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Abstract—The purpose of this study was to determine whether 
repetitive exposure to low-level blasts during military breacher 
training produces acute and cumulative damage to the ocular 
tissues or visual system. The effects of low-level blast exposure 
on high-contrast visual acuity, contrast sensitivity, oculomotor 
function, color vision, visual field (VF), pupillary light reflex, 
corneal endothelial cell density (ECD), macular thickness, reti-
nal nerve fiber layer thickness, and cup-to-disc ratio were 
assessed using a battery of standard clinical ophthalmic tests 
administered 10 times over a 2-year period. Data from nine 
male breacher instructors (Cadre) were compared with data 
from four male breacher engineers (Control). The Cadre group 
showed higher vertical deviation at near than the Control group 
over time. The VF mean deviation on the left eye tended to be 
worse in the Cadre group throughout the study, suggesting a 
decrease in VF sensitivity (Cadre: –0.20 +/– 0.15 dB; Control: 
1.05 +/– 0.15 dB; p = 0.03). The Cadre group had a reduced 
ECD (right eye: Cadre 2,478 cells/mm2 vs Control 2,808 cells/
mm2, p = 0.02; left eye: Cadre 2,562 cells/mm2 vs Control 
2,892 cells/mm2, p = 0.03). These results suggest that even 
low-level primary blast has the potential to produce occult eye 
injury.

Key words: accommodation, blast, Cone Contrast Test, endo-
thelial cell density, frequency doubling technique, military, ocu-
lomotor function, pachymetry, specular microscopy, stereopsis.

INTRODUCTION

Throughout the past two decades, the extensive use 
of improvised explosive devices by enemy forces during 

urban warfare in the Middle East has resulted in a signifi-
cant increase in blast-induced injuries to U.S. troops. 
Traumatic brain injury (TBI) resulting from blast expo-
sure is recognized as the signature injury of recent com-
bat operations, with over 300,000 cases of TBI reported 
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since 2000 [1]. Blast injury can be characterized as pri-
mary (exposure to overpressurization wave from blast), 
secondary (impact from blast and debris), tertiary (impact 
after displacement), or quaternary (burns, inhalation of 
toxins, hypoxia, and psychological effects) [2]. Exposure 
to primary blast has the potential to produce neuro-
ophthalmic deficits by damaging the ocular tissue and 
areas of the brain that make vision possible.

Fluid-filled organs, such as the eyes, are particularly 
susceptible to primary blast injury. The primary blast 
shock wave can propagate through the different media of 
the eye globe and related orbital anatomical structures 
causing contusion to organs and tissue in the region [3–
4]. Such ocular damage resulting from primary blast was 
initially described by Duke-Elder, and included subcon-
junctival hemorrhages, traumatic cataract, traumatic uve-
itis, secondary glaucoma, retinal edema, choroidal 
rupture, and macular lesions [5]. Damage to the eye and 
visual system may result from the mechanical damage of 
the tissue as well as disruption of the vascular system and 
cellular function or a combination of these [5]. Consistent 
with Duke-Elder’s findings, careful clinical evaluation of 
returning servicemembers and Veterans found that blast 
overpressure can produce occult injuries to the ocular 
structures [6] as well as damage brain nuclei that control 
oculomotor functions and pupil response [7–11].

Attempts to recreate battlefield injury in the labora-
tory to expand the current knowledge regarding the type 
and extent of damage induced in the eye by primary blast 
in isolation have led to the development of animal and 
computational models using simulated blast overpres-
sure. For instance, Petras et al. demonstrated for the first 
time the extent of irreversible neuro-ophthalmic trauma 
using a rodent model and simulated blast overpressure as 
low as 15 pounds per square inch (PSI) [12]. The docu-
mented damage extended from the retina to the central 
visual pathways [12]. They speculated that in humans 
such neurological deficits might lead to impairment of 
the oculomotor system, accommodation, and pupillary 
light reflex (PLR). A more recent study by Hines-Beard 
et al. showed corneal, lenticular, retinal, and optic nerve 
pathology using a primary blast mouse model to induce 
closed-globe blast injury when monitored for up to 28 d 
[13]. The observed damage was similar to those closed-
eye injuries recently described in Veterans [6]. Similarly, 
Zou et al. showed that primary blast induced severity-
dependent pathological changes in the retina of adult rats. 
This was demonstrated by the increased expression of 
proteins associated with inflammation and apoptosis. 

These retinal changes were sustained for up to 3 wk after 
the initial blast exposure, suggesting a combination of 
acute and chronic damage to the retina [14].

