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Visual Deficits and Dysfunctions Associated with Traumatic Brain

Injury: A Systematic Review and Meta-analysis

Natalya Merezhinskaya, PhD,'? Rita K. Mallia, OD, MPA,3 DoHwan Park, PhD,* Daniel W. Bryden, PhD,® Karan Mathur, BS,>

and Felix M. Barker, Il, OD, MS, FAAQ*2*

SIGNIFICANCE: This study reports prevalence data combined independently for accommodative dysfunction, con-
vergence insufficiency, visual field loss, and visual acuity loss in patients with traumatic brain injury in the absence
of eye injury.

OBJECTIVE: The objective of this study was to conduct a systematic review and meta-analysis to determine the
prevalence rates of accommodative dysfunction, convergence insufficiency, visual field loss, and visual acuity loss
in TBI patients without concomitant eye injury.

DATA SOURCES: The data sources used in this study were PubMed, EMBASE, EBSCO, and Cochrane Library.

STUDY APPRAISAL AND SYNTHESIS METHODS: Publications reporting the prevalence of diagnosed accommo-
dative dysfunction, convergence insufficiency, visual field loss, or visual acuity loss to the level of legal blindness in
TBI patients of any age were included. Univariate metaregression analyses and subgroup analyses were performed
to account for statistical heterogeneity.

RESULTS: Twenty-two eligible publications were identified across the four visual conditions. Random-effects
models yielded combined prevalence estimates: accommodative dysfunction (42.8; 95% confidence interval
[CI], 31.3 to 54.7), convergence insufficiency (36.3%; 95% Cl, 28.2 to 44.9%), visual field loss (18.2%; 95%
Cl, 10.6 to 27.1%), and visual acuity loss (0.0%; 95% Cl, 0.0 to 1.1%). Metaregression and subgroup analyses
revealed that visual field loss was significantly more prevalent in moderate to severe (39.8%; 95% Cl, 29.8 to
50.3%) compared with mild TBI (6.6%; 95% CI, 0 to 19.5%).

CONCLUSIONS AND IMPLICATIONS OF KEY FINDINGS: This study demonstrates that accommodative dysfunc-
tion, convergence insufficiency, and visual field loss are common sequelae of TBI. Prospective longitudinal re-
search with rigorous and uniform methodology is needed to better understand short- and long-term effects of
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Traumatic brain injury is defined as an alteration in brain func-
tion or other evidence of brain pathology caused by an external
force.! In 2013 alone, an estimated 2.8 million people in the
United States sustained a traumatic brain injury, most commonly
from falls, being struck by or against an object, and motor vehicle
accidents.? In the military, more than 375,000 cases of traumatic
brain injury were reported in service members since 2000, many
of them as a result of powerful explosive blast events. Retrospective
studies show that 65 to 79% of traumatic brain injury patients re-
port subjective visual complaints*™®; however, prevalence of the
underlying visual dysfunctions attributed to self-reported symp-
toms varies substantially between these studies for reasons includ-
ing inconsistent diagnostic and reporting methods, varying sample
population demographics, and the many possible mechanisms of
injury. Given the limitations of available retrospective data and
the dearth of studies that prospectively recruit unbiased patient
samples, this study was undertaken to obtain more accurate preva-
lence estimates. Thus, the purpose of this study is to use available
published scientific data to estimate the prevalence of four visual
outcomes often considered to be associated with traumatic brain
injury: accommodative dysfunction, convergence insufficiency, vi-
sual field loss, and visual acuity loss.'°"'® Furthermore, univariate
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metaregression and subgroup analyses were performed to better
account for the observed heterogeneity.

METHODS

Systematic Literature Search

Four databases (PubMed, EMBASE, EBSCO, and Cochrane Li-
brary) were queried for relevant literature published before August
2, 2017. Although settings and interfaces varied between these
databases, an identical search strategy was adapted for each data-
base. The complete search strategy can be found in the Appendix
(available at http://links.lww.com/OPX/A408). Briefly, search
terms were organized into four concepts: (1) prevalence, (2) head
injury, (3) vision, and (4) deficit/dysfunction. Terms within each
category were separated by the Boolean operator “OR,” and each
category was parenthesized and separated by the operator
“AND.” When possible, Medical Subject Heading terms or the “ex-
plode” qualifier was used to expand the search language. All cita-
tions were imported and managed using EndNote X7.7.1 (Clarivate
Analytics, Philadelphia, PA). Two authors of the current study (DWB,
KM) worked independently to screen title and abstracts for relevant
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articles; arbitration of disagreements was performed by an independent
third author (RKM). Two authors (DWB, RKM) then worked indepen-
dently to review full-text articles of all articles marked relevant to confirm
eligibility; arbitration of disagreements was performed by two authors of
the current study (FMB, NM). Recent systematic reviews on the topic
were scanned for appropriate literature'®*41”; bibliographies of all in-
cluded articles were scanned for relevant references.

Inclusion and Exclusion Criteria

The criteria for literature inclusion were as follows: (1) traumatic
brain injury or comparable head injury was diagnosed by a trained
medical professional; (2) screening and/or diagnostic testing for
accommodative dysfunction (insufficiency or infacility), conver-
gence insufficiency, visual field loss, or visual acuity loss (visual
acuity equal to 20/200 or worse) was performed by an eye care pro-
vider; and (3) the article was published in English in a peer-reviewed
journal, and full text was available. There were no restrictions for
period or patient age, with the exception that accommodation
was only measured in nonpresbyopic traumatic brain injury popula-
tions 40 years or younger.

