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Introduction

Traumatic brain injury (TBI) is among the leading causes of 
trauma-related morbidity and mortality worldwide each year.1,2 
TBI poses a serious health problem: the number of emergency 
room visits, hospitalizations, and deaths attributed to fall-related 
TBI in older adults continues to increase yearly.3 Furthermore, 
the costs associated with TBI can be a large economic burden on 
healthcare systems. In the United States, overall healthcare costs 
attributed to nonfatal TBI in 2016 alone were estimated at $40.6 
billion.4 It is becoming increasingly important to understand the 
natural progression of this condition and identify biomarkers 
that could facilitate timely and cost-effective interventions.

The chronic neurodegenerative findings associated with TBI 
have become a crucial area of study in this regard. TBI has sev-
eral neuropathologic consequences, including cerebral hypo-
perfusion, ischemia, hypoxia, hemorrhage, blood-brain barrier 
disruption, cerebral edema, and diffuse axonal injury.5–7 Ocular 
neural pathways may serve as a useful surrogate marker for 

overarching neurodegenerative changes and cognitive 
decline.8,9 Optical coherence tomography (OCT) has been an 
effective, noninvasive tool for assessing retinal changes in neu-
rodegenerative conditions.10,11 Past studies using OCT have 
shown that TBI patients may demonstrate significant thinning 
of the retinal nerve fiber layer (RNFL), even several months 
after injury.12–14 These findings suggest that RNFL thinning 
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Abstract
Purpose: To assess retinal layer thickness and volume by optical coherence tomography (OCT) in patients with prior traumatic 
brain injury (TBI). Methods: Adults (≥18 years) with prior TBI were prospectively recruited. 512 × 128-mm macular cube 
scans were obtained using Zeiss Cirrus HD-5000 OCT. The previously validated Duke Reading Center’s DRCVisualizer 
semiautomatically segmented (manually corrected) the ganglion cell-inner plexiform (GC-IPL), inner nuclear (INL), outer 
plexiform (OPL), outer nuclear (ONL), photoreceptors, and retinal pigment epithelium (RPE) layers. Mean thickness and volume 
were obtained within 3- and 6-mm ETDRS perifoveal rings. Individuals were age- and sex-matched (±5 years) with controls. 
Results: Thirty-eight patients with TBI (66 eyes; mean ± SD age 45 ± 19 years) and 37 controls (66 eyes; age 44 ± 18 years) 
were enrolled. Time from TBI to imaging was a mean ± SD 136 ± 89 weeks. TBI was categorized by severity (mild without 
loss of consciousness [LOC] [n = 25], mild with LOC [n = 35], moderate [n = 6]) and injury mechanism (nonpenetrating 
contact [n = 54], acceleration-deceleration [n = 12]). Mean GC-IPL was significantly decreased and mean OPL thickness and 
volume were significantly increased in male TBI patients vs controls. Eyes with moderate TBI had significantly increased mean 
neurosensory retina, INL, OPL, and RPE thickness and volume vs other TBI severity groups. Eyes with nonpenetrating contact 
TBI had significantly increased mean neurosensory retina and ONL thickness and volume vs eyes with acceleration-deceleration 
TBI. All eyes showed a significant correlation for decreasing mean GC-IPL thickness and volume with time from TBI to imaging. 
Conclusions: TBI may impact thickness and volume of the retinal layers, and changes may be progressive over time.
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may serve as a useful biomarker for detection of TBI-associated 
neurodegeneration.

Few studies have investigated alterations in other retinal lay-
ers that may occur after TBI. Changes to the outer nuclear layer 
(ONL)15 in experimental animal models and ganglion cell layer 
(GCL)16 in human subjects have been reported after TBI. Other 
studies assessing patients with neurodegenerative disease, cog-
nitive decline, and cerebral atrophy have also noted overall 
thinning of inner retinal layers, such as the inner plexiform 
layer (IPL), and thickening of outer retinal layers, such as the 
retinal pigment epithelium (RPE).10,17–19 Examining these reti-
nal layers in human subjects with prior TBI may provide more 
insight into additional potential retinal imaging biomarkers.

Therefore, the objective of our study was to investigate dif-
ferences in retinal layer thickness and volume in patients with 
prior TBI compared with age- and sex-matched control subjects 
without TBI. We also examined how the time from TBI to reti-
nal imaging and the mechanism and severity of TBI may impact 
retinal layer morphology.