Finally, computational models using finite element 
modeling have been characterized to simulate the propa-
gation of blast waves through the orbit and attempt to 
explain the damage induced by the primary blast per se 
without the secondary or tertiary injury cofounder [3–4].

Given the high risk associated with any blast research 
using human subjects, the current knowledge regarding 
the effects of blast on the human visual system is based on 
retrospective clinical case descriptions potentially con-
founded by secondary or tertiary injury mechanisms [11]. 
In addition, the understanding of the extent of visual dys-
function and damage to ocular structures by the blast 
wave has been hampered by the lack of a population 
exposed solely to primary blast. In an attempt to gain an 
understanding of the effects of primary blast on military 
personnel, collaborative research initiatives within the 
Department of Defense (DoD) have been established. The 
U.S. Marine Corps’ Weapons Training Battalion Methods 
of Entry School (USMC WTB MoES), also known as the 
Breacher School, serves as the platform to train Marines 
in different techniques to breach structures during combat 
operations. The Breacher School provides a unique oppor-
tunity to prospectively study the effects of repetitive low-
level primary blast in isolation of other trauma and 
effects, which is nearly impossible otherwise. While hun-
dreds of Marines attend the relatively short course (3 wk) 
on an annual basis, the instructors of this course are 
exposed to thousands of controlled low-level blasts during 
their assignment to the Breacher School. A previous study 
limited to breacher students demonstrated a significant 
increase in hearing damage secondary to the 3 wk expo-
sure to repetitive low-level blast [15]. Another study con-
ducted in New Zealand found decreased neurocognitive 
performance as well as increased expression of serum 
brain biomarkers’ levels and self-reported symptoms 
changes in breacher students after repetitive exposure to 
low-level blast [16]. These findings suggest that repetitive 
low-level blast can produce damage to ocular structures 
and the visual system. Consequently, the purpose of this 
study was to determine whether repeated exposure to low-
level blast during breacher training produces acute and 
cumulative damage to ocular tissues or the visual system. 
To our knowledge, this is the first longitudinal study to 
prospectively evaluate the effect of repetitive exposure to 
low levels of primary blast in humans.
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METHODS

Subjects
Seventeen male Marine instructors assigned to the 

USMC WTB MoES located in Quantico, Virginia, partic-
ipated in the study. Thirteen were breacher instructors 
(i.e., Cadre group) and the remaining four were breacher 
engineers (i.e., Control group). Each year, this Cadre 
group supervises six classes, each of which is 3 wk long. 
During each class, the Marine trainees are instructed on 
how to use various weapons systems to breach doors, 
walls, and roofs of various compositions [17]. The major-
ity of the training involves the use of explosives to pro-
duce blast entries through building structures (Figure 1). 
While all personnel are required to wear protective eye-
wear during training to prevent injuries from fragments 
and blunt impact, it is possible that damage to the visual 
system and the ocular structures is caused by blast wave 
exposure alone. During these classes, the trainees and 
instructors are exposed to repetitive low-level blast 
explosions that can exceed 6 PSI (41 kPA or 186 dB of 
peak sound pressure level). As a consequence of their 
training responsibilities, the Cadre group at the Breacher 
School are exposed to 500 to 600 low-level blasts each 
year of their 2 or 3 year assignment. The size of, number 
of, and distances from the blasts are well controlled by 
the nature of the training curriculum. Each class is sepa-
rated by 3 wk of “recovery” to rebuild the structures 
damaged during training. The engineers are responsible 
for rebuilding the damaged structures and are not 
exposed to blasts; therefore, we considered them the 
Control group. The study was approved by the U.S. 
Army Medical Research and Materiel Command 
(USAMRMC) Office of Research Protection. All sub-
jects provided their informed consent before each data 
collection session.

Procedure and Data Collection
The baseline testing session was completed during 

the 3 wk recovery period before initiating the training 
cycle. Subsequent testing sessions were conducted during 
the last week of the course without altering the way the 
Cadre group typically conducted their training. Depend-
ing on the training iteration, each Cadre group member 
was exposed to approximately 12 to 15 blasts over the 
course of the day. 

Figure 1.
U.S. Marine Corps breacher training configuration. During train-

ing exercise, trainees line up in “stack” at minimum safe dis-

tance that allows them immediate access to breached structure 

following detonation. Breacher instructor observes and pro-

vides instructions while standing at end of stack.

The individual level of exposure varied 

in any given training day based on size, number, and type 
of charge used as well as the distance from the detonation 
and the surrounding structures. The battery of standard, 
clinical ophthalmic tests described next was performed at 
the training site and administered multiple times over a 
2 yr period.