Studies were excluded based on the following criteria: (1)
single-case report design was used; (2) the sample population
was artificially selected for one of the visual outcomes (i.e., pa-
tients were recruited because of visual symptoms likely secondary
to the visual outcome); (3) the sample population was previously di-
agnosed as having a chronic (or other) eye condition (e.g., glaucoma
and diabetic retinopathy); (4) brain injury was acquired in a manner
unrelated to trauma (e.g., stroke and infection); and (5) either trau-
matic brain injury or visual outcomes were self-reported or otherwise
not clinically diagnosed. Efforts were made to remove the impact of
ocular/orbital injury on visual diagnoses: patients/publications were
excluded if there was evidence of eye injury (e.g., intraocular hemor-
rhage and open globe injury) that could explain visual symptoms. Ap-
plicable data were restricted to traumatic brain injury patients
diagnosed as having one or more of these four visual outcomes.
These data did not include baseline prevalence comparisons, calcu-
lation of risk statistics, or assessment of the effectiveness of inter-
ventions for these outcomes. Review articles rarely reported
original data and were therefore excluded from statistical analysis;
however, reviews were used as resources to find relevant literature.

Study Selection

Reported data regarding the prevalence of accommodative dys-
function, convergence insufficiency, visual field loss, and visual acu-
ity loss were gathered by conducting the systematic literature search
described previously. All reported accommodative dysfunction data
reflect accommodative measures relative to age-related thresholds.
Visual field loss was defined as any type of diagnosed visual field de-
fect consistent with post-chiasmal injury such as hemianopia,
quadrantanopia, or scotoma; visual field defects attributed to pre-
chiasmal optic nerve or retinal damage were excluded. Visual acuity
loss was defined as a Snellen visual acuity estimate or comparable
measure at the level of “legal blindness” (20/200 or worse). 8

Duplicate articles were removed, and the remaining publica-
tions were screened by title and abstract for possible inclusion. A
thorough full-text review of all remaining articles was subsequently
completed. Additional articles were added to the initial list after re-
view of bibliographies contained in the included articles. All steps
were performed independently by two reviewers (DWB, KM); arbi-
tration of disagreements was performed by an independent third
reviewer (RKM).
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To the extent possible, an individual patient was represented
only once for each visual outcome calculation. When necessary,
study authors were contacted to determine the existence or degree
of patient overlap between their publications. In instances of co-
hort overlap between two or more studies, the larger or more recent
publication was chosen for inclusion'#; some notable studies were
excluded as a result of this process.®>®19-21

Data Extraction

Prevalence statistics of the four visual outcomes were extracted
directly from tables or the reported text. Initial data extraction was
performed by two authors who worked together (DWB, RKM); arbi-
tration of disagreements was performed through discussion with
two additional authors (FMB, NM). A second review of data extrac-
tion was performed by one author (RKM) with any issues resolved
through discussion with two additional authors (FMB, NM). Confi-
dence intervals were estimated according to the Clopper-Pearson
method?? at the 95% level. When available, additional contextual
data extracted from each study included the following: geographic
location (by country), age of participants, participant sex ratio, tar-
get population (i.e., defining characteristics of the recruited popu-
lation), causes of traumatic brain injury (i.e., mechanism of injury),
time elapsed from the traumatic brain injury until the eye
examination/screening, severity of traumatic brain injury, study de-
sign, and visual deficit/dysfunction testing criteria.

Statistical Analysis

All statistical analyses were conducted using R statistical soft-
ware (3.4.2)?3 and its “meta” and “metafor” package.?* Preva-
lence rates were calculated by dividing the number of individuals
with traumatic brain injury diagnosed with the visual outcome by
the total number of individuals diagnosed as having traumatic
brain injury. These rates were transformed via Freeman-Tukey's?®
double-arcsine method, as it best accounts for extreme values
(near 0 or 1) and is appropriate for meta-analyses of prevalence.?®
Studies were weighted per their effect size using the reciprocal of
variance (i.e., inverse variance) of the transformed proportions. A
continuity correction of 0.5 was applied to all prevalence estimates
of zero.?” Forest plots of each visual outcome were presented as
back-transformed data (i.e., raw prevalence) using the “metaprop”
and “forest” commands. Variances were combined using the
DerSimonian-Laird®® random-effects model. Between-study vari-
ance (1%) was estimated using the restricted maximal likelihood
method,?® as it best accommodates metaregression analyses, and
heterogeneity was assessed using Cochran Q test and Higgins 2 (?
values <40, 30 to 60, 50 to 90, and >75% were deemed low, mod-
erate, substantial, and considerable heterogeneity, respectively).3°
Cochran Qhas demonstrated low power under certain circumstances
and was therefore deemed statistically significant at P values less
than .10.3! An iterative influence analysis using the leave-one-out
method was performed for each outcome to determine whether any
single study was disproportionately influential in any of the respec-
tive combined prevalence estimates.332 Subgroup analysis was
performed for four moderators: (1) study design (prospective vs. ret-
rospective), (2) traumatic brain injury severity, (3) diagnostic
criteria, and (4) risk of bias to compare the prevalence rates among
different levels of moderators by considering the meta-analysis result
from each group separately. Methodological risk of bias of each
study was appraised via criteria validated by Hoy et al.>* Upon as-
sessment of methodological risk of bias,3* studies ranged from O
to 6 (Table 1). The overall risk-of-bias score for each study was
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TABLE 1. Risk-of-bias tool matrix

