Deviation.
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posterior to the rostrum of the corpus callosum, but remaining anterior to
the columns of the fornix and the interventricular foramenofMonro.Grade
3 is noted when the CSP extends posterior to the columns of the fornix and
the foramen of Monro, also referred to as a CSP et vergae10,26. Grade 4 is
defined as a CSP et cavum vergae in which one or both septal leaflets are no
longer continuously visualized because ofmarked discontinuity or apparent
fenestration, precluding reliable delineation of an intact septal boundary
(see Fig. 1 and Supplementary eVideo 1). When features of multiple grades
were present, cases were assigned to the highest applicable grade. Specifi-
cally, evidence of septal leaflet discontinuity or fenestration superseded
posterior extension alone, and such caseswere classified asGrade 4.Once all
MRI scanswere graded, the two raters deliberated to reach a final consensus
on any disagreed-upon grades.

Objective CSP measurements
CSP volume. We applied a manual CSP segmentation protocol devel-
oped by our expert neuroanatomist (R.J.R.)33. Two independent raters
(A.S.M. andM.E.), trained to criterion by R.J.R., manually segmented the
CSP on T1-weighted images. Volumetric segmentation was performed
only for Grades 1–3; Grade 0 participants were not segmented because
CSPwas absent or visible on only a single coronal section, whereas Grade
4 was excluded because septal leaflet discontinuity precluded reliable
boundary delineation. Grade 0 participants were assigned a CSP volume
of zero for statistical analyses. CSP volumes were then computed, nor-
malized to the estimated total intracranial volume (eTIV) derived with
FreeSurfer v7.4.1, and averaged across the two raters.

CSP length. CSP length was measured following our group’s prior
protocol7. CSP length was quantified for Grades 0–3; Grade 4 was
excluded because septal leaflet discontinuity precluded reliable deter-
mination of CSP extent. Specifically, raters counted the number of con-
tiguous coronal slices in which the CSP was visible and multiplied by the

slice thickness (1 mm) to obtain length in millimeters. All CSP grading
and volumetric segmentationswere performed onT1-weighted images in
3D Slicer (v5.2.1)34.

RHI exposure variables
Cumulative RHI exposure during American football participation was
estimated using three previously derived metrics called the Cumulative
Head Impact Index (CHII)35. CHII-frequency, representing total impact
frequency; CHII-linear acceleration, representing cumulative linear accel-
eration (g-force); andCHII-rotational acceleration, representing cumulative
rotational acceleration (radians/s2). These indices integrate self-reported
football history with position- and level-specific exposure estimates derived
fromhelmet-based sensor data.Higher CHII values indicate greater lifetime
RHI exposure. Full computational details have been published previously.

Statistics and reproducibility
Statistical analysis was performed using SPSS software version 29. First,
inter-rater reliability for the visual CSP gradingwas evaluated usingCohen’s
κ coefficient. Next, to evaluate the precision of the manual segmentation
protocol, we calculated the Dice similarity coefficient (Sorensen–Dice
index) between segmentations fromboth raters. To normalizeCSP volumes
across all individuals, we divided individual CSP volumes by the respective
intracranial volume. Differences in CSP-normalized volume, length, and
CHII variables across grading scales were assessed using Kruskal–Wallis
tests for global effects followedbyMann–WhitneyUcomparisons, given the
non-parametric distribution of all variables. Multiple comparisons were
controlled using the false discovery rate (FDR), with all FDR-adjusted p-
values < 0.05 considered statistically significant.

