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A systematic review of optical coherence tomography findings 
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Mild traumatic brain injury (mTBI) is common with many patients suffering disabling long-term sequelae, with visual symptoms 
frequently reported. There are no objective biomarkers of mTBI that are routinely used in clinical practice. Optical coherence 
tomography (OCT) has been used in mTBI research, as it enables visualisation of the neuroretina, allowing measurement of the 
retinal nerve fibre layer and ganglion cell layer. This systematic review aims to appraise the available literature and assess whether 
there are significant changes within the retinal nerve fibre layer and ganglion cell layer in subjects after mTBI. A systematic review 
was carried out in accordance with PRISMA guidelines and registered with PROSPERO (Number: CRD42022360498). Four databases 
were searched for relevant literature published from inception until 1 September 2022. Abstracts and full texts were screened by 
three independent reviewers. Initial screening of databases yielded 341 publications, of these, three fulfilled all the criteria for 
inclusion. All three studies showed thinning of the retinal nerve fibre layer, whereas there were no significant changes in the 
ganglion cell layer. This systematic review demonstrated that thinning of the retinal nerve fibre layer (but not of the ganglion cell 
layer) is associated with mTBI. It provides preliminary evidence for the use of the retinal nerve fibre layer as a potential biomarker 
of damage to the visual system in mTBI. Further prospective longitudinal studies ensuring uniform diagnosis and accurate 
phenotyping of mTBI are needed to understand the effects on the visual system and potential of OCT as a prognostic biomarker.

Eye (2024) 38:1077–1083; https://doi.org/10.1038/s41433-023-02845-w

BACKGROUND
Traumatic brain injury (TBI) is a major public health problem 
worldwide [1]. It is defined as an alteration in brain function, or 
any other evidence of brain pathology, caused by an external 
force [1, 2]. It can be categorised by severity (mild, moderate and 
severe), penetrating or non-penetrating (open or closed), and 
blast or non-blast. The main classifications based on severity are: 
Veterans Affairs Department of Defense (VA/DoD) [3], World 
Health Organisation (WHO) [4] and Mayo [5].

Mild traumatic brain injury (mTBI) is common with nearly 1.2 
million Emergency Department visits annually, and encompasses 
approximately 85% of those admitted with a head injury in 
England and Wales [6]. Although classified as ‘mild’, many of 
these individuals suffer significant disabling long-term sequalae, 
including posttraumatic headache, vestibular, visual and cogni
tive dysfunction, as well as mental health problems [4]. The 
National Institutes of Health declared mTBI a major public health 
problem because of the frequency of underdiagnosis and the 
high societal burden [7]. Most TBI in Europe are caused by road 
traffic accidents and falls; 63% of patients are adults between 16 
and 64 years old [8, 9]. Nonetheless, TBI is also an important cause 
of morbidity in the elderly population, who are more prone to 

recurrent falls, with 80–84 year olds having one of the highest 
incidence rates of head injury, second to 15–19 year olds [9, 10]. A 
large proportion of TBI affects working-age adults, with 50% of 
patients complaining of functional limitations 12 months after the 
event. It is also an indirect cause of unemployment, productivity 
loss and work limitations [11, 12]. In the United States, the 
estimated economic impact of TBI in 2006 was $9.2 billion direct 
costs per annum and $51.2 billion indirect costs from missed work 
and lost productivity [13].

In TBI, shear forces cause a primary insult to neurons, axons, 
glia and blood vessels; this initial damage activates a wave of 
metabolic and inflammatory cascades causing secondary injury 
[14]. In addition to the immediate effects, several studies suggest 
an association between a history of TBI and increased risk of 
Alzheimer disease [15, 16], Parkinson disease [17], amyotrophic 
lateral sclerosis [18], cognitive impairment [19], and multiple 
sclerosis [20], suggesting progressive neurodegeneration over 
time after the primary and secondary injuries [21]. TBI may 
therefore be better classified as a disease process, not an 
isolated event.