Was the study's Was the study
population instrument Was the Were the
a close Was some that measured length of the numerator(s)
representation Was the form of Was an  the parameter Was the shortest and
of the national sampling frame random Were data acceptable  of interest same mode  prevalence denominator(s)
population in  a true or close selection Wasthe  collected case shown to have of data period for the for the
relationto  representation used to likelihood of directly  definition reliahility collection  parameter of  parameter
your relevant  of the target  selectthe nonresponse fromthe  used in and validity  used for all interest of interest
Study variable? population?  sample? bias minimal? subjects? the study? (if necessary)? subjects?  appropriate? appropriate?
AIvarez35 No (1) No (1) No (1) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0)
etal.
Brahm . No (1) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) No (1) Yes (0) Yes (0)
etal.
Bulson w No (1) No (1) No (1) No (1) Yes (0) Yes (0) Yes (0) No (1) Yes (0) Yes (0)
etal.
Capé- No (1) Yes (0) No (1) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0)
Aponte
etal.”
Capé- No (1) No (1) No (1) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0)
Aponte
etal.¥’
Ciuffred3a8 No (1) Yes (0) Yes (0) No (1) Yes (0) No (1) Yes (0) Yes (0) Yes (0) Yes (0)
etal.
Cohen - Yes (0) No (1) No (1) No (1) Yes (0) No (1) Yes (0) Yes (0) Yes (0) Yes (0)
etal.
Goodricgh No (1) No (1) No (1) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0)
etal.
HeIIersthin No (1) No (1) No (1) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0)
etal.
Jackowalii No (1) No (1) No (1) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0)
etal.
Lemke s No (1) No (1) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0)
etal.
Magone43 No (1) No (1) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0)
etal.
Master " No (1) No (1) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0)
etal.
Padula a5 No (1) No (1) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0)
etal.
Poggi . No (1) No (1) No (1) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0)
etal.
Sabates47 No (1) No (1) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0)
etal.
Schrupag No (1) No (1) No (1) Yes (0) Yes (0) No (1) No (1) No (1) Yes (0) Yes (0)
etal.
Shokunbi No (1) No (1) No (1) Yes (0) Yes (0) No (1) No (1) No (1) Yes (0) Yes (0)
and
Agbeja*®
Stelmack No (1) No (1) No (1) Yes (0) Yes (O) Yes (O) for Yes (0) Yes (0) for AD, Yes (0) Yes (0)
etal® AD, Cl for AD, Cl  Cl, VAL
No (1) No (1) No (1) for VFL
for VFL for VFL
Storey w© No (1) No (1) No (1) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0)
etal.
Suchoff51 No (1) No (1) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) Yes (0)
etal.
Van Stag;rn Yes (0) Yes (0) Yes (0) Yes (0) Yes (0) No(1)forCl No (1) forCl  No (1) for Cl Yes (0) Yes (0)
etal.

Yes (0) Yes (0) for VFL Yes (0) for VFL
for VFL

Yes (0) represents low risk of bias; No (1), high risk of bias. Subcategories: low risk, O to 3 score for risk of bias; moderate risk, 4 to 6 score for risk of bias;
high risk, 7 to 9 score for risk of bias. AD = accommodative dysfunction; Cl = convergence insufficiency; VAL = visual acuity loss; VFL = visual field loss.
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grouped into low risk of bias (score of O to 3), medium risk of bias
(score of 4 to 6), and high risk of bias (score 7 to 9); a higher score
indicates greater risk of bias.3* All of the studies in this article
ranged from low to medium risk of bias.

Univariate metaregression analyses of prevalence by several
moderators were conducted to investigate the sources of hetero-
geneity in each of the four visual outcomes. The moderators
were considered as categorical variables with mostly binary out-
comes. The risk-of-bias moderator was a binary outcome with
low and moderate categories of risk of bias, and severity of trau-
matic brain injury was a binary outcome with mild (Glasgow
Coma Scale score 13 to 15) and moderate-to-severe (Glasgow
Coma Scale score 3 to 12) categories.

When Glasgow Coma Scale, or comparable metric, was not re-
ported, explicit attribution of mild or moderate/severe traumatic
brain injury in the publication text was considered; for this analysis,
sports concussions were not considered mild traumatic brain in-
jury. Study authors were contacted when traumatic brain injury se-
verity distinctions were unclear. Many individual publications
reported visual outcome prevalence statistics stratified by traumatic
brain injury severity, which provided an opportunity to use subpopu-
lations from a single article in more than one category.*3%4? Statis-
tics reported for metaregression analyses were the test statistic for
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the omnibus test of coefficients (i.e., the test for the effect of a
moderator; Cochran @), percentage of heterogeneity accounted
for R?, and Higgins P for individual subgroups.

Bonferroni correction for multiple comparisons was applied to
metaregression analyses such that Cochran Q was deemed statisti-
cally significant at less than 0.025.

RESULTS

Search Results

Database searches yielded 2104 unique publications. Of these,
2082 publications were excluded primarily because of a sample
population comprising non-traumatic brain injury patients, lack
of measurements for pertinent visual outcomes or being preselected
for visual symptoms consistent with the visual outcome, not exam-
ined by an eye care provider, missing data, or being a foreign-
language article. After title and abstract screening and full-text
review, 22 publications met the criteria for inclusion.*’~2-35-5!
The selection process summarized in Fig. 1 is in accordance with
standardized Preferred Reporting Items for Systematic Reviews
and Meta-analyses guidelines.5* On several occasions, data on
more than one visual outcome were extracted from the same

c Publications identified through
:g database searching Additional publications
8 * PubMed (n=1,068) identified through other
= = EMBASE (n=2,716) sources and bibliographies
= = EBSCO(n=131) (n=364)
= = Cochrane Library (n=232)
Publications after
o duplicates removed
£ (n=2,104)
c
[
o
E=
o ¢
(/2]
Publications screened for Publications
relevance usingtitle/abstract > excluded
(n=2,104) (n=1,342)
=
= Full-text publications excluded, with
2 reasons (n =740)
= Full-text publications = Non-TBI sample population
w assessed for eligibility > (n=296)
(n=762) = Relevant visual conditions not
measured (n=324)
= An article that did not present
originaldata
(n=98)
L] = Manuscript in aforeign language
% (n=3)
S Publications included in = Sample population selected for
©° quantitative meta-analysis visual outcome (n=4)
£ (n =22) » Sample population examined by
non-eye care provider (n=15)

FIGURE 1. Flow diagram of the systematic literature search process according to Preferred Reporting Items for Systematic Reviews and Meta-Analyses.>3
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publication. Taking these into account, 11 publications reported
accommodative dysfunction data,’~935-3843-45 14 reported
convergence insufficiency data,*7~2:3%:37-41,4344,50.52 14 re.
ported visual field loss data,*’~935-37:42:46-49,51,52
ported visual acuity loss data.*” 8354143

and 6 re-

Study Characteristics

Characteristics of the included studies can be found in Table 2.
The studies were predominantly conducted in the United States
(86.3%), but patients from Africa, Asia, and Europe were also rep-
resented. Patients ranged in age from 7 months to 91 years and
were generally recruited from one of three subpopulations: (1) mil-
itary service members and/or veterans, (2) athletes, or (3) the
catchment area surrounding local hospitals; female patients were
underrepresented, particularly among military groups. The most
commonly reported mechanisms of traumatic brain injury were mo-
tor vehicle accidents, blast-related injuries, sports-related injuries,
and falls.