To determine whether football players had greater odds of being
classified into a higher CSP grade than unexposed asymptomatic controls,
wefit amultivariable ordinal logistic regressionmodelwithCSPgrade as the
ordered outcome and the group as the primary predictor. The model was

Fig. 1 | Coronal MRI slices of five separate participants depicting the revised CSP
grading scale. Grade 0: Intact septum pellucidum without a visible CSP, or a CSP
visible on only a single coronal slice. Grade 1: characterized by a space extending a
few millimeters posterior to the genu. Grade 2: CSP extending posteriorly but
remaining anterior to the columns of the fornix and the interventricular foramen of
Monro. Grade 3: CSP extending posterior to the columns of the fornix and the

foramina of Monro (CSP et vergae). Grade 4: CSP et cavum vergae, with marked
septal leaflet disruption, in which one or both leaflets are no longer continuously
visualized because of large discontinuities or apparent fenestrations. Slice images are
shown at different coronal levels to illustrate the defining anatomical features of
each grade.

https://doi.org/10.1038/s43856-026-01978-9 Article

Communications Medicine Article in Press

www.nature.com/commsmed


adjusted for imaging site, APOE ε4 carrier status, age, eTIV, BMI, and years
of education. Continuous covariates were standardized before model esti-
mation. Model coefficients were exponentiated and reported as odds ratios
(OR) with 95% confidence intervals. Statistical significance was defined a
priori as p < 0.05.

Results
Demographic differences
The BMI was significantly higher in former American football players than
in unexposed asymptomatic controls (mean difference = 1.77 kg/m2,
Welch’s t = 2.35, [95% CI: 0.27, 3.26], p = 0.024). None of the remaining
demographic variables differed significantly between groups (Table 1).

Revised CSP grading scale
Inter-rater reliability for the visual grading scale was excellent, with a
Cohen’s κ of 0.92 (p < 0.001). Following consensus ratings, CSP grades were
distributed as follows for formerAmerican football players: Grade 0, 37/170
(21.8%); Grade 1, 36/170 (21.2%); Grade 2, 65/170 (38.2%); Grade 3, 9/170
(5.3%); and Grade 4, 23/170 (13.5%). Among unexposed asymptomatic
controls, CSP grades were distributed as follows: Grade 0, 28/54 (51.9%);
Grade 1, 12/54 (22.2%); Grade 2, 13/54 (24.1%); Grade 3, 0/54 (0%); Grade
4, 1/54 (1.9%); see Supplementary eTable 3. Representative coronal slices
illustrating CSP severity across grades are shown in Fig. 1 and Supple-
mentary eVideo 1. In the ordinal logistic regression model, former Amer-
ican football players had significantly greater odds of being classified into a
higher CSP grade than unexposed asymptomatic controls (OR = 4.41, [95%
CI: 2.34, 8.31], p < 0.001); see Supplementary eTable 3 for distribution of the
unexposed asymptomatic controls.

CSP volume
Agreement between raters’ volumetric segmentations was high, with an
average Dice similarity coefficient of 0.847 [95% CI: 0.83, 0.87] among
participants with CSP Grades 1–3. Because Grade 4 volume cannot be
quantified, the final sample included 147 former American football players.
Among these players, CSP volume increased significantly acrossCSP grades
(H(3) = 122.52, p < 0.001). Grade 3 (mean, 1.61 × 10−4 [95% CI:
8.51 × 10−5, 2.37 × 10−4]) participants also exhibited larger volumes
compared to Grade 1 (mean, 7.98 × 10−6 [95% CI: 6.42 × 10−6,
9.55 × 10−6]; U = 324, p < 0.001), andGrade 2 (mean, 3.36 × 10−5 [95%CI:
2.72 × 10−5, 4.00 × 10−5]; U = 564, p < 0.001). Representative examples of
normalized CSP volume across grades are shown in Fig. 2B and Table 2.

CSP length
Descriptive analyses showed a parallel pattern to CSP volume when eval-
uating CSP length. Following the exclusion of Grade 4 cases that could not
be quantified, the final sample included 147 former American football
players. Among the former football players, the CSP length also increased
significantly across CSP grades (H(3) = 113.81, p < 0.001). Participants
categorized in Grade 3 exhibited longer CSP structures (mean, 15.28 [95%

CI: 10.05, 20.50]) compared to Grade 0 participants (mean, 0.27mm [95%
CI: 0.14, 0.40]; U = 333, p < 0.001). Grade 3 participants also exhibited
greater CSP length than participants in Grade 1 (mean, 2.88mm [95% CI:
2.36, 3.39]; U = 321, p < 0.001) and Grade 2 (mean, 5.45mm [95% CI: 4.83,
6.06]; U = 564, p < 0.001). Representative examples of CSP length across
grades are shown in Fig. 2A and Table 2.