The impact on the visual system may be one of the most 
disabling manifestations of mTBI [22]. As more than 30 brain areas 
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and cranial nerves two to eight affect visual functioning, it is 
unsurprising that mTBI causes visual dysfunction [14]. The retinal 
nerve fibre layer (RNFL) may also be injured by the primary and 
secondary brain insults [14, 23].

Visual dysfunction can be difficult to identify after mTBI 
because the development of visual sequalae or patient reporting 
may be delayed. Visual changes include visual field defects [24], 
vergence dysfunction [25], reading dysfunction [26], abnormal 
pupillary responses [27] and accommodative dysfunction [28]. In 
addition, after mTBI, 20–40% of patients suffer deficits in smooth 
pursuit, tracking, and pursuit initiation [29].

At present there are no objective measures that predict the 
likelihood of developing visual complications after mTBI. One 
potential measure is optical coherence tomography (OCT) 
imaging, a non-invasive and rapid modality that can perform 
serial measurements of the RNFL and macula ganglion cell layer 
(GCL) rendering it ideal for prolonged longitudinal studies 
[30, 31]. Whilst retinal thickness changes after mTBI are not well 
understood, OCT may allow detection of early structural changes, 
as well as revealing subsequent damage to neuronal tissue.

In this review we aim to appraise systematically all available 
literature reporting OCT RNFL and GCL measurements after mTBI 
to assess the potential of OCT as a biomarker for visual damage.

METHODS
Databases and search strategy
This systematic review was registered on PROSPERO (Number: 
CRD42022360498) and was conducted according to PRISMA 
guidelines [32]. Four databases (PubMed, EMBASE, clinicaltrials.
gov and Cochrane Library) were searched for relevant literature 
published from inception until 1 September 2022. Search terms 
consisted of different variations of keyworks, including (1) 
Trauma* brain injury OR TBI OR head injury OR brain injury OR 
concuss* OR “traumatic optic neuropathy”; AND (2) “Optical 
coherence tomography” OR OCT; AND (3) “Retinal nerve fibre 
layer” OR RNFL OR GCL OR GCIPL OR “ganglion cell”. The search 
strategy was identical in all databases, with minor adaptation to 
the coding to suit individual database settings. All citations were 
imported and managed using EndNote 20.

Inclusion and exclusion criteria
The inclusion and exclusion criteria are shown in Table 1. Review 
articles were excluded; however, their references were also 

screened to search for any additional publication that might 
have fitted inclusion criteria.

Papers selection and data extraction
Three authors (HL, MS, YH) worked independently and each 
screened all titles and abstracts for relevant articles; arbitration of 
disagreements was performed by an independent senior fourth 
author (RB). Two authors (HL and MS) then worked independently 
to review full-text articles of all articles marked relevant to confirm 
eligibility based on abovementioned criteria; arbitration of 
disagreements was performed by an independent senior fourth 
author (RB). Two authors (HL and MS) collected the data for the 
included studies and assessed risk of bias independently.

Methodological risk of bias for each study was appraised using 
the Newcastle-Ottawa Scale, which was designed to assess risk of 
bias for case-control and cohort studies on the basis of three main 
domains (selection, comparability and outcome) and eight sub- 
domains [33]. The following data were extracted and reported: (1) 
Study design; (2) Geographical location of the study; (3) Study 
setting (single centre or multicentre); (4) Sample size; (5) Cohort 
age expressed as mean and standard deviation (SD); (6) 
Percentage of female participants; (7) Military or civilian cohort; 
(8) Severity of TBI reported; (9) Diagnostic criteria applied; (10) 
Mode of injury; (11) Time since injury; (12) Type of OCT utilised; 
(13) Number of time points; (14) Presence of control group, (15) 
Patient-reported outcome measures; 16) Resulting statistics for 
reported RNFL and GCL changes.

