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Abstract

Purpose—To evaluate outer retinal structural abnormalities in patients with visual deficits
following closed globe blunt ocular trauma (cgBOT).

Methods—Nine subjects with visual complaints following cgBOT were examined between 1
month post-trauma and 6 years post-trauma. Spectral domain optical coherence tomography (SD-
OCT) was used to assess outer retinal architecture, while adaptive optics scanning light
ophthalmoscopy (AOSLO) was used to analyze photoreceptor mosaic integrity.

Results—Visual deficits ranged from central scotomas to decreased visual acuity. SD-OCT
defects included focal foveal photoreceptor lesions, variable attenuation of the interdigitation
zone, and mottling of the outer segment band, with one subject having normal outer retinal
structure. AOSLO revealed disruption of the photoreceptor mosaic in all subjects, variably
manifesting as foveal focal discontinuities, perifoveal hyporeflective cones, and paracentral
regions of selective cone loss.

Conclusions—We observe persistent outer retinal disruption in subjects with visual complaints
following cgBOT, albeit to a variable degree. AOSLO imaging allows assessment of
photoreceptor structure at a level of detail not resolvable using SD-OCT or other current clinical
imaging tools. Multimodal imaging appears useful for revealing the cause of visual complaints in
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patients following cgBOT. Future studies are needed to better understand how photoreceptor
structure changes longitudinally in response to various trauma.
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Introduction

While posterior segment manifestations of closed globe blunt ocular trauma (cgBOT) are
variable, commotio retina (also known as “Berlin’s edema™) is a frequent observation
following cgBOT.2 Commotio retinae is characterized by a transient opacification or
whitening of the retina, and studies using animal models have linked this opacity to a
disruption of the photoreceptor cells.3# The degree of structural recovery is of interest in
this condition, as it may be useful in predicting subsequent functional recovery. However
recent studies using optical coherence tomography (OCT) have reached variable
conclusions.

One of the more common changes reported on OCT is an increase in reflectivity/intensity of
the hyperreflective band attributed to the inner segment/outer segment (1S/OS) junction, also
referred to as the inner segment ellipsoid zone (ISe, or EZ),>11 however loss or attenuation
of this band has also been reported.>%10.12 The appearance of this band has been reported to
return to normal,8:9:11 though others have reported variable recovery that is correlated to the
region of the initial disruption.>10 These latter results are consistent with the original
findings of Sipperley et al., who hypothesized that the resultant visual loss in commotio
retinae may be determined by the amount of photoreceptor damage occurring during the
initial trauma.2 It has not been possible to test this hypothesis directly with OCT, thus the
impact of cgBOT on photoreceptor structure remains unclear.

The ambiguity of current OCT results may be due in part to the resolution of commercial
OCT systems. Despite having excellent axial resolution, these systems lack the ability to
resolve individual photoreceptors. By correcting for the eye’s monochromatic aberrations,
adaptive optics enables direct visualization of the photoreceptor mosaic with cellular
resolution.1314 In a growing number of cases, adaptive optics imaging has been shown to
reveal subtle photoreceptor abnormalities that evade detection on clinical exam and/or
OCT.15-18 Here we used adaptive optics scanning light ophthalmoscopy (AOSLO) to image
patients with various clinical presentations of cgBOT to directly examine the relationship
between photoreceptor integrity and the appearance of the outer retinal bands on OCT. Such
studies may provide the foundation for the development of more accurate prognostic
indicators regarding recovery of visual function in cgBOT.
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Methods

Human Subjects

This study was approved by the Institutional Review Boards at the New York Eye and Ear
Infirmary (NYEEI) and the Medical College of Wisconsin (MCW). Patients with visual
complaints following cgBOT were recruited and informed consent was obtained from all
subjects after explanation of the nature and possible consequences of the study. Axial length
was measured using an 10L Master (Carl Zeiss Meditec, Inc., Dublin, CA) for calibration of
the lateral scale of all retinal images. Prior to retinal imaging, eyes were dilated and
accommodation was suspended using one drop each of phenylephrine hydrochloride (2.5%)
and tropicamide (1%).

Spectral Domain Optical Coherence Tomography (SD-OCT)

High-density 5-line raster scans and volumetric scans of the macula and optic nerve were
obtained with a Cirrus HD-OCT (Carl Zeiss Meditec, Inc., Dublin, CA). Volumes were
nominally 6 x 6 mm and consisted of 128 B-scans (512 A-scans/B-scan). Volume scans
were examined for disruptions of the outer retinal layers to identify possible regions of
interest to be imaged using AOSLO. Additional high-resolution scans of the macula were
obtained using Bioptigen SD-OCT (Bioptigen, Inc., Durham, NC). Dense volumetric scans
(1000 A-scans/B-scan, 250 B-scans/volume) subtending nominally either 6 x 6 mmor 7 x 7
mm were acquired to facilitate more precise inspection of retinal morphology. High-
resolution line scans (1000 A-scans/B-scan; 100 repeated B-scans) were acquired through
the foveal center. Up to 40 B-scans from these 100-scan sequences were registered and
averaged to increase the signal to noise ratio as previously described.1® For one subject
(RR_0045, Case 8), only Spectralis (Heidelberg Engineering Inc., Heidelberg, Germany)
images were available (volume and high-resolution line scans).