High-Contrast Visual Acuity and Contrast Sensitivity
The Rabin Supernormal Vision chart, which was 

mounted on a small illuminator cabinet (Precision Vision; 
La Salle, Illinois), was used to assess high-contrast visual 
acuity (HCVA) (ranging from 0.60 to 0.28 logarithm 
minimum angle of resolution [log MAR]) and contrast 
sensitivity (CS) (ranging from 2.00 to 0.05 log CS). The 
tests were administered at 4 m distance under dim illumi-
nation. The tests were administered uncorrected since 
none of the subjects had a refractive error that required 
the use of distance or near vision correction.

Oculomotor Function
The Armed Forces Vision Tester (OPTEC-2300, 

Optec Inc; Lowell, Michigan) was used to measure verti-
cal and horizontal phorias at near and distance as well as 
stereo acuity (depth perception). The static accommoda-
tion responses were measured using the WAM-5500 
infrared open-field autorefractor (Grand Seiko Co Ltd; 
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Hiroshima, Japan) [18]. In manual static mode, three 
baseline measurements were taken with the subject view-
ing the distance target (4 m) before assessing the static 
accommodative response function. The near target was 
mounted on the near-point rod starting at 50 cm. Subjects 
were instructed to focus on the 20/30 line. Accommoda-
tive steady-state responses to a high-contrast reduced 
Snellen chart stimulus having a luminance of 36 cd/m2

and positioned at 50, 40, 33, 25, and 20 cm were mea-
sured monocularly in a random sequence. For each stim-
ulus and viewing condition, five measurements were 
obtained, and the average spherical equivalent refractive 
state was used for the analysis.

Color Vision
The Cone Contrast Test (CCT) (InnovaSystems Inc; 

Moorestown, New Jersey) was used to assess potential 
damage to retinal cones caused by primary blast expo-
sure. Normal color vision depends on the full comple-
ment of long (red), middle (green), and short (blue) 
wavelength photoreceptors. The CCT provides a quanti-
tative index of color ability specific for long, middle, and 
short cone-mediated vision [19–20]. The CCT score 
ranges from 0 to 100. Individual scores for each cone 
type that were equal to or greater than 90 were consid-
ered normal, whereas values lower than 75 indicated a 
severe deficiency.

Visual Field
The Humphrey Matrix frequency doubling technique 

(FDT) perimeter (Carl Zeiss Meditec Inc; Dublin, Cali-
fornia) was used to assess changes in visual field (VF) 
sensitivity. The VF sensitivity was measured by showing 
a 5 target stimulus at various predetermined locations 
within the central 30field. The stimulus was an achro-
matic sinusoidal low spatial frequency grating that under-
went counterphase flickering at a high temporal 
frequency [21]. The FDT threshold testing indicated the 
minimum CS needed to detect the stimulus at each tested 
location and was expressed in decibels of sensitivity [22]. 
FDT provides two global indices to summarize the VF 
results for threshold tests: mean deviation (MD) and pat-
tern standard deviation (PSD). The MD indicated the 
deviation in overall VF sensitivity compared with norma-
tive data for an individual of the same age [22]. Negative 
MD values indicated that VF sensitivity was decreased 
compared with normative age-matched data. The PSD 
represents the evenness with which the VF loss was 

spread across the field of view following adjustments for 
any diffuse generalized sensitivity losses. The PSD is a 
value equal to or greater than zero. Higher values indicate 
a higher probability of a localized defect.

Pupillary Light Reflex
The PLR-200 monocular infrared pupillometer (Neu-

rOptics; Irvine, California) was used to quantify PLR 
under mesopic conditions (approximately 3 cd/m2) as pre-
viously described [8]. In brief, monocular PLR measure-
ments were taken under binocular viewing conditions 
while the subject fixated with the nontested eye on a dis-
tance target (4 m). The pupillometer presented a 180 W 
light stimulus for 167 ms. Eight PLR parameters were 
assessed: maximum diameter (MAX), minimum diameter 
(MIN), percent of constriction (%CON), constriction 
latency (LAT), average constriction velocity (ACV), max-
imum constriction velocity (MCV), 75 percent recovery 
time (T75), and average dilation velocity (ADV). Monoc-
ular PLRs were recorded three times, and the average 
monocular values for each parameter were used for the 
analysis.

Corneal Thickness and Endothelium Integrity
The CellChek XL noncontact specular microscope 

(Konan Medical; Irvine, California) was used to measure 
corneal thickness (pachymetry) and to assess the integrity 
of the corneal endothelium. Three cornea endothelium 
parameters were assessed: endothelial cell density 
(ECD), coefficient of variation, and percent of hexagonal 
shape cells. The expected corneal ECD or cell count has 
been shown to vary with age [23–24]. The coefficient of 
variation represents the degree of variation in cell size 
also known as polymegethism [25]. Coefficient of varia-
tion values lower than 40 are considered normal [26]. 
The percent of hexagonal cells equal to or greater than 
50 percent is considered normal.