RESULTS
Search results
After removal of duplicates (43), database searches yielded 341 
publications. Of these, 315 were excluded based on their titles 
and abstracts: 63 were not primary research articles (i.e. 
conference proceedings or reviews), 145 were animal studies, 
15 assessed a paediatric cohort, 26 were case reports with fewer 
than three patients, 56 assessed patients with non-traumatic 
injury or did not report OCT data, and in ten the full text was not 
in English. Twenty-three publications were then excluded after 
full-text review: in 21 papers, the methods did not specifically 
define and assess mTBI, one article reported results in paediatric 
cohort and in one case results had not been published. After title 
and abstract screening and full-text review, three publications 
met the criteria for inclusion. The selection process is summarised 
in Fig. 1.

Risk of bias
Methodological risk of bias for each study according to the 
Newcastle-Ottawa Scale [33] is shown in Table 2.

Study characteristics
Study characteristics can be found in Table 3.

The largest study was by Gilmore et al. [34], assessing 69 mTBI 
patients (diagnosed according to Mayo diagnostic criteria) and 70 
healthy controls, who were well matched for age, sex, education, 
hypertension, diabetes, hazardous drinking and posttraumatic 
stress disorder. Kumar Das et al. [35] included 60 mTBI patients 
(according to WHO criteria), but no control group; and Chan et al. 
[36] assessed 19 patients (according to VA/DoD criteria) and four 
healthy male controls. Two studies had a longitudinal design 
[35, 36], whereas Chan et al. [36] did not report longitudinal data.

Two studies were conducted in the USA [34, 36], and one in 
India [35]. Two studies included military veterans with chronic 
mTBI, while one [35] recruited civilians with acute mTBI (i.e. within 
seven days of incident). The age range for Gilmore [34] and Chan 
et al. [36] ranged from 27 to 60 years and a minority (5–10%) were 
female. Kumar Das et al. [35] did not specify the mean age and 
range for their cohort, only stating that 63.4% were younger than 

Table 1. Inclusion and exclusion criteria.

Inclusion criteria Exclusion criteria

Age of study population 
18 years and older

Papers not available in English

Male and female sex Review articles and case reports with 1 
or 2 patients 

Human study Duplicate papers

Segmented OCT with GCL 
and/or RNFL thicknesses

Time-domain OCT

Mild TBI based on DoD, 
WHO or Mayo criteria.

Brain disease acquired in a manner 
unrelated to trauma

Animal, cellular or in vitro studies

Mode of injury described as 
“concussion” but not consistent with 
formal definitions of mTBI)

Moderate, severe or unclassified TBI

Conference proceedings.

OCT optical coherence tomography, GCL ganglion cell layer, RNFL retinal 
nerve fibre layer, mTBI mild traumatic brain injury, DoD department of 
defense, WHO world health organisation.
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45 years old. They also had a higher percentage of female 
participants at 40%. Two of the studies recruited patients from a 
single centre, with Gilmore et al. [34] recruiting from multiple 
centres. Gilmore et al. [34] and Chan et al. [36] both recruited 
blast and non-blast injuries, with Chan et al. [36] being the only 
study reporting percentages of those with blast injuries. The 
mechanism of injury was not reported by Kumar Das et al. [35]. 
There were no ethnicity or patient-reported outcome measures 
reported in any of the studies [34–36].

Retinal nerve fibre layer
Heterogeneity in methodology and reporting prevented meta- 
analysis and we therefore provide a narrative synthesis.

Across all studies 148 patients with mTBI underwent OCT 
imaging. Of these 136 were included in RNFL analysis. Gilmore 
et al. only included those who had three or more time points of 
RNFL data into their final analysis (63 TBI and 61 control group) 
[34]. Kumar Das et al. lost six to follow-up and two patients were 
one-eyed, but they did not report if those lost to follow-up were 
included in final analysis [35]. Chan et al. did not report patients 
lost to follow-up or excluded from analysis [36].

The cross-sectional data reported by Chan et al. [36] found that 
the mTBI cohort had an average RNFL of 114 μm and the healthy 
cohort 120.5 μm. P values were reported for each sector, showing 
a significant difference for the RNFL in the temporal sector, 
P = 0.04, although, overall, there was no significant difference in 
RNFL across all sectors, P = 0.333.