Naming of the outer hyperreflective bands is based on the recent work of Spaide &
Curcio.20-21 The innermost hyperreflective band is invariantly attributed to the external
limiting membrane (ELM). The second hyperreflective band is referred to here as the
ellipsoid portion of the inner segment, or ellipsoid zone (EZ). The third hyperreflective band
is attributed to the interdigitation between outer segments and the underlying RPE contact
cylinder, thus affording the name interdigitation zone (1Z). The fourth band is attributed to
the apical portion of the RPE and so is named the RPE/Bruch’s membrane complex (RPE/
BrM). Importantly, the distance between 1Z and RPE/BrM is not the thickness of the RPE
cell, but rather provides a convenient way to communicate the presence of multiple bands
associated with the RPE. In some cases, we are able to delineate the RPE and BrM as
separate peaks.

Outer nuclear layer (ONL) thickness was measured using previously described manual
segmentation of the high-resolution horizontal line scans.22-24 We define the ONL thickness
as the distance between the posterior boundary of the outer plexiform layer (OPL) and the
ELM:; while this technically includes the Henle Fiber Layer, 25 we will refer to this layer as
the ONL, as the same segmentation was used to generate the previously published normative
database from our lab. This normative data was comprised from 93 controls (42 male, 51
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female), with an average age of 25.7 + 8.2 years (range, 11 to 40 years).23 Finally,
longitudinal reflectivity profiles (LRPs) were generated as previously described to examine
the integrity of the outer hyperreflective bands.24:26:27

Using custom designed software (Java; Oracle, Redwood City, CA), we derived en face
summed-volume-projection images from the Bioptigen SD-OCT volumes for two subjects
as follows. The macular volume was exported from the machine and a custom contour was
fit to the EZ band for each B-scan in the volume. The boundaries of the custom contour
were placed at the hyporeflective region on either side of the EZ. For each B-scan, the
number of points and the axial position of the points comprising the contour varied,
depending on the morphology of the EZ. Then, for each B-scan, the pixels within the
contour were averaged, resulting in a one-dimensional array of gray-scale values for that
respective B-scan. The final en face, two-dimensional image was created by combining the
one-dimensional arrays from each B-scan in the volume. The area of the lesion in the en face
image was measured using previously described manually-guided segmentation software.28
This area represented the extent of the EZ band disruption.

Adaptive Optics Retinal Imaging

Results

Images of the central photoreceptor mosaic were obtained with 1 of 2 previously described
AOSLO systems.13:29-31 The systems are housed at the Medical College of Wisconsin and
the New York Eye & Ear Infirmary, and are based on the same optical design. A 796 nm
superluminescent diode was used for reflectance retinal imaging, with two fields of view
used to acquire videos subtending either 1 x 1° or 1.75 x 1.75°. Foveal and parafoveal
images were acquired by instructing the patient to fixate on one of the corners of the raster
scan square, while perifoveal images were acquired using an internal fixation target.
Individual image sequences containing between 100-200 frames, were then processed and
averaged as outlined previously.32 These processed images were then stitched together and
manually blended using Adobe Photoshop (Adobe Systems, San Jose, CA) to generate the
final montage for visualization. Montages were manually registered to clinical images as
described previously.16:33 In the three montages with clearly demarcated focal lesions, the
area of the lesion was measured using the same software utilized for the en face SD-OCT
images.28

Cone density was measured using a previously described semi-automated algorithm,34 at
select retinal locations for a subset of subjects. Central cone density is highly variable across
normal individuals, so we largely focused on intra-retinal comparisons to describe the
disruptions in the cone mosaic. To put our density values in context, we rely on a series of
previously published histology3® and adaptive optics16:29:34.36.37 imaging studies.

Nine symptomatic patients were recruited for imaging. Subject demographics and causes of
trauma are listed in Table 1. The age of subjects ranged from 16 to 46 years (mean 30).
Time between ocular trauma and imaging ranged from 1 month to 6 years. Visual acuity at
time of imaging ranged from 20/20 to 4/200 with all but 2 subjects better than or equal to
20/30. Commotio retinae was documented in seven cases (6 macular, 1 peripheral) for which
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the results of any acute ophthalmic care sought was available. Subject KS_0931 (case 7) was
a 20-year U.S. military veteran who sustained cgBOT during combat, and medical records
of acute care were unavailable. Subject RR_0045 (case 8) presented for initial ophthalmic
evaluation 6 years post trauma.