Retinal and Optic Nerve Integrity
The Cirrus high-definition optical coherence tomog-

raphy (HD-OCT) device (Carl Zeiss Meditec Inc) was 
used to assess the integrity of the macula, retinal nerve 
fiber layer (RNFL), and optic nerve as well as to monitor 
potential cumulative structural changes resulting from 
repetitive blast exposure. All images were obtained 
through undilated pupils. All scans can be compared 
against normative databases as well as against a patient’s 
own baseline data. In addition, the HD-OCT device 
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allows for visualization of the different layers of the 
retina, including the internal limiting membrane, photo-
receptors, and retinal pigment epithelium. This layered 
mapping is informative not only for potential blast-
induced changes to the retinal tissue but also for tracking 
the integrity of other ocular structures such as the optic 
nerve and the macula that could be affected by blast wave 
exposure [27].

Convergence Insufficiency Symptoms Survey
The 15-question pencil-and-paper Convergence 

Insufficiency Symptoms Survey (CISS) questionnaire 
was completed during each data collection session by 
selecting the frequency of the particular near vision 
symptom (Figure 2). The outcome measures were total 
score and individual question score. A total score higher 
than 20 is expected for symptomatic adults [28]. Each 
question had five possible answers with an associated 
value: always (4), frequently (3), sometimes (2), rarely 
(1), and never (0).

Statistical Analysis
Descriptive statistics (mean ± standard deviation 

[SD]) were calculated for most of the outcome measures. 
The Student t-test was performed to analyze demographic 
data. Multivariate analysis of variance was performed to 
analyze all dependent variables. All significance levels 
were considered as p < 0.05. Statistical analyses were per-
formed with Excel (Microsoft Corporation; Redmond, 
Washington), SPSS version 20 (IBM Corporation; 

Armonk, New York), and GraphPad Prism 6 (GraphPad 
Software Inc; San Diego, California) software.

RESULTS

All participants (n = 17) were male whose age ranged 
from 26 to 39 yr. Of the 13 Cadre group instructors, 4 
were reassigned during the study and excluded from the 
analysis due to the lack of sufficient data. All nine 
remaining Cadre group members were newly assigned to 
the Breacher School when or after the study was initiated. 
Therefore, nine Cadre and four Control group members 
were included in the analysis. The mean age of the Cadre 
and Control groups was not significantly different (t-test, 
p = 0.75). The mean ± SD age for the Cadre and Control 
groups was 30.4 ± 2.9 and 31.0 ± 3.6 yr, respectively. 
While all 

Figure 2.
Questions included in Convergence Insufficiency Symptoms Survey questionnaire.

Cadre group members were exposed to similar 
level of blasts during their initial training as breachers, 
only one of the nine Cadre group members self-reported 
a significant blast exposure that occurred years before his 
assignment at the Breacher School. In contrast, none of 
the Control group members self-reported previous expo-
sure to blast.

High-Contrast Visual Acuity and Contrast Sensitivity
The mean HCVA for repeated measures for both eyes 

and for both groups was not significantly different (right 
eye [OD]: p = 0.54, Figure 3(a); left eye [OS]: p = 0.17, 
Figure 3(b)). The mean HCVA throughout the study 
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Figure 3. 
Mean ± standard deviation (SD) values for high-contrast visual acuity (HCVA) for (a) right eye (OD) and (b) left eye (OS). Values 

below dotted line are considered better than expected normative value (0.0 LogMAR or 20/20). Mean ± SD contrast sensitivity (CS) 

for (c) OD and (d) OS. Values above dotted line are considered better than expected normative value (0.75 Log CS). MAR = mini-

mum angle of resolution.

(Cadre: OD 0.10 ± 0.02 LogMAR and OS 0.10 ± 
0.02 LogMAR; Control: OD 0.11 ± 0.02 LogMAR and 
OS 0.12 ± 0.03 LogMAR) was lower (better) than the 
expected 0.0 LogMAR (20/20) for both eyes in each 
group. Similarly, the mean CS function for both groups 
(Cadre: OD 0.90 ± 0.05 log CS and OS 0.95 ± 0.04 log 
CS; Control: OD 0.95 ± 0.09 log CS and OS 1.01 ± 0.05 
log CS) was higher (better) than the expected 0.75 log CS 
in both eyes, which remained generally unchanged 
throughout the study (OD: p = 0.32, Figure 3(c); OS: p = 
0.57, Figure 3(d)).