Accommodative Dysfunction

The combined sample represents 1271 traumatic brain injury
patients who were screened for accommodative dysfunction. The
methods of assessing accommodation varied among the studies
(Table 2); tests for accommodative insufficiency, infacility, or both
were most common. Prevalence of accommodative dysfunction
ranged from 13 to 80.0% across the included studies with a com-
bined prevalence of 42.8% (95% confidence interval, 31.3 to
54.7%; Fig. 2). This estimate was considerably heterogeneous (Q
[10]1=115.64; P<.0001;  =91.35%), although no single study
was disproportionately influential. None of the four metaregression
analyses (study design, traumatic brain injury severity, diagnostic
criteria, and risk of bias) accounted for a significant portion of het-
erogeneity. The combined prevalence estimate of studies explicitly
reporting on mild traumatic brain injury patients, the most common
form of traumatic brain injury, was 43.2% (95% confidence inter-
val, 29.2 to 57.7%).

Convergence Insufficiency

Across all studies, 2140 traumatic brain injury patients were
screened for convergence insufficiency. Other convergence dys-
functions were sought, but only one study evaluated for conver-
gence excess,” and none evaluated for convergence infacility.
Testing methods for convergence involved the current state of the
commonly used clinical criteria accepted by the field; hence, either
the singular use of near point of convergence or any combination of
near point of convergence, fusional vergence, and eye alignment
testing was used (Table 2); diagnostic cutoffs for the near point
of convergence test varied from 6 to 12.7 cm (5 inches). The esti-
mated prevalence in each study ranged from 14.7 to 71.4%. The
combined prevalence was 36.3% (95% confidence interval,
28.2 to 44.9%; Fig. 3); these data were considerably heteroge-
neous (Q[13] = 129.20; P < .0001; % = 89.94%), but influence
analysis did not specify any single study as disproportionately influ-
ential. None of the four metaregression analyses (study design,
traumatic brain injury severity, diagnostic criteria, and risk of bias)
accounted for a statistically significant portion of the reported het-
erogeneity (R? < 0.21; P> .03). The combined prevalence esti-
mate of the studies explicitly reporting on mild traumatic brain
injury patients, the most common form, was 37.2% (95% confi-
dence interval, 24.3t0 51.1%).
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Visual Field Loss

In the combined sample, 2106 patients underwent visual field
testing. The specific types of visual field loss experienced by these
patients, when reported, included homonymous or nonhomonymous
hemianop(s)ia,*3%42:47:4951  quadrantanop(s)ia,*3>*24”  visual
field constriction/tunnel vision,**”-5 and central or paracentral sco-
toma.*47-5! Two publications in the included literature presented
diagnoses of cortical blindness resulting from damage to the occipi-
tal region of the brain causing visual acuity and visual field loss.*”**°
The authors did not comment on the extent of visual impairment
(i.e., partial or complete) or the visual acuity estimate associated
with cortical blindness; therefore, cortical blindness was treated as
a post-chiasmal visual field defect rather than a loss of visual acuity.
Visual fields were most often assessed via confrontation and/or a
handheld perimeter; however, Goldmann and automated perimetry
were also used. Individual publications presented prevalence esti-
mates between 0.0 and 50.5%. The combined prevalence estimate
was 18.2% (95% confidence interval, 10.6 to 27.1%; Fig. 4);
statistical heterogeneity was considerable (Q[13] = 177.22;
P < .0001; /7 = 92.67%), but influence analysis did not reveal
any single study as disproportionately driving the combined esti-
mate. Metaregression analyses revealed that traumatic brain in-
jury severity accounted for a significant portion of the observed
heterogeneity. Patients with mild traumatic brain injury demon-
strated visual field loss at a rate of 6.6% (95% confidence inter-
val, 0 to 19.5%), whereas patients with moderate to severe
traumatic brain injury had visual field loss at 39.8% (95% confi-
dence interval, 29.8 to 50.3%; R? = 64.80; P = .0006). Risk of
bias, study design, and diagnostic criteria were not statistically
significant moderators (R? = 0.22; P> .06).

Visual Acuity Loss

Visual acuity was measured in 1333 traumatic brain injury pa-
tients. All studies used a Snellen chart/card or comparable metric
to assess visual acuity (Table 2); therefore, an analysis comparing
diagnostic testing criteria was not performed. Prevalence of visual
acuity loss at increasingly worse levels was reported, but incon-
sistent reporting methods across the studies made combined
prevalence estimates untenable. However, data regarding the
prevalence of visual acuity worse than or equal to 20/200 (i.e., le-
gal blindness)'® were available and ranged from 0.0 to 3.4%. This
degree of visual acuity loss is rare; the combined prevalence esti-
mate was 0.0% (95% confidence interval, 0.0 to 1.1%; Fig. 5);
this estimate exhibited lower heterogeneity (Q5] = 13.21;
P<.02; ’ = 62.2%) compared with previous cases, and no single
study was disproportionately influential. The current study was un-
able to confirm a single case of visual acuity loss in mild traumatic
brain injury patients (0.0%; 95% confidence interval, 0.0 to
0.0%), whereas moderate-to-severe traumatic brain injury patients
experienced this deficit at a rate of 3.2% (95% confidence inter-
val, 0.3 t0 9.3%). The result needs to be interpreted with caution
because only one study with moderate-to-severe data was available
for the analysis.