Case 1-SR_0821

Subject SR_0821 (30-year-old male) presented to the ophthalmology clinic 4 days after
cgBOT secondary to a motor vehicle collision with airbag deployment. His chief complaint
at that time was a small relative scotoma superior to fixation in his left eye, and fundus
examination revealed commotio retinae involving the macula. At 4 days-post-trauma, SD-
OCT showed hyperreflectivity of the ONL with obscuration of the ELM, EZ, and 1Z bands
nasal to the fovea and infrared reflectance showed a circular hyporeflective lesion
corresponding to the outer retinal hyperreflectivity seen on SD-OCT (see Figure,
Supplemental Digital Content 1, which shows clinical imaging resultsfor SR_0821). By
10 months-post-trauma, visual acuity was 20/20, though the superior scotoma persisted. SD-
OCT at this time showed resolution of the outer retinal hyperreflectivity with improved
distinction of outer retinal bands and apparent thinning of the ONL, while the lesion on
infrared reflectance was reduced (see Figure, Supplemental Digital Content 1, which shows
clinical imaging resultsfor SR_0821). At 16 months-post-trauma, visual acuity remained
20/20 and the nasal hyporeflective lesion on infrared was barely visible (see Figure,
Supplemental Digital Content 1, which shows clinical imaging resultsfor SR_0821).
Significant thinning of the ONL nasal to the fovea was seen on SD-OCT (see Figure,
Supplemental Digital Content 2, which shows ONL thicknessin a subset of our patients
compared to normal controls). At 18 months-post-trauma, research imaging was
performed (Figure 1). High-resolution SD-OCT showed resolution of the ONL
hyperreflectance with intact ELM, EZ, and 1Z layers (Figure 1C), though residual
hyperreflectivity within the outer segment layer (the normally hyporeflective band between
the EZ and 1Z bands) can be seen nasal to the fovea (Al). As shown in Figure 1D, LRP
analysis confirms this outer segment hyperreflectivity as a reduced contrast of the EZ and 1Z
bands relative to that at the eccentricity-matched temporal location (A3). In addition, LRP
analysis demonstrated thinning of the inner segment and outer segment layers nasal to the
fovea (Figure 1D).

AOSLO imaging revealed a disrupted photoreceptor mosaic throughout the region of inner
segment and outer segment thinning nasal to the fovea (Figure 1, Al), characterized by
dramatically reduced cone density (5,289 cones/mm?) and expanded rod visualization, as
has been reported previously in acute macular neuroretinopathy.1 For reference, the
average (+ standard deviation) normal cone density at this retinal eccentricity is 43,582 +
6,521 cones/mm?223 AOSLO imaging near the foveal center revealed focal discontinuities of
the cone mosaic (Figure 1, A2), despite qualitatively normal appearance of the outer retina
on SD-OCT. AOSLO imaging at a temporal location that was eccentricity-matched to Al
(Figure 1, A3) revealed a contiguous cone mosaic of normal density (49,256 cones/mm?),
consistent with the normal-appearing outer retinal architecture on SD-OCT (Figure 1C) and
normal ONL thickness at this location (see Figure, Supplemental Digital Content 2, which
shows ONL thicknessin a subset of our patients compared to normal controls).

Retina. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Flatter et al.

Page 6

Case 2- TC_10006

Subject TC_10006 (31-year-old female) was an unrestrained driver in a motor vehicle
collision with airbag deployment and brief loss of consciousness. The subject presented for
ophthalmic evaluation 19 days-post-trauma with a chief complaint of bilateral paracentral
relative scotomas, left worse than right, that she noticed starting post-trauma day 1. At this
time, the 24-2 Humphrey visual field (HVF) revealed dense paracentral scotomas in both
eyes. Infrared reflectance showed circular hyporeflective lesion spanning the macula,
corresponding to ONL thinning and disruption of the EZ and 1Z bands on SD-OCT (see
Figure, Supplemental Digital Content 3, which shows clinical imaging results for
TC_10006). At day 131 post-trauma, ONL thinning persisted and the 1Z and EZ bands
showed mottled reflectivity (see Figure, Supplemental Digital Content 3, which shows
clinical imaging resultsfor TC_10006). Research imaging was performed 5 months post
trauma (Figure 2), and visual acuity was 20/20 OU at this time. SD-OCT showed diffuse
disruption of the EZ and 1Z bands throughout the macula, including focal regions of absent
1Z reflectance, and a small lamellar disruption of the EZ and 1Z near temporal to the foveal
center (Figure 2C & D). Thinning of the ONL throughout the macula was also documented
(see Figure, Supplemental Digital Content 2, which shows ONL thicknessin a subset of
our patients compared to normal controls). AOSLO showed diffuse disruption of the
cone mosaic throughout the foveal region, as seen by the dramatic reduction of normally-
reflecting cones (Figure 2, B1 and B2), though patches of contiguous mosaic of normal
density were also seen within this region (Figure 2, B3).