Oculomotor Function
The Cadre and Control groups were not statistically 

different from each other in terms of lateral and vertical 
phorias at distance and near. In addition, throughout the 

study their mean values remained within the normative 
Morgan values for lateral deviation at distance (i.e., 
between 2 esophoria and 3 exophoria, Figure 4(a)) and 
near (i.e., between 2 esophoria and 8 exophoria, Figure 
4(b)) as well as distance vertical phoria and near vertical 
phoria (NVP) (i.e.,  0.5 diopter [D], Figure 4(c)–(d)). 
The Cadre group showed slightly higher vertical devia-
tion at near than the Control group as time progressed. 
However, these differences were not statistically signifi-
cant. As expected with appropriate near oculomotor 
alignment, the mean stereo acuity was better than the 
expected normative value of 40 s of arc for both groups 
(Figure 5), which did not significantly change over time 
for either group (p = 0.50).

The static monocular accommodation induced by ran-
domly moving the near target at different predetermined 
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Figure 4.
Mean ± standard deviation (SD) values for (a) distance lateral phoria (DLP) and (b) near lateral phoria (NLP). Values between dotted 

lines are considered within expected normative value. Negative values denote exophoria. Mean ± SD values for (c) distance vertical 

phoria (DVP) and (d) near vertical phoria (NVP). Values below dotted line are within expected normative value. PD = prism diopter.

distances showed no significant difference between eyes 
or between groups throughout the study. The mean mon-
ocular accommodation was similar to the expected theo-
retical dioptric values based on the accommodative target 
distance for OD and OS: 50 cm (Figure 6(a)–(b)), 40 cm 
(Figure 6(c)–(d)), and 33 cm (Figure 6(e)–(f)). While the 
mean accommodative values of the stimulus located at 
25 cm (Figure 6(g)–(h)) and 20 cm (Figure 6(i)–(j)) were 
slightly lower than expected values (4.0 and 5.0 D, 
respectively) for both eyes, there was no significant differ-
ence between the two groups or throughout the duration of 
the study. Table 1 summarizes the mean values.

Color Vision
The mean CCT scores for the red (Figure 7(a)–(b)), 

green (Figure 7(c)–(d)), and blue (Figure 7(e)–(f)) cones 
for both groups were within the CCT normal range (i.e., 
90). The mean scores did not

Figure 5.
Mean ± standard deviation values for near stereopsis. Values 

below dotted line are considered within expected normative 

value (40 s of arc). change over the length of 
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Figure 6.
Mean ± standard deviation values for monocular accommodation induced by static accommodative target located at (a)–(b) 50, (c)–

(d) 40, (e)–(f) 33, (g)–(h) 25, and (i)–(j) 20 cm. Values below dotted line are within expected normative value. OD = right eye, OS = 

left eye.
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Table 1.
Between-group mean ± standard deviation dioptric values for monocular accommodation resulting from static accommodative target located at 
indicated distance.

Stimulus Distance (cm) Eye Cadre Control p-Value
50 OD –2.13 ± 0.07 –2.22 ± 0.11 0.69

OS –2.16 ± 0.08 –2.08 ± 0.13 0.66
40 OD –2.55 ± 0.05 –2.63 ± 0.09 0.71

OS –2.52 ± 0.12 –2.38 ± 0.14 0.46
33 OD –2.98 ± 0.08 –2.91 ± 0.17 0.76

OS –2.90 ± 0.11 –2.90 ± 0.12 0.99
25 OD –3.67 ± 0.14 –3.69 ± 0.19 0.91

OS –3.68 ± 0.17 –3.60 ± 0.14 0.75
20 OD –4.50 ± 0.11 –4.63 ± 0.28 0.66

OS –4.25 ± 0.15 –4.55 ± 0.18 0.72
OD = right eye, OS = left eye.

the study, indicating that the cone function was not 
affected by repetitive low-level blast exposure. One of 
the Control group members was excluded from the analy-
sis since he has a known severe green-color deficiency 
(deuteranomaly), which was confirmed by the CCT (OD: 
48.75 ± 2.33; OS: 50.63 ± 1.57). Table 2 summarizes the 
mean values.