DISCUSSION

Accommodative dysfunction and convergence insufficiency
are the most prevalent of the four visual outcomes examined in
this study, occurring in 42.8 and 36.3% of traumatic brain in-
jury patients, respectively. The accommodation and convergence
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TABLE 2. Characteristics of included studies

Age (y), mean Visual deficit/
Geographic  age +SD  Proportion, Target Risk of hias dysfunction
Study location (range) female (%) population Causes of TBI Time since TBI Severity  Study design  (0-10) testing criteria
Alvarez USA 403 +17.4 39 General MVA, fall, N/R N/R Retrospective Low AD: NPA, NRA, PRA,
etal.>® (5-89) population  strike or blow AC/A ratio, cover test,
to the head Maddox rod test;
from or Cl: NPC (no amount
against an specified), fusional
object, sport vergence, cover test;

VFL: confrontation,
Humphrey visual field,
OKN nystagmus drum;

VAL: Snellen chart,
retinoscopy

Brahm USA Inpatient: 4 Military Blast, MVA, N/R Moderate Retrospective Low AD: pull-away method,
etal® 28.6 gunshot, or to severe; cover test;
Outpatient: fall mild Cl: NPC (7 cm),
30.5 cover test;
VFL: confrontation,
Goldmann;

VAL: Feinbloom chart,
Teller Acuity Cards,
OKN drum, retinoscopy/

refraction
ulson b ilitary ast, . etrospective Moderate : visual acuity, cover
Bul USA 299 1 Mili Blast, MVA, N/R N/R R ive  Mod AD: visual acui
et al.3® (21-55) fall test, further binocular

testing performed at

discretion of provider

(including PRA/NRA,

FCC, accommodative

facility/amplitude,

phorias, and ranges);
VFL: confrontation

Capo- USA* 29.33+8.14 9 Military Blast, fall, 42 +343d Mild Retrospective Low AD: PRA, NRA;
Aponte MVA rollover, Cl: NPC (no amount
etal.’ blunt force specified), fusional

vergence, cover test,
worth-4-dot, fixation
disparity;
VFL: confrontation;
VAL: Snellen chart,
Snellen card,
refractive error

Capé- USA 31.2+7.36 10 Military Blast 15-45d Mild Prospective Low AD: AC/A ratio, minus
Aponte lens, facility tests with
etal®” lens flippers;

Cl: NPC (no amount
specified), fusional
vergence, cover test,
worth-4-dot,
fixation disparity;

VFL: confrontation;

VAL: Snellen chart,
refraction

Ciuffreda USA 449+ 15.8 N/R General N/R 45y N/R Retrospective Low AD: refraction, visual
etal.3® (8-91) population (0.1-43) acuity, “binocular and
oculomotor evaluation,”
accommodation,
version, vergence,
facility testing;

Cl: accommodation,
version, vergence,
binocular and
oculomotor evaluation

Cohen Israel Inpatient: N/R General N/R Inpatient: 3y Severe Prospective  Moderate Cl: NPC (RAF near-point
etal.®® 30+18.1 population Outpatient: rule; no amount
Outpatient: 3 mo specified)
29+9.9

Continued
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TABLE 2. Continued

Age (y), mean Visual deficit/
Geographic  age +SD  Proportion, Target Risk of hias dysfunction
Study location (range) female (%) population Causes of TBI Time since TBI Severity  Study design  (0-10) testing criteria
Goodrich USA Nonblast: 24 5 Military Blast, MVA, Nonblast: Moderate Retrospective Low AD: pull-away method,
etal® (19-63) fall, assault 0.32+0.52y to severe; monocular
Blast: 26 (0.02-3.13) mild accommodative
(19-55) Blast: amplitude;
1.01+£1.18y Cl: NPC (8 cm), cover
(0.03-4.79) test, Hirschberg test;
VFL: confrontation,
tangent screen, arc,
Goldmann
Hellerstein USA 38.88 N/R General N/R N/R Mild Prospective Low Cl: fusional vergence,
etal.®® population refraction, cover, test,
stereopsis, NPC, relative
accommodation, PRA,
NRA (if able to be
performed)
Jackowski USA 37.29+43 57 General N/R 0.4-10.5y N/R Prospective Low Cl: NPC (12.7 cm);
etal*! (29-42) population VAL: refraction
Lemke USA Median, 25 5 Military Blast Median,2mo  Mild; Prospective Low VFL: automated perimetry
etal.*? (19-45) (2 wk=6y) moderate;
severe;
penetrating
Magone USA 30.5+83 6 Military Blast 50.5 + 19.8 mo Mild Retrospective Low AD: amplitude of
etal®® (16-91) accommodation;
Cl: NPC (8 cm), fusional
vergence, cover test;
VAL: Snellen chart
Master USA 14.5 58 Pediatric Sports, fall <1 mo; 1-3 mo; N/R Prospective Low AD: visual acuity,
etal* (13.5-14.8) >3 mo Cross- amplitude (push-up),
sectional accommodative facility;
study Cl: NPC (6 cm),
fusional vergence, eye
alignment testing
(modified Thorington
test), vergence facility
Padula USA 24 30 General MVA, fall N/R N/R Prospective Low AD: bell and book
etal.®® (22-46) population retinoscopy, visual
acuity (with Feinbloom
and Lighthouse), NPC,
cover test, refraction
Poggi I[taly Median, 6.8 34 Pediatric MVA, fall Median, 3.2 mo Moderate Prospective Low VFL: Goldmann, ring
et al.®® (0.5-12.1) (0.4-107.6) to severe perimeter, Crothers test
Sabates USA 31 30.9 General MVA, direct 8.5 mo N/R Retrospective Low VFL: Goldmann, tangent
etal.?’ (5-74) population  trauma to the (3wk-3y) screen
skull, fall,
bicycle accident,
mountain
climbing, blast
Schrupp USA 42 +12 71.4 General MVA, fall, blow 6.2y Mild Prospective  Moderate VFL: N/R
etal.*® (18-59) population  to the head, (11 mo-22y)
and unknown
Shokunbi Nigeria 84.5+ 36 Pediatric MVA, fall, N/R N/R Retrospective Moderate VFL: N/R
and 57.3 mo miscellaneous
Agbeja®® (7 mo-16y)
Stelmack USA 31 8 Military Military <30d N/R Retrospective Low (AD, Cl, AD: accommodative
etal® (OEF/OIF) and VAL), facility, refraction;
moderate Cl: fusional vergence, eye
(VFL) alignment test, vergence
facility, refraction;
VFL: N/R;
VAL: refraction
Storey USA 5-18y N/R Pediatric Sport, fall, N/R N/R Retrospective Low Cl: NPC (6 cm)
etal.® recreation
Suchoff USA 449 +15.8 N/R General N/R 45y N/R Retrospective Low VFL: confrontation, static
etal.>! (8-91) population (0.1-42) or kinetic perimetry
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TABLE 2. Continued