Case 3-WW_0920

Subject WW_0920 (16-year-old female) sustained cgBOT secondary to a single vehicle
rollover in which she was ejected from the vehicle. She sustained fractures of the left
forearm and cervical spine. Ophthalmology was consulted on post-trauma day 1, where
fundus exam revealed commotio retinae of the posterior pole, preretinal hemorrhages over
the superior and inferior temporal arcades in the left eye, and visual acuity of 8/200 OS. At
11 week follow-up, commotio retinae had resolved and pre-retinal hemorrhage was
decolorized. At this time macular atrophy and decreased foveal reflex was noted. Research
imaging was performed at 5 months-post-trauma (Figure 3), where visual acuity was 4/200.
Variable thinning of the ONL temporal to the fovea was also documented (see Figure,
Supplemental Digital Content 2, which shows ONL thicknessin a subset of our patients
compared to normal controls). In addition, the macular volume scans from the Cirrus HD-
OCT showed significant thinning of the ganglion cell layer (data not shown). As with
TC_10006, SD-OCT showed diffuse disruption of the EZ and 1Z bands throughout the
macula, including focal regions of absent 1Z reflectance. (Figure 3B & 3C) This is clearly
seeing using the LRP analysis comparing two eccentricity-matched locations on opposite
sides of the fovea (Figure 3D). Superiorly, there is an absence of a hyperreflective 1Z band,
however AOSLO imaging at this location (~0.8°) shows an intact cone mosaic (Figure 3,
Al). AOSLO imaging at an eccentricity-matched inferior location showed an intact cone
mosaic as well (Figure 3, A3), though the density was slightly higher than the superior
location (49,917 cones/mm? versus 34,050 cones/mm?). Expected cone density at this retinal
eccentricity is about 49,394 + 7,940 cones/mm?2-23 Analysis of AOSLO images ~0.4° nasal
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to the foveal center (Figure 3, A2) yielded a cone density of 86,612 cones/mm?, consistent
with normative values (78,234 + 9,566 cones/mm? ).38

Case 4-DW_0665

Subject DW_0665 (23-year-old male) sustained ocular damage secondary to an assault with
a fist to an unprotected right eye. Initial visit on day 1 showed commotio retinae of the
macula and along the inferotemporal arcade in addition to hyphema and orbital floor
fractures. At follow-up on day 16, the patient complained of a central metamorphopsia and
global decrease in vision OD; visual acuity at this time was 20/200 OD. Fundus exam
revealed diffuse chorioretinal atrophy along the superotemporal arcade and retinal
hemorrhage near the ora serrata, superiorly. SD-OCT at this time revealed extensive outer
retinal attenuation within the macula (see Figure, Supplemental Digital Content 4, which
shows clinical imaging resultsfor DW_0665). On day 19, he underwent laser retinopexy
for traumatic retinal dialysis superiorly. SD-OCT on day 100 (see Figure, Supplemental
Digital Content 4, which shows clinical imaging resultsfor DW_0665) showed slight
resolution of EZ band attenuation with persistent disruption of the 1Z band. At 5 months-
post-trauma scleral buckle with cryopexy was performed for an inferior retinal detachment.
At 6 months-post-trauma, visual acuity with pinhole was 20/100 and fundus exam was
notable for extrafoveal choroidal ruptures concentric to the optic disc, chorioretinal atrophy
supranasal to the fovea, and irregularities in macular reflex. Research imaging was
conducted 7 months-post-trauma (Figure 4). SD-OCT showed diffuse disruption of the EZ
and 1Z bands parafoveally (Figure 4C & 4D). AOSLO imaging of the photoreceptor mosaic
revealed disruption of the cone mosaic superiorly (Figure 4B), with clearly demarcated
borders between normal and abnormal mosaic (Figure 4, B1-B3).

Case 5-RS_0785

Subject RS_0785 (40-year-old male) was admitted to the emergency department after
sustaining a direct blow to an unprotected right orbit with a pool cue. Visual acuity at initial
assessment on day 1 post-trauma was 20/200 OD. At this time fundus exam revealed
commotio retinae of the macula with peripapillary subretinal hemorrhages from 9 o’clock to
5 o’clock around the optic disc, in addition to hyphema and a right upper lid laceration. At 9
days-post-trauma, color fundus photos showed resolution of commatio retinae and a
decolorization of peripapillary sub retinal hemorrhage. SD-OCT at this time showed
attenuation/absence of the EZ and 1Z throughout the macula corresponding to a
hyporeflective lesion revealed on infrared (see Figure, Supplemental Digital Content 5,
which shows clinical imaging resultsfor RS _0785). At 48 days-post-trauma, visual acuity
had improved to 20/30 OD. Funduscopic exam revealed pigment mottling within the fovea,
choroidal rupture superior to the optic disc, and partial resolution of peripapillary subretinal
hemorrhages. SD-OCT on day 48, showed a decrease in EZ disruption throughout the
macula with relatively persistent IZ band disruption (see Figure, Supplemental Digital
Content 5, which showsclinical imaging resultsfor RS _0785). Research imaging was
done 6 weeks post trauma (Figure 5). Visual acuity was 20/30 in the affected eye. SD-OCT
(Figure 5C and D) showed,; attenuation of the EZ band and intermittent absence of the 1Z
band within the macula. Corresponding to the pigment mottling seen fundoscopically on day
48, SD-OCT revealed focal hyperreflective structures extending from the RPE into the ONL
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at foveal center (arrow B1 in Figure 5C and D). AOSLO showed diffuse disruption of the
foveal and perifoveal photoreceptor mosaic (Figure 5B), with a large hyperreflective
structure at foveal center (Figure 5B1), a focal disruption of the foveal cone mosaic (Figure
5B2), and patches of hyporeflective cone-like structures scattered throughout the macula
(Figure 5B3).