Methods

Ethics and Consent

This study was approved by the Duke University Health System 
(DUHS) institutional review board (protocol Pro00111831). 
Study activities adhered to the tenets of the Declaration of 
Helsinki and Health Insurance Portability and Accountability 
Act. Written informed consent was obtained from all eligible 
individuals before enrollment.

Recruitment and Classification

This was a cross-sectional study of patients age 18 years or 
older who were diagnosed with TBI and evaluated in adult neu-
rology, sports concussion, and neuro-ophthalmology clinics 
within DUHS in Durham, North Carolina. A retrospective elec-
tronic health record review was conducted using the Duke 
Enterprise Data Unified Content Explorer (DEDUCE) to iden-
tify all patients who were diagnosed as having TBI on the basis 
of ICD-10 diagnosis codes (S06.0X1; S06.0X2; S06.0X3; 
S06.0X4) from January 1, 2018 to March 1, 2024. Patients were 
then contacted by email and/or telephone to gauge study inter-
est. Those providing consent were prospectively enrolled. 
Patient demographics, including age, sex, and years of educa-
tion, were collected. Additional information included prior neu-
roimaging with computed tomography and/or magnetic 
resonance imaging, history of migraines and/or posttraumatic 
stress disorder, and number of prior concussions.

Each patient was assigned a TBI severity grade based on the 
Veterans Affairs TBI severity criteria,20 using categories of mild, 
moderate, or severe. The mild TBI group was subdivided into 
categories of mild without loss of consciousness (LOC) and 
mild with LOC, because LOC has been found to increase the 
risk of subsequent dementia and result in delayed functional out-
comes.21,22 TBI was also classified based on the mechanism of 
injury, in accordance with the American Psychiatric Association 

guidelines,23 with categories of nonpenetrating contact injury or 
acceleration-deceleration injury.

Age- and sex-matched control subjects with normal cogni-
tion and without a history of TBI, migraine, or posttraumatic 
stress disorder were enrolled. Controls were recruited from the 
Duke Eye Multimodal Imaging in Neurodegenerative Disease 
database of patients. Control subjects were age matched to TBI 
patients within ±5 years.

Exclusion Criteria

Patient were excluded if they were younger than age 18 years, 
had a history of penetrating head trauma, Alzheimer’s disease, 
Parkinson’s disease, non–Alzheimer’s disease dementia, or 
other preexisting cognitive disorder not related to TBI, or had a 
current diagnosis of bipolar or psychotic disorder. Those with a 
secondary brain injury related to alcohol or drug consumption, 
anoxia, or nontraumatic causes were also excluded. Those with 
nonpenetrating ocular injury, diabetes mellitus, uncontrolled 
hypertension, glaucoma, optic neuropathy, any vitreoretinal 
disorder, best corrected distance visual acuity (BCVA) worse 
than 20/40, or a refractive error greater than +6 or lower than 
−6 D were excluded. Any patient with a history of intraocular 
surgery, other than cataract or refractive surgery, was excluded. 
If only 1 eye satisfied the inclusion criteria, only that eye was 
included.

Data Collection

This study used a research and imaging protocol similar to that 
used in prior studies assessing chronic neurodegenerative dis-
ease.24,25 At the initial study visit, each participant’s BCVA was 
measured, and a Mini-Mental State Examination (MMSE) 
score was obtained.

Recruited individuals were imaged by trained study staff using 
Zeiss Cirrus HD-5000 Spectral-Domain OCT with AngioPlex 
(version 11.0.0.29946, Carl Zeiss Meditec). Images were assessed 
for quality, and our prior quality criteria25 were used to exclude 
poor quality images. We then exported 512 × 128 macular cube 
scans. These scans were imported into DRCVisualizer (version 
number 2.1.1, Duke Reading Center), a previously validated soft-
ware for segmenting retinal layers.26,27 The software resized each 
image to a fixed resolution. To minimize the impact of ocular 
magnification from axial length variations, eyes with spherical 
equivalents greater than 6D were excluded. The impact of axial 
length below a spherical equivalent of 6D has been shown to be 
minimal.28 The following retinal layers were then automatically 
segmented for each OCT scan: neurosensory retina, ganglion cell 
and inner plexiform layer (GC-IPL), inner nuclear layer (INL), 
outer plexiform layer (OPL), outer nuclear layer (ONL), photore-
ceptors layer, and RPE.