CSP grade and cumulative head impact exposure
Among the 170 former American football players, CHII-frequency did not
differ significantly across CSP grades (H(4) = 1.92, p = 0.75), with similar
mean values by grade Grade 0: 1.08 x 104 [95% CI: 9.32 x 103, 1.22 x 104];
Grade 1: 1.10 x 104 [95%CI: 9.29 x 103, 1.27 x 104]; Grade 2: 1.03 x 104 [95%
CI: 9.29 x 103, 1.14 x 104];Grade 3: 1.12 x 104 [95%CI: 6.74 x 103, 1.58 x 104];
and Grade 4: 1.22 x 104 [95% CI: 9.79 x 103, 1.46 x 104]). In contrast,
cumulative linear and rotational head impact exposure differed significantly
across CSP grades, with the highest exposure observed among participants
classified as Grade 4. For CHII-linear acceleration, the overall Kruskal-
Wallis testwas significant (H(4) = 13.97,p = 0.007). ParticipantswithGrade
4 CSP had higher CHII-linear acceleration (mean, 2.83 x 105 [95% CI:
2.50 x 105, 3.16 x 105]) than those with Grade 0 (mean, 2.20 x 105 [95% CI:
1.97 x 105, 2.42 x 105]; U = 217, p = 0.002), Grade 1 (mean, 2.18 x 105 [95%
CI: 1.93 x 105, 2.43 x 105]; U = 202, p = 0.002), Grade 2 (mean, 2.21 x 105

[95% CI: 2.03 x 105, 2.38 x 105]; U = 407, p = 0.002), and Grade 3 (mean,
2.16 x 105 [95%CI: 1.83 x 105, 2.49 x 105]; U = 46, p = 0.01). Similarly, CHII-
rotational acceleration differed by CSP grade (H(4) = 19.19, p < 0.001);
players with Grade 4 CSP had the highest CHII-rotational acceleration
(mean, 2.36 x 107 [95% CI: 2.08 x 107, 2.64 x 107]), which was significantly
greater than in Grades 0 (mean, 1.72 x 107 [95% CI: 1.56 x 107, 1.89 x 107];
U = 186, p < 0.001), 1 (mean, 1.78 x 107 [95% CI: 1.53 x 107, 2.02 x 107];
U = 200,p = 0.0012), and2 (mean, 1.71 x 107 [95%CI: 1.56 x 107, 1.86 x 107];
U = 341, p < 0.001). Collectively, these findings indicate that more severe
CSP grades, specifically Grade 4, are characterized by higher cumulative
linear and rotational head impact exposure, whereas exposure frequency
does not differ by CSP severity (Fig. 3 and Table 2).

Discussion
This study developed a revised CSP grading scale tailored for individuals
with substantial exposure to RHI, including former contact- and collision-
sport athletes. By incorporating posterior variants and more precisely
delineating the extent of septal leaflet disruption, the revised scale addresses
limitations of existing CSP classification systems and provides a more
anatomically informative framework for clinical and research use in RHI
populations. Applied to former American football players and unexposed
asymptomatic controls, the revised scale demonstrated excellent inter-rater
reliability. Former American football players also had significantly greater
odds of being classified into a higher CSP grade than unexposed asymp-
tomatic controls after adjustment for age, MRI acquisition site, APOE ε4
carrier status, eTIV, BMI, and years of education. Among former football
players, 78.2% exhibited some degree of CSP. CSP length and volume