Age (y), mean Visual deficit/
Geographic  age +SD  Proportion, Target Risk of hias dysfunction
Study location (range) female (%) population Causes of TBI Time since TBI Severity  Study design  (0-10) testing criteria
Van USA 30 37 General MVA, fall, 73.5+291.8d N/R Retrospective Low Cl: N/R;
Stavern (2-86) population  bicycle (3d-12y) VFL: Goldmann,
etal®? accidents, Humphrey
projectile, visual field
pedestrian
accident,
and others

Risk of bias is based on 10 criteria formulated and validated by Hoy et a

I.,34

where a higher score indicates greater bias; two scores are presented in some

cases because of insufficient reporting of diagnostic criteria for some but not all visual outcomes. Information presented in the “visual deficit/dysfunction
testing criteria” column is discretized by the visual condition. *Evaluation was done by an American at Landstuhl Regional Medical Center, Germany. AC/
A = accommodative convergence per unit of accommodation; AD = accommodative dysfunction; Cl = convergence insufficiency; MVA = motor vehicle
accident; NPA = near point of accommodation; NPC = near point of convergence; N/R = not reported; NRA = negative relative accommodation; OEF = Op-
eration Enduring Freedom; OIF = Operation Iraqi Freedom; PRA = positive relative accommodation; TBI = traumatic brain injury; UK = United Kingdom;

USA = United States; VAL = visual acuity loss; VFL = visual field loss.

pathways rely on a decentralized and extensive neural architecture
involving mesencephalic brainstem nuclei, premotor and motor
cortex, cerebellum, and oculomotor, abducens, and trochlear
nerves. Focal damage to a critical component of this system, dif-
fuse or shearing forces along the visual pathway, or intracranial
edema, hematoma, or hemorrhage therefore can commonly lead
to deficient ability of the eyes to accommodate and/or converge,>®
which is usually independent of any decrement in visual acuity.
The variety of damaging events that can lead to accommodative
dysfunction and/or convergence insufficiency provides plausible
reasoning for the high prevalence rates reported in this study.
Visual field loss occurs in approximately 18.2% of traumatic
brain injury patients according to this study. The assessment of vi-
sual field loss in a traumatic brain injury patient is complicated by
the varied nature of head injuries and the probability of an associ-
ated ocular injury. Individuals can demonstrate visual field loss
by sustaining a direct ocular injury and/or an injury to the intracra-
nial visual pathways resulting in damage to segments of the visual
pathway ranging from the retina to the occipital cortex.5®%” To en-
sure that the results of the current study were based solely on the
impact of a brain injury and not ocular injury, only visual field loss
secondary to post-chiasmal injury was considered. Such defects
are often perceived bilaterally by the patient (e.g., hemianopia
and quadrantanopia)®’ and are considered to occur secondary to
an injury to the intracranial portion of the visual pathway. The cur-
rent study indicates that visual acuity loss at the level of legal blind-
ness is rarely associated with only traumatic brain injury. A
probable explanation is that visual sequelae resulting from ocular,
retinal, or optic nerve damage were excluded from this analysis.
In most cases, traumatic visual acuity loss is related to pre-
chiasmal damage and occurs in the setting of severe head trauma
associated with loss of consciousness.®® The relatively low preva-
lence of visual acuity loss due to neurologic consequences of trau-
matic brain injury suggests that the test for visual acuity, which is
the most commonly performed measure of the visual system, is
an insufficient stand-alone surrogate for overall visual health. In
fact, most traumatic brain injury patients in the current study had
little if any loss of acuity; three studies reported that all patients
with mild forms of traumatic brain injury had better than or equal
to 20/25 vision.” 743 Therefore, patients with a history of head in-
jury should be evaluated by an eye care provider (i.e., optometrist or
ophthalmologist) who can render a comprehensive eye examination
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to look for these subtle changes in visual function, including direct
injuries to the eye, which were not included in this study but are
known to be commonly associated with head injuries and traumatic
brain injury.®® Such a comprehensive examination would include
the following: medical history, visual acuity, measurement of re-
fractive error, external examination, pupillary testing, distance
and near cover testing, visual field testing, extraocular muscle
movement assessment including version and vergence functions,
accommodative assessment, tonometry, slit-lamp biomicroscopy,
binocular indirect ophthalmoscopy, and gonioscopy. The current
study did not use comparative baseline rates of the studied visual
outcomes in otherwise healthy individuals that would allow for risk
metrics to be calculated. Although baseline rates or control groups
were infrequently reported in the literature collected here, preva-
lence statistics for visual outcomes in populations with no history
of head injury have been reported previously. Rates of accommoda-
tive dysfunction in otherwise healthy individuals were reported to
be between 5.8 and 32.4%,3760-5% which is lower than 42.8% re-
ported in the current study. Convergence insufficiency was previ-
ously reported in 4.2 to 31.4% of otherwise healthy
populations!*37:61:63-67 compared with 36.3% reported in trau-
matic brain injury patients here. Baseline visual field loss data
are rare and generally measured in older adults; however, Capé-
Aponte et al.3” reported 0% visual field loss in otherwise healthy
military personnel aged 20 to 43 years, and Ramrattan et al.®® re-
ported a prevalence of 3% in civilians aged 55 to 64 years. These
estimates are notably lower than 18.2% in the current study.
Lastly, baseline rates of visual acuity loss to the level of legal blind-
ness were reported at less than 1%,69:6%70 which is comparable
with the approximately 0% reported in traumatic brain injury
patients here.