After automatic segmentation of the retinal layers, 2 trained 
readers (N.K. and S.D.P.) reviewed each scan and made manual 
corrections to segmentation errors, with input from a third adjudi-
cator (D.S.G. or S.C.) as indicated. Measurements of mean thick-
ness (in micrometers) and volume (in cubic millimeters) were 
exported and reported within the central 1-mm subfield and 3- and 
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6-mm perifoveal ETDRS rings. The 3- and 6-mm perifoveal rings 
were further subdivided into superior, temporal, inferior, and 
nasal quadrants (Figure 1). Thickness and volume measurements 
obtained within these quadrants were also collected.

Statistical Analysis

Data analysis was generated using SAS/STAT software, version 
9.4 (SAS Institute). Group comparisons of demographics, using 
patient-level data, were assessed using the Wilcoxon rank-sum 
test for continuous data and Fisher exact test for categorical 
data. Continuous outcomes (in the eyes) were compared across 
groups using the Z-test of difference in mean values between 
groups, with generalized estimating equations and an exchange-
able correlation structure. BCVA was converted from Snellen 
VA to logMAR notation for analysis. Statistical significance 
was determined at an a level of .05. Mean values are ± SD. 
Correlations between thickness and volume measurements of 
retinal layers and time from TBI to retinal imaging were deter-
mined using Pearson correlation coefficients.

Results

Patient Characteristics

Overall, 66 eyes of 38 participants with TBI were included; 24 
of 38 (63.2%) were female, the mean age was 44.7 ± 18.6 
years, 36 patients were White (94.7%), and 2 patients (5.3%) 

were Black. The mean number of years of education was 16.38 
± 2.97 years. The mean MMSE score at presentation was 29.45 
± 1.37. Based on TBI severity grading, 25 eyes of 14 patients 
(37.9%) were classified as mild without LOC, 35 eyes of 20 
patients (53.0%) as mild with LOC, 6 eyes of 4 patients (9.1%) 
as moderate, and 0 patients as severe. The mean time from TBI 
to OCT imaging was 953 ± 624 days. A total of 23 eyes of 13 
patients (34.8%) had a concurrent diagnosis of migraines, and 9 
eyes of 5 patients (13.6%) had a concurrent diagnosis of post-
traumatic stress disorder. The mean SD BCVA (logMAR) of 
patients at presentation was 0.050 ± 0.097 (Snellen equivalent 
20/20 ± 5) (Table 1).

In addition, 66 eyes of 37 age- and sex-matched control par-
ticipants without any prior history of TBI were included; 23 of 
37 (62.2%) were female, the mean age was 43.9 ± 17.9 years, 28 
patients were White (75.7%), 6 patients were Asian (16.2%), 2 
patients were Black (5.4%), and 1 patient was Latinx. The mean 
SD number of years of education was 17.19 ± 2.39 years. The 
mean SD MMSE score at presentation was 29.73 ± 0.56. The 
mean SD BCVA (logMAR) at presentation was 0.019 ± 0.094 
(Snellen equivalent 20/20 ± 5) (Table 1).

There were no statistically significant differences in age, 
sex, years of education, or MMSE scores between the TBI and 
control groups. There was a statistically significant difference 
in race distributions between the 2 groups (P = .021), as shown 
in Table 1. No significant difference in BCVA (logMAR) was 
noted between the TBI and control groups (Table 2).

Retinal Layer Thickness and Volume Comparisons

Overall, when comparing retinal layer thickness and volume 
between patients with TBI and controls, there were no statisti-
cally significant differences in the mean thickness and volume 
for any retinal layer, including the GC-IPL, INL, OPL, ONL, 
photoreceptors, RPE, and neurosensory retina.

In the eyes of female patients (n = 41), there were no statisti-
cally significant differences in thickness and volume for any 
retinal layer.