Visual Field
Two global indices were calculated by the FDT to 

summarize the VF sensitivity deviation based on its nor-
mative database. The VF MD for the OD tended to be 
less positive (worse) for the Cadre group (Figure 8(a)), 
but the difference was not statistically significant (Cadre: 
0.39 ± 0.90 dB; Control: 1.06 ± 0.12 dB; p = 0.16). How-
ever, the VF MD value for the OS in the Cadre group was 
slightly more negative throughout the study (Figure 
8(b)), suggesting a generalized decrease in VF sensitivity 
(Cadre: 0.20 ± 0.15 dB; Control: 1.05 ± 0.15 dB; p = 
0.03). On the other hand, the PSD values for both eyes 
were higher than expected (Figure 8(c)–(d)), but they 
were not significantly different between the groups (OD: 
Cadre 2.65 ± 0.05 dB and Control 3.00 ± 0.06 dB, p = 
0.17; OS: Cadre 2.78 ± 0.05 dB and Control 3.03 ± 0.04 dB,
p = 0.29). Higher PSD values are indicative of increased 
probability for localized VF defects.

Pupillary Light Reflex
The mean ± SD values for all eight PLR parameters 

(MAX, MIN, %CON, LAT, ACV, MCV, T75, and ADV) 
were not significantly different between the two groups 
and remained relatively stable during the study (Figure 
9). Table 3 summarizes the mean values.

Corneal Thickness and Endothelium Integrity
The mean corneal thickness during the study did not 

change for either of the groups with an average thickness 
of 540 µm, which is the expected corneal thickness (Fig-
ure 10(a)–(b)). None of the subjects underwent previous 
refractive surgery or wore contact lenses that could affect 
corneal thickness. On the other hand, both eyes showed 
that the Cadre group had a slight decline in corneal ECD 
(Figure 10(c)–(d)). Although significant, the overall cell 
density was only slightly lower than the expected values 
(2,500–3,200 cells/mm2) for the subjects’ age group 
included in the present study (26–39 yr) [23–24]. The 
mean coefficient of variation values for both eyes and 
groups were lower (better) than the expected value of 40 
(Figure 10(e)–(f)) [26]. The Cadre group had a slightly 
lower mean percentage of hexagonal than the expected 
50 percent hexagonal cells in both eyes (Figure 10(g)–
(h)). However, these values were not significantly differ-
ent between the groups and were constant throughout the 
study. Table 4 summarizes the mean values.

Retinal and Optic Nerve Integrity
The integrity of the retina and optic nerve was ana-

lyzed using a similar paradigm as the one used by the 
Cirrus HD-OCT device Guided Progression Analysis
(GPA). The GPA calculates and compares the average of 
the last two measurements with the average of the two 
initial baseline measurements. There was no statistically 
significant difference between baseline or optic nerve 
cup-to-disc (C/D) ratio for both subgroups (Figure 
11(a)). Similarly, there was no effect on the RNFL thick-
ness for any of the conditions (Figure 11(b)). The central 
macular thickness did not change compared with baseline 
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Figure 7.
Mean ± standard deviation Cone Contrast Test (CCT) score indicative of monocular (a)–(b) red, (c)–(d) green, and (e)–(f) blue color 

cone function. Values above dotted line are within expected CCT normative values. OD = right eye, OS = left eye.

measurements, and there was no between-group differ-
ence for either eye (Figure 11(c)).

Convergence Insufficiency Symptoms Survey
To assess the possible symptoms related to near 

vision tasks, usually affected in those with some level of 
mild TBI (mTBI), the CISS questionnaire was adminis-

tered during each data collection session. There was no 
significant difference in the CISS mean score between 
the Cadre and Control groups. The mean ± SD total 
scores for the Cadre and Control groups were 9.0 ± 6.8 
and 9.2 ± 7.1, respectively (p = 0.48). Figure 12 shows 
the mean ± SD score between-group comparisons for 
individual CISS questions (Figure 2).
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Table 2.
Group mean ± standard deviation Cone Contrast Test scores for individual color photoreceptors.

Cone Type Eye Cadre Control p-Value
Red OD 98.67 ± 0.69 97.55 ± 1.01 0.39

OS 97.76 ± 0.91 96.65 ± 1.30 0.74
Green OD 99.49 ± 0.54 99.46 ± 1.10 0.96

OS 99.78 ± 0.47 99.65 ± 1.00 0.59
Blue OD 99.14 ± 0.70 98.32 ± 1.20 0.35

OS 99.13 ± 0.29 99.08 ± 0.79 0.95
OD = right eye, OS = left eye.