Prevalence Stratified by Traumatic Brain
Injury Severity

The prevalence estimates harvested from each study included
in the current analysis varied substantially. It was hypothesized
that this heterogeneity could be partially explained by the severity
of traumatic brain injury. To address this question, the prevalence
of the four studied visual outcomes was stratified into either mild
traumatic brain injury or moderate-to-severe traumatic brain injury
categories, and metaregression analyses and subgroup analyses
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Prevalence of Accommodative Dysfunction

Study Events Total Proportion 95%-Cl Weight
Alvarez, et al. (2012)* 76 314 3 0.242  [0.196; 0.293] 10.30%
Brahm, et al. (2009)* 68 152 _’— 0.447  [0.367; 0.530] 10.00%
Bulson, et al. (2012)% 13 100 L 0.130 [0.071; 0.212] 9.80%
Capo-Aponte, et al. (2012)% 13 20 + 0.650 [0.408; 0.846] 7.70%
Capo-Aponte, et al. (2017)7 160 382 —_ 0.419  [0.369; 0.470] 10.30%
Ciuffreda, et al. (2007)%® 21 51 — e 0.412  [0.276; 0.558] 9.20%
Goodrich, et al. (2013)° 50 75 _'_ 0.667 [0.548; 0.771] 9.60%
Magone, et al. (2014)* 7 31 __._ 0.226 [0.096; 0.411] 8.50%
Master, et al. (2016)* 50 100 0.500  [0.398; 0.602] 9.80%
Padula, et al. (1994)% 8 10 0.800 [0.444; 0.975] 6.20%
Stelmack, et al. (2009)® 17 36 {:} 0.472 [0.304; 0.645] 8.70%

Random effects model 1271 é) O|.2 0.4 0!6 O|.8 1.|0 0.428 [0.313: 0.547] 100.00%

Heterogeneity: 2 = 91.352%, P < .0001

FIGURE 2. Forest plot of accommodative dysfunction prevalence in traumatic brain injury patients. Each data (square) and error band (horizontal line)
represent mean prevalence and 95% confidence interval (Cl), respectively. “Events” refer to the number of patients with a positive diagnosis of accom-
modative dysfunction; “total” is the sample size of each study. Weights and combined prevalence are calculated using the DerSimonian-Laird random-
effects model. Sizes of the gray boxes are in proportion to the reported weights. Mean prevalence is presented as a broken vertical line. Asterisk indicates

statistically significant heterogeneity (P < .10).

were performed (Fig. 6). The prevalence of accommodative dys-
function and convergence insufficiency did not differ in patients
with mild versus moderate to severe traumatic brain injury accord-
ing to the current analysis. However, the data for accommodative
dysfunction need to be interpreted with caution because only one
study with moderate-to-severe traumatic brain injury data was

available for the analysis. This study comparison combined data
across studies frequently using different diagnostic approaches
(Table 2) and often did not stratify prevalence by the types of ac-
commodative issues (e.g., accommodative insufficiency and
infacility). However, the study findings comport with Brahm et al.*
and Alvarez et al.,3® who did report these traumatic brain injury

Prevalence of Convergence Insufficiency

Study Events  Total Proportion 95%-ClI Weight

Alvarez, et al. (2012)%® 130 557 R 0.233 [0.199; 0.271] 8.60%

Brahm, et al. (2009)* 85 183 . 0.464  [0.391; 0.540] 8.30%

Capo-Aponte, et al. (2012)¥ 1 20 —— 0.550  [0.315; 0.769] 5.60%

Capo-Aponte, et al. (2017)" 115 500 = 0.230  [0.194; 0.269] 8.60%
—_-—

Ciuffreda, et al. (2007)%® 68 160 i 0.425 [0.347; 0.506] 8.20%
H

Cohen, et al. (1989)*° 40 98 H 0.408 [0.310; 0.512] 7.90%

Goodrich, et al. (2013)° 30 48 S 0.625  [0.474;0.760] 7.10%

Hellerstein, et al. (1995) 7 16 0.438 [0.198; 0.701] 5.10%

_._5_

Jackowski, et al. (1996)*' 5 7 : 0.714 [0.290; 0.963] 3.40%
s g

Magone, et al. (2014)* 8 31 : 0.258  [0.119; 0.446] 6.40%

Master, et al. (2016)** 49 100 - 0.490 [0.389; 0.592] 7.90%

Stelmack, et al. (2009)® 10 36 E = 0.278 [0.142; 0.452] 6.60%

Storey, et al. (2017)%° 67 275 0.244 [0.194; 0.299] 8.40%

Van Stavern, et al. (2001)%? 16 109 I I I I | 0.147  [0.086; 0.227] 7.90%

Random effects model 2140 0 0.2 0.4 0.6 0.8 1.0 0.363 [0.282; 0.449] 100.00%

Heterogeneity: 1> = 89.938%, P < .0001

FIGURE 3. Forest plot of convergence insufficiency prevalence in traumatic brain injury patients. All conventions as in Fig. 2.
www.optvissci.com Optom Vis Sci 2019; Vol 96(8) 550
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Prevalence of Visual Field Loss