In the eyes of male patients (n = 55), the 1-mm central GC-IPL 
thickness was significantly decreased in eyes with TBI compared 
with controls (mean 37.21 ± 9.74 µm vs 45.50 ± 13.87 µm), and 
the volume of the 1-mm central GC-IPL was also significantly 
decreased in eyes with TBI compared with controls (mean 0.029 ± 
0.008 mm³ vs 0.036 ± 0.011 mm³) (each P = .013). Furthermore, 
the 3-mm nasal OPL thickness and volume were  
significantly increased (thickness, mean 36.02 ± 9.53 µm vs  
30.17 ± 6.03 µm; volume, mean 0.057 ± 0.015 mm³ vs 0.047 ± 
0.009 mm³), and the 6-mm nasal OPL thickness and volume were 
also significantly increased (thickness, mean 28.86 ± 3.81 µm  
vs 26.34 ± 3.42 µm; volume, mean 0.15 ± 0.02 mm³ vs 0.14 ±  
0.02 mm³) (each P = .031) (Supplement A).

TBI Severity Comparisons

Eyes with moderate TBI (n = 4) had significantly increased 
1-mm central neurosensory retina thickness and volume 

Figure 1.  Areas of measurements of retinal thickness and volume 
on optimal coherence tomography, including the central 1-mm ring, 
and 3-mm and 6-mm ETDRS perifoveal rings, divided into superior 
(S), temporal (T), inferior (I), and nasal (N) quadrants.
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(thickness, mean 297 ± 4.89 µm; volume, mean 0.23 ± 0.00 
mm³) when compared with eyes with mild TBI without LOC  
(n = 14; thickness, mean 278 ± 12.3 µm; volume, mean 0.22 ± 
0.01 mm³) (each P < .001), and when compared with eyes with 

Table 1.  Demographic and Clinical Characteristics of Patients With Prior TBI vs Age- and Sex-Matched Controls.

Variable TBI Control Pa

Demographic
  Age
    N 38 37  
    Mean ± SD (y) 44.71 ± 18.64 43.89 ± 17.91  
    Median [Min, Max] (y) 45.5    [19.0, 77.0] 45.0 [19.0, 74.0] .882
  Sex, Male, n/N (%) 14/38 (36.8) 14/37 (37.8) 1.000
  Race, n/N (%) .021b

    White 36/38 (94.7) 28/37 (75.7)  
    Black 2/38  (5.3) 2/37  (5.4)  
    Latinx 0 1/37  (2.7)  
    Asian 0 6/37 (16.2)  
  Education  
    N 37 36  
    Mean ± SD (y) 16.38 ± 2.97 17.19 ± 2.39  
    Median [Min, Max] (y) 16.0    [12.0, 25.0] 17.0 [12.0, 22.0] .106
Clinical
  MMSE score
    N 38 37  
    Mean ± SD 29.45 ± 1.37 29.73 ± 0.56  
    Median [Min, Max] 30.0    [23.0, 30.0] 30.0 [28.0, 30.0] .718
  Time from TBI to OCT imaging
    N 36  
    Mean ± SD (days) 953.2 ± 623.5  
    Median [Min, Max] (days) 764.5 [264.0, 2 967.0]  
  MRI, n/N (%)  
    0 images 26/38 (68.4)  
    1 image 10/38 (26.3)  
    2 images 2/38  (5.3)  
  OCT, n/N (%)
    0 images 10/38 (26.3)  
    1 image 25/38 (65.8)  
    2 images 3/38  (7.9)  
  Migraine, n/N (%) 13/38 (34.2)  
  Posttraumatic stress disorder, n/N (%) 5/38 (13.2)  
  Severity of TBI, n/N (%)  
    Mild with no LOC 14/38 (36.8)  
    Mild with LOC 20/38 (52.6)  
    Moderate 4/38 (10.5)  
  Concussions, n/N (%)
    0 events 1/38  (2.6)  
    1 event 29/38 (76.3)  
    2 events 5/38 (13.2)  
    3 events 1/38  (2.6)  
    4 events 1/38  (2.6)  
    5 events 1/38  (2.6)  

Abbreviations: LOC, loss of consciousness; Min, Max, minimum and maximum; MMSE, Mini-Mental State Examination; MRI, magnetic resonance imaging; OCT, 
optical coherence tomography; TBI, traumatic brain injury.
aP value based on Wilcoxon rank-sum test for continuous variables, and Fisher exact test for categorical variables.
bStatistically significant difference in race distributions between the 2 groups.

mild TBI with LOC (n = 20; thickness, mean 277 ± 23.4 µm; 
volume, mean 0.22 ± 0.02 mm³) (each P < .001).