Fig. 2 | Quantitative validation of CSP grading.
A CSP length (mm) (n = 147, p = 1.67 × 10-24) and
B CSP volume normalized to the estimated total
intracranial volume showing significant increases
across higher CSP grades in former American
football players (n = 147, p = 2.21 × 10-26), support-
ing the validity of the revised scale. *** p < 0.001.
Error bars indicate 95% confidence intervals around
the mean. Grade 4 was excluded because septal
leaflet discontinuity precluded reliable measure-
ment of CSP length and volume. A Kruskal-Wallis
test followed by a Mann-Whitney U test was con-
ducted for (A) and (B). All tests were two-sided, and
adjustments were made for multiple comparisons.
Abbreviation: CSP Cavum septi pellucidi.
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increased systematically across grades. Importantly, because the revised
grading system was defined using anatomical landmarks rather than
quantitative measurements, the increase in CSP length and volume across
Grades 0–3 provides independent quantitative support for the construct
validity of the classification scheme. In addition, players classified in the
most severe CSP category (Grade 4) exhibited significantly greater cumu-
lative linear and rotational head impact exposure than those classified as
Grade 0, suggesting that more severe septal disruption may reflect greater
lifetime biomechanical loading. Collectively, these findings establish the
revisedgrading systemas a reproducible, anatomically informed framework
for characterizing CSP morphology and provide a standardized approach
for investigating its relationship with cumulative RHI exposure.

The observed associations between CSP severity and cumulative head
impact exposure provide insight into the potential biomechanical under-
pinnings of septal disruption inRHI-exposed individuals. The septal leaflets
are particularly susceptible to shearing forces because of their midline
location and tethering between the corpus callosum and the fornix25,28.
Repeatedmechanical loadingmay therefore produce progressive stretching,
separation, and ultimately disruption of the septal leaflets, resulting in
increasingly complex CSP morphology7,18. Consistent with this hypothesis,
CSP length and volume increased progressively across grades, while the
association betweenCSP severity and cumulative head impact exposurewas
driven primarily by participants classified as Grade 4. Because Grade 4 is
defined by loss of septal leaflet integrity rather than posterior extension
alone, it represents a qualitatively distinct morphological pattern that may
reflect greater cumulative biomechanical loading. Although CSP has long
been reported in autopsy-confirmed CTE and fenestrations of the septum
pellucidum have been described at postmortem examination, these struc-
tural abnormalities are not specific to CTE and remain difficult to fully
visualize using conventional 3 T MRI1,31,36–41. Importantly, CSP is also a
common anatomical variant in healthy individuals10,26,33,42–44, with reported
prevalence varying substantially depending on imaging methodology,
anatomical definition, and spatial resolution. This variability underscores
that the mere presence of CSP is not specific to RHI13 or CTE37 and rein-
forces the importance of distinguishing subtle anatomical variants from the
more severe morphological abnormalities captured by the revised grading
system24.Accordingly,CSP shouldnot be interpreted as an in vivomarker of
CTE-associated tau pathology37. Rather, in the context of RHI, more severe
CSPmorphologymay represent a structural imaging feature associatedwith
cumulative biomechanical loading7,12,13,16,18,25. These findings support our
previouswork showingmorphometric changes in formerAmerican football
players with extensive RHI exposure4–7,45–49. Larger longitudinal studies will
be necessary to determine whether Grade 4 represents progression along a
continuum of septal disruption or a distinct anatomical phenotype7,13,18,25.

More broadly, the present study highlights the importance of anato-
mically informed phenotyping when characterizing structural con-
sequences of RHI. Existing CSP grading systemswere developed for general
clinical populations and rely primarily on qualitative or width-based
assessments that incompletely capture the spectrum of septal morphologies
observed in individuals with extensive RHI exposure4,12,43,45. By incorpor-
ating posterior extension, cavum vergae variants, and septal leaflet disrup-
tion into a single anatomically defined framework, the revised grading
system provides greater phenotypic resolution while maintaining excellent
reproducibility. Importantly, although quantitative measures of CSP length
and volume were not used to assign grades, both increased systematically
across the anatomically defined categories, providing independent quanti-
tative validation of the classification scheme. While the present grading
system was developed in former American football players, future studies
should evaluate its applicability across other contact and collision sports, as
well as in longitudinal cohorts spanning different stages of RHI exposure.
Beyond the biological associations reported here, the principal contribution
of this study is the development of a standardized, anatomically informed
grading system for characterizing CSP morphology across MRI studies of
RHI-exposed populations. Such a standardized anatomical frameworkmay
facilitate harmonization across research cohorts and imaging studies,T
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improving the consistency and comparability of future investigations into
the structural effects of RHI.