The average RNFL yearly change after mTBI is shown in Table 4. 
Kumar Das et al. [35] found an average 18 μm decrease in 
RNFL during the initial 12-month period after mTBI, defining a 
“reduction in RNFL” as a decrease >20%, and a decrease > 30% as 
a “significant loss of thickness”, they assessed for RNFL thickening 
as well. Whilst there were no patients with RNFL thickening at 
12 months, they reported 3.7% had RNFL thickening at three 
months after injury.

Gilmore et al. followed up patients over a five year period; they 
showed a significant decrease in average yearly RNFL change in 
mTBI group (average = −1.47 μm/year), whereas yearly change 
was −0.31 μm/year in the control group, P = 0.004 [34]. They 

described a yearly RNFL change, with any RNFL change above 
zero defined as ‘thickening’ and below zero as ‘thinning’. The 
yearly RNFL slope (μm /year) for the mTBI cohort showed that 
81.0% (51/63) had thinning of their RNFL and 19.0% (12/63) 
showed RNFL thickening. The healthy controls had more 
participants with RNFL thickening (42.6%, 26/61) and less with 
RNFL thinning (57.4%, 35/61). However, the baseline RNFL 
thickness was significantly thicker in the mTBI cohort vs controls 
(98.4 μm vs 93.8 μm, P = 0.01),

Ganglion cell layer
Of the 148 mTBI patients who underwent OCT imaging, 63 
patients had GCL thickness reported. Only Gilmore et al. [34] 
reported GCL thickness and as mentioned previously, Gilmore 
et al only included those who had three or more points of RNFL 
data in their final analysis. GCL changes are shown in Table 4.

Chan et al. [36] did not report GCL averages, but instead 
sectors. None for the GCL sectors showed any significant 
differences from the healthy cohort. Kumar Das et al. [35] did 
not record GCL changes in their cohort. Gilmore et al. [34] showed 
no significant difference in average yearly GCL change: −0.17 μm/ 
year in the mTBI group and −0.02 μm/year in the control group, 
p = 0.16.

Other visual measures
All three papers reported visual function measures [34–36]. In 
Gilmore et al.’s paper, contrast sensitivity displayed statistically 
significant changes over time in the lowest spatial frequency for 
monocular vision and at 12 cycles per degree spatial frequency 
for binocular vision. Visual acuity changes over time did not 
significantly differ between groups, whereas the changes for 
visual field mean deviation (yearly negative slope) and pattern 
standard deviation (yearly positive slope) were statistically 
significant when both eyes averaged together. A lower visual 
field mean deviation and lower pattern standard deviation is 
indicative of visual field loss. Visual field loss was also shown by 
Kumar Das et al. [35], with 44% of eyes having a visual field index 
(VFI) of less than 80% at three month post injury (<80% 
considered a “significant visual field defect”), which was the peak 

Fig. 1 Consort diagram outlining searches, screening and study selection for inclusion.
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period for developing visual field defects, with stabilisation from 
six months. The possibility of developing visual field defects 
(VFI < 80%) became statistically significant when there was >30% 
decrease in RNFL. The most common visual field defect reported 
was scatter field defect (27.4% at 3 months, 55.6% no defect). 
Visual function impairment was significantly worse in those with a 
recorded VFI < 80% (P < 0.001). Forty-three percent of participants 
had visual symptoms related to visual field loss three months post 
injury; and by one year this reached 47%. Forty-seven percent of 
participants in Chan et al. [36] reported mild visual symptoms, 
including blurred vision, photophobia, floaters and flashes. 
Additionally, they reported that amongst their cohort there were 
normal visual fields or ‘mild defects’, no relative afferent pupillary 
defect, normal colour vision, and mild or no optic disc pallor.

DISCUSSION
This systematic review on OCT metrics in mTBI found consistent 
longitudinal RNFL thinning after mTBI, but no significant GCL 
changes. There was also evidence for clinically meaningful 
correlations between visual acuity, visual field patterns and RNFL 
thinning [34, 35].