The 1-mm central INL thickness and volume were signifi-
cantly increased in eyes with moderate TBI (thickness, mean 
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24.9 ± 2.94 µm; volume, mean 0.020 ± 0.002 mm³) when 
compared with eyes with mild TBI without LOC (thickness, 
mean 20.2 ± 3.10 µm; volume, mean 0.016 ± 0.002 mm³) 
(each P = .003), and when compared with eyes with mild TBI 
with LOC (thickness, mean 20.5 ± 4.44 µm; volume, mean 
0.016 ± 0.003 mm³) (each P = .015). Furthermore, the moder-
ate TBI group had significantly decreased 6-mm inferior INL 
thickness and volume (thickness, mean 27.0 ± 2.21 µm; vol-
ume, mean 0.14 ± 0.01 mm³) when compared with eyes with 
mild TBI with LOC (thickness, mean 29.8 ± 2.65 µm; volume, 
mean 0.16 ± 0.01 mm³) (each P = .034).

Eyes with moderate TBI had significantly increased mean 
thickness and volume in the 1-mm central OPL (P = .037), 
3-mm nasal OPL (P = .013), 3-mm superior OPL (P = .029), 
and 6-mm nasal OPL (P = .018) compared with eyes with mild 
TBI with LOC.

Furthermore, the moderate TBI group had significantly 
increased 6-mm temporal RPE thickness and volume (thick-
ness, mean 21.7 ± 0.72 µm; volume, mean 0.12 ± 0.00 mm³) 
compared with eyes with mild TBI with LOC (thickness, mean 
20.2 ± 2.24 µm; volume, mean 0.11 ± 0.01 mm³) (each P = 
.006) (Supplement B).

There were no statistically significant differences in the 
mean GC-IPL, ONL, and photoreceptor thickness and volume 
based on TBI severity.

TBI Mechanism Comparisons

Eyes with nonpenetrating contact TBI (n = 12) had significantly 
increased mean thickness and volume of the 1-mm central neu-
rosensory retina (P = .049), 6-mm nasal neurosensory retina  
(P = .011), and 6-mm temporal neurosensory retina (P = .020) 
compared with eyes that had acceleration-deceleration contact 
TBI (n = 54). Eyes with nonpenetrating contact TBI had signifi-
cantly increased mean thickness and volume of the 3-mm tem-
poral ONL (P = .036), 3-mm inferior ONL (P = .009), 6-mm 
nasal ONL (P = .003), 6-mm temporal ONL (P = .009), and 
6-mm inferior ONL (P = .002) compared with eyes that had 
acceleration-deceleration TBI (Supplement C).

Correlations Between Retinal Layer Thickness and 
Volume and Time From TBI to Imaging

Overall, there was a significant moderate negative correlation  
(r = −0.36, P = .004) between the mean thickness and volume of 
the 3-mm temporal GC-IPL and time from TBI to imaging. No 

significant correlations were noted for any other retinal layers 
(Supplement D).

In the eyes of female participants, there was a significant 
moderate positive correlation (r = 0.33, P = .04) between the 
mean thickness and volume of the 6-mm temporal neurosensory 
retina and time from TBI to imaging. There was a significant 
moderate positive correlation (r = 0.36, P = .02) between the 
mean thickness and volume of the 6-mm temporal GC-IPL and 
time from TBI to imaging. In addition, there was a moderate 
negative correlation (r = −0.33, P = .04) between the mean thick-
ness and volume of the 6-mm temporal OPL and time from TBI 
to imaging (Supplement E). No significant correlations were 
noted between the mean thickness and volume of the INL, ONL, 
photoreceptor, and RPE layers and time from TBI to imaging.

In the eyes of male participants, there was a significant mod-
erate negative correlation between the mean thickness and vol-
ume of the 1-mm central GC-IPL (r = −0.63, P = .002), 3-mm 
nasal GC-IPL (r = −0.58, P = .01), 3-mm superior GC-IPL (r = 
−0.64, P = .002), 3-mm temporal GC-IPL (r = −0.69, P = .001), 
3-mm inferior GC-IPL (r = −0.63, P = .002), 6-mm nasal GC-IPL 
(r = −0.44, P = .04), 6-mm superior GC-IPL (r = −0.48, P = .03), 
and 6-mm temporal GC-IPL (r = −0.44, P = .05) and time from 
TBI to imaging. In addition, there was a significant moderate 
positive correlation between the mean thickness and volume of 
the 6-mm temporal OPL (r = 0.49, P = .03) and 6-mm inferior 
OPL (r = 0.55, P = .01) and time from TBI to imaging (Supplement 
F). No significant correlations were noted between the mean 
thickness and volume of the neurosensory retina, INL, ONL, 
photoreceptor, and RPE layers and time from TBI to imaging.