DISCUSSION

The acute and chronic visual problems experienced by 
servicemembers and Veterans following blast exposure are 
frequent and often complex [6–8,10,29–30]. While expo-

sure to low-level blast was not expected to induce an mTBI, 
we hypothesized that the cumulative effects of repetitive 
low-level blasts could produce damage to ocular structures 
and parts of the brain responsible for ocular motility and 
visual processing, which could induce mTBI-like 

Figure 8.
Mean ± standard deviation (SD) frequency doubling technique (FDT) mean deviation (MD) values for (a) right eye (OD) and (b) left 

eye (OS) documented during each data collection session. Values above dotted line (positive) are within expected FDT normative 

value. FDT pattern SD (PSD) values for (c) OD and (d) OS documented during each data collection session. Values higher than 0 

indicate deviation from normal and increased probability of localized defect.
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symptoms. To validate our hypothesis, 

Figure 9.
Mean ± standard deviation monocular pupillary light reflex values: (a)–(b) maximum diameter (MAX), (c)–(d) minimum diameter 

(MIN), (e)–(f) percent of constriction (%CON), (g)–(h) constriction latency (LAT), (i)–(j) average constriction velocity (ACV), (k)–(I) 

maximum constriction velocity (MCV), (m)–(n) 75 percent recovery time (T75), and (o)–(p) average dilation velocity (ADV). OD = 

right eye, OS = left eye.

we employed a com-
prehensive battery of subjective and objective tests to assess 
visual functions and the integrity of ocular structures. The 
present study only found significant between-group differ-
ences for corneal ECD, vertical deviation, and general VF 
sensitivity. Despite these findings, all the test results in the 
experimental (Cadre) group were within, or slightly lower 
(worse), than normative value ranges defined for each test.

NVP was the only tested oculomotor function that 
appeared to be affected by the level of primary blast the 
Cadre group was exposed to during the study. While the 
Cadre group had a significant increase in NVP compared 

with the Control group, the values were still within the 
expected normative range (i.e., 0.5 prism D). This corre-
lates with this study population’s lack of near vision 
symptoms determined by the CISS questionnaire. NVP is 
one of the most common oculomotor signs seen in ser-
vicemembers with blast-induced mTBI [7]. However, 
damage to the vestibular system could also account for 
the increased vertical deviation in the experimental 
(Cadre) group found in the present study [31–32]. A pre-
vious study by St. Onge et al. found some vestibular prob-
lems under similar training conditions, even after only 
3 wk of exposure to the same level of repetitive blast [16].
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Table 3.
Mean ± standard deviation pupillary light reflex parameters.

Parameter Eye Cadre Control p-Value
MAX (mm) OD 5.20 ± 0.12 5.22 ± 0.17 0.95

OS 5.30 ± 0.09 5.18 ± 0.14 0.59
MIN (mm) OD 3.49 ± 0.09 3.25 ± 0.19 0.15

OS 3.56 ± 0.09 3.25 ± 0.16 0.42
%CON OD 32.98 ± 0.78 33.01 ± 0.88 0.86

OS 32.82 ± 0.86 32.50 ± 0.92 0.80
LAT (ms) OD 212.2 ± 3.7 214.2 ± 3.9 0.85

OS 207.9 ± 4.1 209.4 ± 3.7 0.63
ACV (mm/s) OD 3.92 ± 0.16 3.77 ± 0.16 0.64

OS 3.98 ± 0.16 3.76 ± 0.15 0.65
MCV (mm/s) OD 5.20 ± 0.20 5.14 ± 0.20 0.75

OS 5.30 ± 0.25 5.07 ± 0.14 0.47
T75 (s) OD 1.83 ± 0.08 1.75 ± 0.21 0.68

OS 1.75 ± 0.18 1.70 ± 0.25 0.56
ADV (mm/s) OD 0.96 ± 0.04 0.91 ± 0.05 0.76

OS 0.92 ± 0.07 0.90 ± 0.07 0.81
%CON = percent of constriction, ACV = average constriction velocity, ADV = average dilation velocity, LAT = constriction latency, MAX = maximum diameter, 
MCV = maximum constriction velocity, MIN = minimum diameter, OD = right eye, OS = left eye, T75 = 75 percent recovery time.

Figure 10.
Mean ± standard deviation values for corneal parameters: (a)–(b) pachymetry, (c)–(d) endothelial cell density (ECD), (e)–(f) coefficient of 

variation, and (g)–(h) percent of hexagonal cells. Dotted lines indicate normative value. OD = right eye, OS = left eye.

The use of FDT perimetry detected a general 
decrease in VF sensitivity, based on MD values, that was 
higher for both eyes but only significant for OS in the 
Cadre group. The fact that one eye might be more 
affected than the other could be explained by the fact that 
the stack tends to face the charges off-center, which may 
result in injuring or affecting one eye more than the other. 
Interestingly, a recent study showed that scattered VF 

defects, similar to the ones observed in the present study, 
were the most common VF deficits associated with blast-
induced mTBI, which is characterized by a generalized 
FDT MD decrease [33].