Perhaps surprisingly, there were no correlations between RNFL 
and GCL: loss of RNFL should reflect loss of retinal ganglion cell 
(RGC) axons, with associated degeneration of the RGC cell bodies 
detected as GCL thinning. This lack of association may be 
explained if we hypothesise different phases of injury response: 
initial injury could causes RGC axonal oedema, which would be 
detected as RNFL thickening (reported by Kumar Das et al. [35] at 
three month post-injury) compared to pre-injury OCT. Subse
quent RGC degeneration could reflect mild traumatic optic 
neuropathy and be associated with RNFL thinning later after 
mTBI [34]. Late gliotic changes at the optic nerve head causing 
RNFL thickening in long-term follow-up may also play a role. The 
lack of correlation between RNFL and GCL findings could then be 
explained by the lack of oedema and gliosis affecting the GCL, 
rendering RNFL a more sensitive marker of visual damage in mTBI.

Other studies utilising OCT have been carried out in patients with 
moderate and severe TBI. To maintain homogeneity among the 
participants included in this systematic review, we did not include 
studies that assessed moderate or severe TBI or in whom injury was 
defined as “concussion”, but without specified diagnostic criteria. 
Results from moderate and severe TBI studies are, however, 
consistent with those highlighted in this review. For instance, 
additional evidence comes from case studies demonstrating 
thinning of the RNFL for moderate/severe TBI [37, 38]. When 
looking at concussion, Leong et al. [39] demonstrated that, in 
professional collision sport athletes, the average RNFL thickness was 
a significant predictor of athlete vs control status. Athletes 
demonstrated a 4.8μm thinning of their RNFL compared to controls, 
P = 0.01, most notably differences were seen in boxers [39, 40].

There have been some experimental animal studies using TBI 
models and assessing the retina. Animal models are designed to 
produce a homogenous injury, along with controlling for baseline 
characteristics. Whilst this does not fully replicate the human 
population, it allows study of the pathophysiology underlying TBI 
[41]. Loss of retinal ganglion cells have been detected in blast 
injury models, with decreased RNFL thickness three months after 
injury compared to healthy control mice [42], and a 24% decrease 
in total retinal thickness in a repetitive mTBI mouse model [43], 
attributed to inner retinal thinning, when compared to controls, 
P < 0.0001.

Only three publications met the inclusion criteria. Of the three 
papers, two had longitudinal data. We were unable to carry out a 
meta-analysis due to the small number of included publications 
and heterogeneity of the reported data. There was heterogeneity 
in study design (cross-sectional vs longitudinal), differences in 
assessed populations (civilians vs military) and heterogeneity of Ta
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injury type. Important heterogeneity between studies was due to 
discrepancies in the diagnostic criteria used. For instance, Kumar 
das et al. [35] used the WHO criteria for mTBI diagnosis which 
does not include brain imaging. Therefore, six patients were 
revealed to have tiny contusions involving the frontal and 
cerebellar region (but none involving the optic pathway); these 
six patients were included in the final analysis. Gilmore et al. [34] 
used the MAYO TBI Severity Classification System which does 
include brain imaging, and also differs from the VA/DoD criteria in 
that it does not include altered level of consciousness. Chan et al. 
[36] uses the VA/DoD criteria. Another limitation of current 
studies is under-representation of female population: only 32 
patients out of a total of 148 were female, which may relate to 
recruitment of a young cohort.

Although initial OCT investigations in mTBI are promising, this 
systematic review highlights that there are still gaps in current 
literature surrounding OCT changes after mTBI. Many publications 
had to be excluded as they did not report TBI severity, with 
cohorts populated with individuals of varying severity or type of 
brain injury. Therefore, more large prospective longitudinal trials 
are needed including clear definition of mTBI, detailed description 
of injury type (when available) and clinical phenotyping of 
symptoms following TBI. In conclusion, there is consistent 
evidence that mTBI affects the RNFL, with associated disturbances 
is visual function [34, 35]. There may therefore be potential in the 
future to use OCT to measure RNFL as a biomarker for mTBI 
affecting the visual system.
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