Correlation analyses according to TBI severity group showed 
that in eyes with mild TBI without LOC, there was a significant 
moderate positive correlation between the mean thickness and 
volume of the 6-mm superior GC-IPL (r = 0.50, P = .01) and time 
from TBI to imaging. In these patients, there were significant 
moderate positive correlations between the mean thickness and 
volume of the 3-mm superior INL (r = 0.72, P < .001), 6-mm 
nasal INL (r = 0.51, P = .01), and 6-mm temporal INL (r = 0.49, P 
= .02) and time from TBI to imaging (Supplement G). In this 
group, no significant correlations were noted between the mean 
thickness and volume of the neurosensory retina, ONL, OPL, 
photoreceptor, and RPE layers and time from TBI to imaging.

In eyes with mild TBI with LOC, there was a significant mod-
erate negative correlation between the mean thickness and vol-
ume of the 6-mm nasal neurosensory retina (r = −0.63, P = .002) 
and time from TBI to imaging. In this same group, there were 
significant moderate negative correlations between the mean 

Table 2.  Best Corrected Visual Acuity at Presentation in Patients With Prior TBI vs Age- and Sex-Matched Controls.

Variable TBI (N = 66) Control (N = 66) Pa

BCVA, mean ± SD (logmar) 0.050 ± 0.097 0.019 ± 0.094 .069
BCVA, median [Min, Max] (logmar) 0.000 [−0.097, 0.301] 0.000 [−0.097, 0.243]  

Abbreviations: BCVA, best corrected visual acuity; Min, Max, minimum and maximum; TBI, traumatic brain injury.
aP value based on Z-test of difference between groups using generalized estimating equations to account for correlation between eyes. Differences were not 
statistically significant.
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thickness and volume of the 3-mm nasal GC-IPL (r = −0.42,  
P = .01), 3-mm temporal GC-IPL (r = −0.48, P = .01), and 3-mm 
inferior GC-IPL (r = −0.35, P = .05) and time from TBI to imag-
ing (Supplement H). In this group, no significant correlations 
were noted between the mean thickness and volume of the INL, 
ONL, OPL, photoreceptor, and RPE layers and time from TBI to 
imaging.

In eyes with moderate TBI, there were significant strong 
negative correlations between the mean thickness and volume 
of the 3-mm temporal OPL (r = −0.82, P = .05), 3-mm inferior 
OPL (r = −0.94, P = .01), and 6-mm inferior OPL (r = −0.92,  
P < .01) and time from TBI to imaging (Supplement I). In  
this group, there were no significant correlations noted between 
the mean thickness and volume of the neurosensory retina, 
GC-IPL, INL, ONL, photoreceptors, and RPE layers and time 
from TBI to imaging.

Correlation analyses according to mechanism of TBI injury 
showed that eyes with nonpenetrating contact TBI had signifi-
cant moderate negative correlations between the mean thickness 
and volume of the 3-mm temporal GC-IPL (r = −0.42, P = .002) 
and 3-mm inferior GC-IPL (r = −0.29, P = .04) and time from 
TBI to imaging (Supplement J). In this group, no significant cor-
relations were noted between the mean thickness and volume of 
the neurosensory retina, INL, ONL, OPL, photoreceptors, and 
RPE layers and time from TBI to imaging.

Eyes with acceleration-deceleration TBI had significant 
moderate positive correlations between the mean thickness and 
volume of the 3-mm superior OPL (r = 0.74, P = .01) and 6-mm 
superior OPL (r = 0.61, P = .04) and time from TBI to imaging 
(Supplement K). In this group, no significant correlations were 
noted between the mean thickness and volume of the neurosen-
sory retina, INL, ONL, photoreceptors, and RPE layers and 
time from TBI to imaging.