Overall, our revised CSP grading system provides a reproducible,
anatomically informed framework for characterizing septal morphology in
individuals with RHI exposure. This approach may facilitate future studies
investigating relationships between CSP morphology, cumulative bio-
mechanical exposure, and complementary neuroimaging, fluid, and clinical
measures. Although the present findings support the biological relevance of
CSP morphology in RHI-exposed individuals, they should not be inter-
preted as establishingCSPas an in vivo biomarker ofCTE50, as this studydid
not include neuropathological confirmation, longitudinal follow-up, or
clinical outcome measures. Future longitudinal and multimodal studies
integrating advanced neuroimaging, fluid biomarkers, and neuropatholo-
gical validation will be necessary to determine the clinical significance of
CSP morphology and its role within the broader spectrum of RHI-related
neuroanatomical change.

This study has some limitations. First, the cohort consisted exclusively
of male participants, limiting the applicability of the findings to females
exposed to RHI. Second, because the sample included only former Amer-
ican football players, the generalizability of these results to athletes in other
sports, such as soccer, ice hockey, or rugby, where themechanical forces and
patterns of head impact differ, remains uncertain. Third, cumulative RHI
exposure was estimated using the CHII, which is derived from historical
position- and level-specific head impact data rather than participant-
specific biomechanical measurements. Although CHII is among the most
widely used retrospective measures of cumulative RHI exposure, it cannot
capture participant-specific variability in lifetime head impact exposure.
Future studies incorporating participant-specific biomechanical measure-
mentswill be important for refining exposure estimates and evaluating their
relationship with CSP morphology. Fourth, the cross-sectional design
precludes conclusions about temporal changes in CSP morphology. Long-
itudinal studies are needed to determine whether CSP characteristics evolve
and to distinguish RHI-related changes from those associated with typical
aging. Fifth, participants in this cohort played American football between
1952 and 2007, a periodmarkedby substantial changes in rules, style of play,
and protective equipment, which may have influenced their cumulative
head impact exposure. Finally, participants were recruited through adver-
tisements, NFL alumni organizations, and targetedmedia outreach. Aswith
many volunteer-based observational cohorts, this recruitment strategymay
preferentially enroll individuals with greater concern regarding their neu-
rological health, which could limit the generalizability of the findings to the
broader population of former contact-sport athletes.

Conclusion
This study presents a revised, anatomically informedCSP grading scale that
demonstrates excellent reliability and expected associationswith cumulative
head impact exposure among former American football players. By cap-
turing structural variability that aligns with biomechanical mechanisms of
septal disruption, the scale provides a more precise and reproducible fra-
mework for assessing CSP morphology in RHI-exposed individuals. As a

standardized and anatomically informed framework, the revised grading
system may facilitate harmonization across research cohorts and improve
the consistency and comparability of future MRI studies investigating the
structural consequences of RHI.

Data availability
Data from theDIAGNOSECTEResearchProjectwill be available to eligible
investigators through the National Institutes of Health (NIH) Center for
Information Technology. Interested investigators may also access DIAG-
NOSECTEdata, including the dataset used in this study, through a project-
specific data-sharing portal. The raw dataset could not be made publicly
available because detailed exposure information may permit identification
of individual elite athletes. Questions about the data reported here can be
directed to Dr. Hector Arciniega at Hector.Arciniega@nyulangone.org.
Source data for Fig. 2 are provided in Supplementary Data 1.
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