Case 6-WW_0923

Subject WW_0923 (20-year-old male) was an unrestrained driver in a motor vehicle
collision in which airbags were deployed. He presented on post trauma day 2 with a chief
complaint of decreased vision OS, with visual acuity of count fingers at 5 feet. Fundus exam
revealed commotio retinae and RPE changes within the macula and extensive pre-, intra-,
and subretinal hemorrhage throughout the posterior pole. SD-OCT 18 days-post-trauma
showed a discontinuity of the EZ and 1Z within the fovea and a hyperreflective structure at
foveal center (see Figure, Supplemental Digital Content 6, which shows findings on
clinical SD-OCT). At 1 month-post-trauma, laser retinopexy was performed for a collection
of 3 peripheral retinal holes due to contusion necrosis. Research imaging was performed 7
months-post-trauma; visual acuity at this time was 20/25. SD-OCT showed a focal defect at
foveal center, best characterized as an outer lamellar defect that included the EZ and 1Z
bands (Figure 6A). Despite the focal nature of the cone disruption, we also found significant
ONL thinning at the fovea in this subject (see Figure, Supplemental Digital Content 2,
which shows ONL thicknessin a subset of our patients compared to normal controls).
AOSLO imaging showed a large triangular-shaped disruption of the photoreceptor mosaic
(Figure 6B). The AOSLO lesion measured 0.075 mm?2, while the lesion measured from the
en face SD-OCT image (Figure 6C) measured 0.070 mm?2, demonstrating good
correspondence between the two modalities.

Case 7-KS_0931

Subject KS_0931 (46-year-old male) is a 20-year U.S. military veteran who sustained
multiple concussive blast-related injuries over his last 2 years of duty in Operation Iraqi
Freedom and Operation Enduring Freedom, though we were unable to obtain medical
records detailing his injuries and initial clinical presentation. He presented to the study
complaining of relative scotomas at the center of fixation in both eyes; visual acuity was
20/30 OU. SD-OCT showed an outer lamellar defect that included the EZ and 1Z bands in
both eyes (Right eye shown in Figure 6D). AOSLO imaging showed a large circular-shaped
disruption of the photoreceptor mosaic (Figure 6E). The AOSLO lesion measured 0.028
mm?2, while the lesion measured from the en face SD-OCT image (Figure 6F) measured
0.023 mmZ, again demonstrating good correspondence between the two modalities.

Case 8-RR_0045

Subject RR_0045 (51-year-old male) was an unrestrained driver in a motor vehicle collision
in which the subject’s head struck the steering wheel. He presented for ophthalmic
evaluation for the first time 6 years post trauma with a chief complaint of a relative central
scotoma in his left eye that he had been experiencing since the motor vehicle collision. He
denied ever experiencing pain or flashes of light and reported having no previous
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ophthalmic history. At this time, visual acuity was 20/20-2 OS and 10-2 HVF was within
normal limits, though Amsler grid testing revealed 2 blind spots immediately superior and
nasal to the center of fixation (see Figure, Supplemental Digital Content 7, which shows
visual disturbances assessed with an Amsler grid). SD-OCT imaging revealed no obvious
disruptions of the outer retina (Figure 7A). AOSLO imaging in this area showed two areas
of diffuse irregularities of the photoreceptor mosaic supero- and infero-nasal to foveal
center, (Figure 7B) corresponding to the scotomas on Amsler grid testing.

Case 9-SH_0874

Subject SH_0874 (34-year-old male) was a restrained driver in a motor vehicle collision in
which the airbag did not deploy. The subject sustained a bulging cervical disc secondary to
the whiplash injury, but otherwise did not report striking his face or either orbit during the
collision. He presented 1 month post trauma with the chief complaint of a right-sided
segmentation of lines while reading and red desaturation within the right temporal hemifield.
His visual acuity at this time was 20/40 OD and 20/20 OS. Fundus examination of the
affected eye revealed white without pressure in the temporal periphery. No retinal
detachments or hemorrhages were noted. An enlarged blind spot superiorly and diminished
foveal sensitivity OD was seen on the 10-2 HVF. SD-OCT at this time was normal OU.
Research imaging at 14 months post-trauma uncovered focal disruption of the 1Z and EZ
SD-OCT, though this was only revealed after repeated dense scanning through the foveal
region (Figure 7C). This small defect was visualized on AOSLO as a well-circumscribed
disruption of the foveal cone mosaic (Figure 7D). The AOSLO lesion measured 0.002 mm2,
which would suggest that only a few hundred cones were affected in this individual.