Conclusions

In this cross-sectional study comparing eyes of patients with 
prior TBI with eyes of age- and sex-matched control subjects 
without prior TBI, we noted significant differences in the mean 
retinal layer thickness and volume based on sex, TBI severity, 
and mechanism of TBI injury. These changes overall suggest 
that retinal layer morphology may function as a useful bio-
marker in diagnosing and monitoring the eye health of TBI 
patients.

No significant differences in the mean retinal thickness and 
volume were seen in all eyes of TBI patients when compared 
with all eyes of control subjects. When categorized by sex, eyes 
of male TBI patients demonstrated decreased mean thickness 
and volume of the GC-IPL and increased mean thickness and 
volume of the OPL. Moreover, eyes of male patients demon-
strated a significant correlation of decreasing mean thickness 
and volume of the GC-IPL with time from TBI to imaging. 
Prior studies have noted a decrease in RNFL and loss of GCL 
after TBI.12–14,16,29 A study conducted among veterans found 
that those with mild TBI had OCT evidence of RNFL thinning 

over time.14 The pathophysiology of neural cell loss after TBI 
has been elucidated.30,31 The initial impact from TBI can lead to 
mechanical damage from shearing, tearing, and/or stretching of 
neurons, axons, glia, and blood vessels. There is also a second-
ary wave of biochemical cascades that can consist of excitotox-
icity, oxidative stress, mitochondrial dysfunction, blood-brain 
barrier disruption, and inflammation.32 These processes may 
explain the correlation of GC-IPL structural loss with length of 
time since the occurrence of the TBI.

In the eyes of male patients with prior TBI, a significant cor-
relation was observed between increasing mean OPL thickness 
and volume and time from TBI to imaging. Outer retinal layer 
thickening after TBI has been previously described. One study 
involving veterans with a history of blast-induced mild TBI 
noted thickening of the outer retinal layers on OCT scans, 
including the ONL.33 Another study examining retinas in rat 
models found increased retinal thickness after blast-induced 
TBI, particularly in outer retinal layers. The thickening was 
attributed to inflammation, including increased expression of 
inflammatory chemokines and cytokines such as inducible 
nitric oxide synthase and aquaporin-4.15 Inflammatory changes 
in the outer retinal layers of male patients after TBI may explain 
our findings.

The eyes of female patients with prior TBI, in contrast, did 
not show significant differences in mean retinal thickness and 
volume compared with controls. One theory for sex-based dif-
ferences in response to TBI includes the functioning of mito-
chondria after cellular injury.34 Past TBI studies have noted that 
mitochondria in female patients have reportedly more efficient 
oxidative phosphorylation35 and lower oxidative stress, owing 
to greater expression and activity of antioxidant enzymes com-
pared with the mitochondria of male patients.36 Another pro-
posed theory is that female hormones may have a neuroprotective 
role after TBI.37 In addition, one published review, which com-
piled several large studies enrolling more than 10 000 TBI 
patients, showed that 67% of the included studies demonstrated 
better functional outcomes in the eyes of female patients com-
pared with male patients after TBI.34 These factors may offer an 
explanation for the lack of significant differences in retinal 
thickness and volume in female patients with prior TBI com-
pared with controls.

TBI severity also impacted retinal layer morphology in our 
study. Eyes with moderate TBI had significantly increased 
mean thickness and volume of the INL, OPL, neurosensory 
retina, and RPE compared with eyes with TBI of milder sever-
ity levels. Furthermore, eyes with moderate TBI showed a sig-
nificant correlation of decreasing thickness and volume of the 
OPL with time from TBI to imaging. The previously mentioned 
study of the retina in rat models found that outer retinal layers 
were thickened due to increased expression of chemokines and 
cytokines; furthermore, this correlated with the severity of 
blast-induced TBI.15 We postulate that the increased retinal 
layer thickness and volume seen in eyes with moderate TBI 
may be attributable to an elevated inflammatory response that 
subsides with time, as demonstrated by the decreasing mean 
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thickness and volume of the OPL with time from TBI to imag-
ing in our study.