Different from other automated VF testing modali-
ties, the low spatial temporal frequency stimulus used in 
FDT presumably stimulates the magnocellular pathway 
[21]. While there are no other studies describing FDT 
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Table 4. 
Mean ± standard deviation of corneal parameters determined by specular microscopy.

Parameter Eye Cadre Control p-Value
Corneal Thickness (m) OD 546.0 ± 4.8 539.1 ± 1.4 0.37

OS 549.8 ± 7.4 539.6 ± 5.7 0.66
Endothelial Cell Density (cells/mm2) OD 2,478 ± 84.9 2,808 ± 25.2 0.02*

OS 2,562 ± 98.8 2,892 ± 25.9 0.03*

Coefficient of Variation OD 28.54 ± 0.4 28.05 ± 0.3 0.35
OS 28.67 ± 0.9 29.91 ± 1.1 0.42

Hexagonal Cell Percentage OD 47.89 ± 1.3 52.62 ± 1.6 0.24
OS 47.59 ± 1.3 51.39 ± 1.0 0.29

*Statistically significant.
OD = right eye, OS = left eye.

defects in blast-induced mTBI, one report described the 
application of FDT in detecting magnocellular pathway 
deficiencies commonly seen in glaucoma, saccadic dys-
function, and TBI [21]. Interestingly, the FDT MD and 
PSD values in the Control group were higher than those 
previously reported in a normal population [34]. It is pos-
sible that this discrepancy is due to the limited number of 
subjects in the Control group (n = 4).

In addition to subjective functional vision tests, this 
study included objective testing to assess the integrity of 
ocular tissue. While the OCT data revealed no significant 
difference between the groups in terms of RNFL thickness, 
central macular thickness, or optic nerve C/D ratio, specu-
lar microscopy data revealed a significantly lower corneal 
ECD in the Cadre group. The mean corneal ECD values 
for the Cadre group were slightly lower than the expected 
average ECD for the 26 to 39 yr age group included in this 
study (i.e., 2,500–3,200 cells/mm2), which is in agreement 
with the normal mean values for cornea thickness, percent 
of hexagonal cells, and coefficient of variation as well as 
the lack of visual symptoms. Decreased corneal ECD has 
been previously reported in Veterans who were exposed to 
a blast event [6]. Longitudinal follow-up will be needed to 
determine whether this could lead to premature corneal 
decompensation later in life.

It is worth mentioning that in terms of PLR, the mean 
values for all eight parameters for both groups were simi-
lar to those previously described for subjects who were 
not exposed to blasts (controls) [8]. Also, while CCT has 
not been used previously to assess the effect of ocular 
trauma, a previous study showed its sensitivity to detect 
color deficiencies resulting from acquired ocular disease 
processes [20]. Therefore, lack of a between-group dif-
ference is most likely due to the absence of damage to the 
retinal cones and not due to the CCT lack of sensitivity.

The main limitation of the study is the small sample 
size for each group, particularly for the Control group. 
However, since normative values exist for all of the out-
come measures, the small size of the Control group 
should not necessarily invalidate the suggestive study 
results. While the study was able to recruit all the service-
members assigned to the USMC WTB MoES, the number 
of subjects in the study was mainly limited by the number 
of personnel assigned to the Breacher School. Also given 
the lack of other experimental populations exposed to 
blast, this small size might be considered adequate.

CONCLUSIONS

Blast injuries to ocular structures and the visual sys-
tem, with special emphasis on those injuries caused by 
the primary blast wave, are a significant concern among 
healthcare providers due to the high prevalence of blast 
injuries seen over the past two decades of conflict in the 
Middle East. The results from this study are suggestive 
that exposure to repetitive low-level primary blast may 
have detrimental effects on corneal ECD counts, NVP 
deviations, and general VF sensitivity. Despite these 
findings, all test results in the experimental (Cadre) group 
were within, or slightly lower (worse) than, the norma-
tive value ranges defined for each test. These findings 
show that the current levels of blast exposure used at the 
USMC WTB MoES appear to be safe. However, the fact 
that some tests indicated slight ophthalmic changes over 
time, or compared with the Control group, emphasizes 
the importance to healthcare providers in performing 
select ophthalmic tests in those individuals who have 
been exposed to repetitive blasts without classical symp-
toms or signs of ocular or visual system damage.
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Figure 11.
Mean ± standard deviation values for average two baseline and two final measurements for (a) cup-to-disc (C/D) ratio, (b) retinal 

nerve fiber layer (RNFL) thickness, and (c) central macular thickness. OD = right eye, OS = left eye.
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