Discussion

Clear alterations of outer retinal morphology were seen in 8 of 9 patients using clinical SD-
OCT, and disruptions of the photoreceptor mosaic were seen in all subjects with AOSLO
imaging. Given the time post-trauma at which we imaged these subjects, our data would be
consistent with permanent photoreceptor disruption, though the extent and type of disruption
varies dramatically across subjects. We have presented a number of examples highlighting
how AOSLO can provide information regarding photoreceptor health beyond what can be
appreciated on SD-OCT, even with the application of more sophisticated analysis of the SD-
OCT images. In subject SR_0821 (Case 1), longitudinal SD-OCT scans show the apparent
resolution of the initial disruption of the outer retinal bands. However, imaging with
AOSLO revealed sustained and severe cone loss in the nasal retina. Although ONL thinning
can be appreciated on respective SD-OCT scans, the distinction between cone versus rod
loss in this subject would not have been possible without the application of AOSLO. A
similar pattern of cone-dominated photoreceptor loss has been reported in a case of acute
macular neuroretinopathy (AMN), where the photoreceptor loss appeared to be cone-
dominated.18 Furthermore, the early hyperreflective changes seen in SR_0821 are also
consistent with those reported by Fawzi et al in patients with AMN.39 Likewise, Nentwich
et al showed that traumatic retinopathy can result in outer retinal changes resembling
AMN.%0
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Another example came from WW_0920 (Case 3), where LRP analysis revealed absence of
the 1Z band on SD-OCT, with preservation of cone structure on AOSLO. This suggests
possible RPE disruption, as opposed to primary photoreceptor degeneration. In our third
example, we employed en face visualization of the EZ band on SD-OCT and showed good
agreement in the measures of lesion area between the en face SD-OCT image and the
AOSLO image (Figure 6). However, there were often visible photoreceptors inside the
lesion zone marked on SD-OCT, demonstrating that seemingly continuous EZ and 1Z focal
lesions on SD-OCT do not necessarily represent complete photoreceptor loss. While these
cases highlight the sensitivity of AOSLO in assessing photoreceptor structure, SD-OCT of
course has advantages in assessing retinal structure in these patients. For example, in
WW_0920 (Case 3), the vision of 4/200 could not be explained by the normal cone density
findings on AOSLO. It was only through analysis of inner retinal thickness on SD-OCT that
we identified a possible anatomical correlate for the subject’s vision loss. Thus, AOSLO and
SD-OCT should be considered complementary tools in studying patients with cgBOT.

Of particular interest are the two subjects who showed no visible structural abnormalities on
clinical SD-OCT (Case 8, RR_0045 and Case 9, SH_0874). Their chief complaints
following clinical resolution of commotio retinae were line disjunction when reading. After
clinical imaging, fundus examination, and central static perimetry failed to find an
abnormality, both subjects were referred to our study and both showed clear photoreceptor
lesions on AOSLO. Clinical OCT protocols likely missed the defects due to lower B-scan
densities than the volumetric Bioptigen SD-OCT used in this study.#142 The focal
disruption seen on AOSLO in SH_0874 measured 30 um in diameter, well within the lateral
resolution of SD-OCT, however it was only after repeated dense scanning with the
Bioptigen SD-OCT that we were able to detect the disruption. Likewise, in RR_0045, it
appears that the “foveal” B-scan landed just between two moderate areas of photoreceptor
disruption. The B-scans on either side of this were about 60 pm away, easily missing the
photoreceptor loss. Thus, without those scans, it is difficult to say whether the disruption
would have manifest on SD-OCT had the B-scan been collected through the lesion.
Zucchiatti et al recently examined a patient following severe head and cervical injury and
observed a similar outer lamellar defect using clinical SD-OCT.#3 Thus the ability to detect
these lesions with clinical scanning protocols appears to be both a matter of luck and lesion
size. Our cases are also quite similar to a previous report, where following severe head
trauma, a patient described a crescent shaped scotoma but clinical SD-OCT imaging was
normal, 1> though a subtle defect was visible when using a Bioptigen.*4 We propose that
AOSLO imaging be considered when evaluating patients with unexplained vision loss
and/or scotomas following ocular trauma of any cause, especially in patients with normal
SD-OCT findings. It is unclear what consequence these structural changes may have on the
retinal response to subsequent environmental or genetic insults, though this bears
consideration when evaluating these patients later in life. Furthermore, the diagnostic clarity
offered by AOSLO imaging can be of significant value from a patient perspective, by
helping provide patient peace of mind, resolve accusations of malingering, and serve of
medicolegal use when sub-clinical photoreceptor damage interferes with the ability to
perform personal/professional duties.
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Limitations of this study include the small number of subjects, variable time between trauma
and research imaging (range = 1 month to 6 years), lack of acute clinical SD-OCT and
infrared imaging, and lack of AOSLO imaging immediately post-trauma. Thus, conclusions
regarding the relationship between initial presentation and subsequent recovery of retinal
structure could not be made. An additional limitation is incomplete functional data on these
subjects, though our primary focus here was to assess the structural abnormalities in this
patient population. Further longitudinal studies incorporating serial tracking of retinal
structure (e.g., AOSLO and SD-OCT and function (e.g., microperimetry) following cgBOT
are needed to identify potential prognostic biomarkers for photoreceptor recovery following
ocular trauma. It is important to note that our results represent a limited range in the
spectrum of cgBOT. Patients had sufficient trauma to result in clinically detectable posterior
segment injury and/or visual symptoms, yet maintain media clarity to allow imaging of the
retina. It would be interesting to image patients with lesser degrees of trauma (perhaps even
those with no visual complaints) to see if there are subclinical abnormalities detectable with
adaptive optics imaging.