Eyes with mild TBI with LOC showed a significant correla-
tion of decreasing mean thickness and volume of the neurosen-
sory retina and GC-IPL with time from TBI to imaging. 
Interestingly, among patients with mild TBI without LOC, there 
was a significant correlation of increasing mean GC-IPL thick-
ness and volume with time from TBI to imaging. A systematic 
review of patients with mild TBI found that while there was 
decreased thickness of the RNFL, no change was seen in the 
ganglion cell layer.13 In prior reports, it has been noted that 
there are variations in RNFL changes seen in patients with mild 
TBI, including decreased RNFL thickness over time in some 
patients but also increased RNFL thickness over time observed 
in other patients.14 Our study also noted variations in neuronal 
layer changes in patients with mild TBI over time, but our find-
ings were noted in the GC-IPL layer as opposed to the RNFL. 
The GC-IPL region consists of glial cells and axons. Axons can 
be dynamic and change volume by the level of axoplasmic 
flow,38–40 which potentially explains the opposing trends in 
GC-IPL thickness and volume with time in the mild TBI with 
LOC vs mild TBI without LOC group. Furthermore, reactive 
gliosis occurs after TBI and may be increased based on the 
severity of TBI.41 Glial scars are known to inhibit axonal regen-
eration42 and may explain why the more severe TBI group (mild 
with LOC), with likely greater reactive gliosis and resulting 
glial scarring, showed a correlation of decreasing GC-IPL with 
time after TBI.

The mechanism of TBI injury also impacted retinal mor-
phology. Nonpenetrating contact TBI was associated with 
significantly increased mean neurosensory retina and ONL 
thickness and volume compared with that in the group with 
acceleration-deceleration TBI. The literature has noted 
increased outer retinal thickness in closed globe injury.43,44 
However, some studies have noted thickening of outer reti-
nal layers in acceleration-deceleration injuries as well.45 The 
acceleration-deceleration group in our study demonstrated a 
significant correlation of increasing mean OPL thickness 
and volume with time from TBI to imaging. An explanation 
for these findings involves the unique inflammatory media-
tors that are released during TBI events. In mouse models, 
there has been increased expression of interleukin-6 observed 
after acceleration-deceleration injury.46 Interleukin 6 is a 
cytokine that has been implicated in inflammation of the 
inner and outer retinal layers.47 Other cytokines and chemo-
kines, similar to interleukin-6, may play roles in the differ-
ences in retinal morphology observed between different 
mechanisms of TBI.

Eyes with nonpenetrating contact TBI showed a significant 
correlation of decreasing GC-IPL thickness and volume with 
time from TBI to imaging. One study of patients following 
closed globe injury noted reductions in the ganglion cell layer 
after injury, with an average follow-up time of 8 years.48 Direct 
contact injury can cause neuronal cells to undergo apoptosis 

and necrosis.49 Furthermore, degenerating oligodendrocytes 
and astrocytes have been observed within injured white matter 
tracts.50 Other mechanisms for cell injury involve excitatory 
amino acids, increased intracellular calcium, increased free 
radical production, and/or a shift in the balance between pro- 
and anti-apoptotic protein factors.49 Thus, it becomes important 
to monitor patients with nonpenetrating contact injury for long-
term changes in neuronal cell layers.

Our study has some limitations to note. This was a cross-
sectional study with a limited sample size of participants. 
Furthermore, the racial composition of our study population 
was primarily White, which limits the applicability of conclu-
sions to other non-White populations. We also obtained images 
of each patient at different time points after their injury. We 
strived to address this limitation by looking at correlations 
between mean thickness and volume of retinal layers based on 
time from TBI to imaging. However, a longitudinal study of 
retinal morphologic changes over time in the same patient eye 
requires further investigation. Additionally, there are inherent 
limitations with the retinal layer analysis software used. Though 
this previously validated software semiautomatically seg-
mented retinal layers, each scan still required manual correction 
from trained graders, which introduces variability. Finally, 
functional outcomes such as quality of life metrics were not 
investigated.

Overall, this study demonstrates that patients with prior TBI 
may have progressive changes in retinal architecture after the 
injury. These findings may be impacted by sex, TBI severity, 
and the mechanism of TBI injury. Larger cohort studies with 
more diverse patient populations are needed to further investi-
gate these findings. Retinal layer morphologic changes after 
TBI may serve as a useful biomarker to determine patients’ 
long-term prognosis and individualize their care. Further 
research investigating vision-based quality of life metrics may 
add insight50–52 and help develop predictive models of func-
tional outcomes. With these interventions, we can strive to 
address the short- and long-term impact that TBI may have on 
the retina.
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