Our results have important implications for patients with traumatic brain injury, which has
been associated with numerous vision problems, including blurred vision, increased light
sensitivity, double vision, visual field loss or reduction, and difficulties with eye
movements.#>-%0 In a recent report on U.S. soldiers sustaining blast injuries during
Operation Iraqgi Freedom and Operation Enduring Freedom, Weichel et al found that 21% of
all traumatic brain injury cases had concomitant ocular injuries.*® Although the study found
no correlation between traumatic brain injury and decreased visual acuity, it offered that
other outcome measures require further investigation to fully understand the extent of visual
dysfunction in cases of traumatic brain injury. A number of studies on civilian cases of
traumatic brain injury have reported that the prevalence of visual field defects is
approximately 35% with the majority categorized as scattered defects (occurring in more
than one visual field).#> In our study, subject KS_0931 (Case 7), a 20 year military veteran
with an extensive history of blast-related combat ocular trauma and mild traumatic brain
injury, was found to have focal defects in the foveal photoreceptor mosaic of both eyes
corresponding to bilateral central scotomas despite having 20/30 visual acuity in both eyes.
Our findings suggest that while injury to the visual cortex or optic nerve is often blamed for
many of the visual symptoms associated with traumatic brain injury, photoreceptor damage
may play a greater role than currently appreciated. Thus, we propose that AOSLO and SD-
OCT should be considered in the evaluation of both military and civilian patients with visual
complaints presenting with traumatic brain injury, mild traumatic brain injury, or post-
concussive syndrome.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Case 1, SR_0821. Trauma-induced hyperreflectivity of the outer retinal bands on SD-OCT

resolves acutely and leaves behind thinning of the ONL and photoreceptor inner segment,
and subtle mottling photoreceptor outer segment correlating to photoreceptor mosaic
disruption on AOSLO. (A) Full extent of AOSLO montage overlaid onto an infrared image
of the left eye, with the white arrow indicating the position of SD-OCT line scans (B, C),
and numbered white boxes indicating the position of the AOSLO insets (Al to A3). At day
4 post-trauma (B), SD-OCT showed a diffuse hyperreflectivity of the nasal outer retina
spanning from the 1Z to the OPL. SD-OCT at 18 months (C) shows resolution of this
hyperreflectivity leaving a thinned ONL and visible external limiting membrane. Vertical
arrows mark the locations of the three AOSLO insets (Al to A3), while the rectangles mark
locations of the LRPs shown in panel D. Compared to an eccentricity matched temporal
location (A3), we see nasal (A1) thinning of the photoreceptor inner segment (72.28%) and
mottled hyperreflectivity and thinning of the photoreceptor outer segment (84.54%)
corresponding the disrupted photoreceptor mosaic in A1. AOSLO inset A1 shows
hyporeflective cones (three exemplars marked with an asterisk near the bottom of the image)
with intervening normal appearance of rods (three exemplars marked with an arrow near the
bottom of the image). AOSLO inset A2 reveals a focal disruption of the cone mosaic with
surrounding points of clustered hyporeflective cones which underlie a subtle focal point of
hyporeflectivity of the 1Z on SD-OCT (arrow A2 in panel C). The temporal location
(eccentricity matched to Al) shows a contiguous cone mosaic (A3) corresponding to normal
appearing outer retina on SD-OCT (arrow A3 in panel C). Scale bars = 20 pm.
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Figure 2.
Case 2, TC_10006. Trauma-induced diffuse disruption of the EZ and 1Z bands and ONL

thinning throughout the macula and on SD-OCT corresponds to the level of photoreceptor
disruption on AOSLO 5 months after cgBOT. A. Full extent of AOSLO montage overlaid
onto a color fundus photograph of the left eye with white arrows indicating the position of
SD-OCT line scans (C, D). Central portion of AOSLO montage (B) showing widespread
disruption of the foveal and perifoveal photoreceptor mosaic. Numbered white boxes
indicating the position of the AOSLO insets (B1 to B3), and white lines again indicate the
position of SD-OCT line scans (C, D). Scale bar = 200 ym. AOSLO insets, B1 and B2,
taken from ~1-1.5° eccentricity show a disrupted cone mosaic of reduced density (18,281
cones/mm? and 17,812 cones/mm?, respectively). Normal cone density for this location is
43,582 + 6,521cones/mm?2-23 The hyporeflective cones correspond to a region of 1Z band
disruption on SD-OCT (arrows B1 and B2 in panels C and D, respectively). AOSLO inset
B3 shows a perifoveal (~2° eccentricity) contiguous cone mosaic of normal density (27,500
cones/mm?). Normal cone density for this location is 25,721 + 3,506 cones/mm?23
Although not captured with the SD-OCT line scans shown here, B3 corresponds to normal
outer retinal lamination seen on volumetric SD-OCT through the macula. Scale bars in
AOSLO insets B1-B3 = 40 pm.
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Figure3.
Case 3, WW_0920. Attenuation of outer retinal bands with focal regions of absent 1Z band

on SD-OCT corresponds to the level of photoreceptor disruption on AOSLO. (A) Full extent
of AOSLO montage overlaid onto color fundus photograph of the left eye with the white
arrow indicating position of the SD-OCT line scan (B) and numbered white boxes indicating
the position of the AOSLO insets (Al to A3). At 5 months-post-trauma, high-resolution SD-
OCT reveals variable attenuation of the 1Z band (B). This is more easily seen in the SD-
OCT inset in panel C, where white boxes mark locations analyzed with LRPs in panel D.
Comparison of the LRPs (D) demonstrates the absence of 1Z band reflectance superiorly
(A1) as compared to an eccentricity matched location inferiorly (A3) despite relative
preservation of outer retinal thickness. AOSLO inset A1 shows a cone mosaic of reduced
density (34,050 cones/mm?) with a central region of poorly distinguishable cone boundaries
corresponding to a disrupted 1Z band reflectance on SD-OCT (region Al in B and C).
AOSLO inset A3 shows an eccentricity-matched inferior location with more clearly-
resolved cones and a slightly increased cone density (49,917 cones/mm?), though both
locations were within the normative range for this eccentricity. AOSLO inset A2 shows a
contiguous cone mosaic of normal density (82,645 cones/mm?), corresponding to a location
of normal outer retinal structure on SD-OCT (arrow A2 in panel B and C). Scale bars = 20
um.
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Figure4.
Case 4, DW_0665. Reflectivity of the 1Z band on SD-OCT correlates to degree of

photoreceptor mosaic disruption 7 months after cgBOT. A. Color fundus photograph of the
right eye showing the full extent of AOSLO montage with white arrows indicating the
location of the SD-OCT scans in C and D. The central portion of the AOSLO montage (B)
shows disruption of the foveal and perifoveal photoreceptor mosaic, with sharp boundaries
between normal and abnormal cone mosaic. Numbered white boxes indicating the position
of the AOSLO insets (B1 to B3), and white lines again indicate the position of SD-OCT line
scans (C, D). Scale bar = 100 pm. AOSLO insets B1 and B2 show disruptions in the cone
mosaic that correspond to the locations of an attenuated 1Z band (arrow B1 and B2 in C and
D). AOSLO inset B3 shows a normal contiguous cone mosaic corresponding to a location of
normal retinal lamination (arrow B3 in C and D). Scale bars in AOSLO insets B1-B3 = 20
pm.
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Figure5.
Case 5, RS_0785. Absence of the 1Z on SD-OCT correlates to a discontiguous cone mosaic

on AOSLO 6 weeks after cgBOT. The full extent of the AOSLO montage is overlaid onto a
color fundus photograph (A) of the right eye with white arrows indicating the location of
SD-OCT scans in (C and D). The central portion of the AOSLO montage (B) shows diffuse
disruption of the foveal and perifoveal photoreceptor mosaic. Numbered white boxes
indicating the position of the AOSLO insets (B1 to B3), and white lines again indicate the
position of SD-OCT line scans (C, D). Scale bar = 100 um. AOSLO inset B2 shows a focal
discontinuity of the cone mosaic, corresponding to the absence of 1Z band reflectivity on
SD-OCT (arrow 2 in C). AOSLO insets B1 and B3 illustrate hyperreflective structures
spanning the outer retina (arrows B1 and B3 in D), with adjacent scattered cone-like
structures. Scale bars in AOSLO insets B1-B3 = 20 um.
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Figure6.
Correlating focal disruption of the foveal cone mosaic with SD-OCT and AOSLO. Subjects

WW_0923, Case 6 (A-C) and KS_0931, Case 7 (D-F) both showed similar presentation on
research imaging, despite variable initial clinical presentation. Focal disruptions were seen
on SD-OCT (A, D), best characterized as an outer lamellar defect that included the EZ and
1Z bands. Vertical arrows indicate the area subtended by the AOSLO montages (B, E). The
AOSLO images are displayed on a logarithmic scale and each shows a distinct
hyporeflective lesion. In the retinal areas immediately adjacent to the focal lesion, the cone
mosaic was contiguous and of normal density, highlighting the truly focal nature of these
defects. The dashed black line on each AOSLO image indicates the location of the
corresponding SD-OCT image. SD-OCT en face images of the EZ band integrity (C, F)
show good agreement in the size and shape of the lesion as assessed with the 2 different
imaging modalities. Scale bars = 100 pm.
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Figure7.
Subclinical photoreceptor defects following cgBOT. Subjects RR_0045, Case 8 (A, B) and

SH_0874, Case 9 (C, D) had visual complaints despite normal clinical imaging with SD-
OCT. Subject RR_0045 had a normal-appearing SD-OCT acquired using Spectralis (A).
Subject SH_0874 had normal-appearing SD-OCT on both Spectralis and Cirrus, while
imaging using the Bioptigen SD-OCT revealed a small focal disruption of the EZ and 1Z
(C). Vertical arrows indicate the area subtended by the AOSLO montages (B, D). The
AOSLO images are displayed on a logarithmic scale and each shows clear photoreceptor
disruption. Subject RR_0045 (B) had two areas of diffuse photoreceptor hyporeflectivity,
while subject SH_0874 (D) had a small discrete lesion. The dashed black line on each
AOSLO image indicates the location of the corresponding SD-OCT image. Scale bars = 100
pm.
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