Study Events  Total Proportion 95%—Cl Weight
Alvarez, et al. (2012)% 79 557 -+ 0.142  [0.114; 0.174] 7.90%
Brahm, et al. (2009)* 23 183 —'— 0.126  [0.081; 0.183] 7.70%
Bulson, et al. (2012)% 9 100 T i 0.090  [0.042; 0.164] 7.50%
Capo-Aponte, et al. (2012)%7 0 20 '_+ 0.000  [0.000; 0.168] 5.90%
Capo-Aponte, et al. (2017)7 108 500 _mm 0.216  [0.181; 0.255] 7.90%
Goodrich, et al. (2013)° 13 70 = 0.186  [0.103; 0.297] 7.20%
Lemke, et al. (2016)*2 9 61 R 0.148  [0.070; 0.262] 7.20%
Poggi, et al. (2000)% 21 51 . 0412  [0.276; 0.558] 7.00%
Sabates, et al. (1991)* 47 165 4__'_'7 0.285  [0.217; 0.360] 7.60%
Schrupp, et al. (2009)® 3 11 0273  [0.060; 0.610] 4.90%
Shokunbi and Agbeja (1991)* 1 99 - 0.010  [0.000; 0.055] 7.40%
Stelmack, et al. (2009) 3 36 —_— 0.083  [0.018; 0.225] 6.70%
Suchoff, et al. (2008)* 62 160 0.388  [0.312; 0.468] 7.60%
Van Stavern, et al. (2001)% 47 93 | {f} | | | 0.505  [0.400; 0.611] 7.40%

Random effects model 2106 0 02 04 06 08 10 0.182  [0.106; 0.271] 100.00%

Heterogeneity: 12 = 92.665%, P < .0001

FIGURE 4. Forest plot of visual field loss prevalence in traumatic brain injury patients. All conventions as in Fig. 2. The x axis is truncated for clarity.

severity comparisons using their respective, internally consistent,
diagnostic methodologies and found no differences in visual dys-
functions between traumatic brain injury severity levels. It should
also be noted that the specific neurological abnormalities responsi-
ble for accommodative and convergence issues are rarely investi-
gated in individual cases. More detailed research is likely to shed
greater light on this issue.

In contrast, post-chiasmal visual field loss demonstrated signif-
icance for higher prevalence associated with moderate to severe
traumatic brain injury (39.8%) compared with mild traumatic brain
injury (6.6). This observation is consistent with previous research
showing that more severe forms of traumatic brain injury, particu-
larly with distributed cerebral pathology involving the occipital
lobe, optic radiations, or optic tract, lead to higher rates of post-
chiasmal visual field loss.5”+"!

When the prevalence of visual acuity loss (legal blindness equal
to or worse than 20/200) was stratified by the severity of traumatic
brain injury, no cases were reported in mild traumatic brain injury

patients compared with 3.2% in moderate to severe traumatic
brain injury, but these data need to be interpreted with caution be-
cause only one reference with moderate to severe traumatic brain
injury was found. Although disparate visual acuity categorization
presented in the existing literature precluded a comparison of vi-
sual acuity at less severe levels in the current study, one study
did report infrequent moderate visual acuity loss (worse than 20/
100) in Polytrauma Network Site outpatients (1.6%) compared
with Polytrauma Rehabilitation Center inpatients (12.7%).%

Other Moderating Variables and Their Relationship
with Visual Outcome Prevalence

In addition to traumatic brain injury severity, the studies were
evaluated on the association of the prevalence rates with risk of bias,
diagnostic criteria, and study design (prospective vs. retrospective).
Methodological risk of bias was used not only to assess the literature
at large but also to determine if biased studies impacted reported

Prevalence of Visual Acuity Loss

Study Events Total Proportion 95%-Cl Weight
Alvarez, et al. (2012)* 4 520 |k 0.008 [0.002; 0.020] 26.80%
Brahm, et al. (2009)* 2 187 = 0.011 [0.001; 0.038] 21.00%
Capo-Aponte, et al. (2017)" 0 500 r 0.000 [0.000; 0.007] 26.60%
Jackowski, et al. (1996)*! 0 7 |__ 0.000 [0.000; 0.410] 2.30%
Magone, et al. (2014)* 0 31 _._ 0.000 [0.000; 0.112] 7.90%
Stelmack, et al. (2009)8 3 88 0.034 [0.007; 0.096] 15.30%
Random effects model 1333 Ib I I I | 0.000 [0.000; 0.011] 100.00%

0 0.2 06 08 1.0

Heterogeneity: I? = 62.154%, P = .0215

FIGURE 5. Forest plot of visual acuity loss (at the level of legal blindness) prevalence in traumatic brain injury patients. The xaxis is truncated for clarity.

All other conventions as in Fig. 2.
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Prevalence of Visual Field Loss in Moderate-to-Severe TBI Compared to Mild TBI

Study Events  Total Proportion 95%-Cl Weight

Moderate to Severe TBI

Brahm, et al. (2009)* 19 59 : 0.322 [0.206; 0.456] 11.70%

.

Lemke, et al. (2016)*? 4 15 : 0.267 [0.078; 0.551] 9.90%

Poggi, et al. (2000)*® 21 51 —_ 0.412 [0.276; 0.558] 11.60%

Van Stavern, et al. (2001)52 47 93 = 0.505 [0400, 0.61 1] 12.00%

Random effects model 218 e 0.398 [0.298; 0.503] 45.20%

Heterogeneity: I? = 53.059%, P = .0941

Mild TBI

Brahm, et al. (2009)* 4 124 - 0.032 [0.009; 0.081] 12.10%

Capo-Aponte, et al. (2012)*" 0 20 : 0.000 [0.000; 0.168] 10.40%

Capo-Aponte, et al. (2017)" 108 500 - 0.216 [0.181; 0.255] 12.40%

Lemke, et al. (2016)*2 0 22 - p— 0.000 [0.000; 0.154] 10.60%

Schrupp, et al. (2009)*® 3 11 0.273 [0.060; 0.610] 9.20%

Random effects model 677 = 0.066 [0.000; 0.195] 54.80%

Heterogeneity: /2 = 92.287%, P < .0001

Random effects model 895 :‘ 0.187 [0.069; 0.342] 100.00%
ity 2 = 0 [ I I I I |

Heterogeneity: I* = 93.110%, P < .0001 0 02 04 06 08 10

FIGURE 6. Forest plot of visual field loss prevalence in moderate-to-severe TBI compared with mild TBI. All other conventions as in Fig. 2. TBI = trau-

matic brain injury.

prevalence rates in a meaningful way. Criteria validated by Hoy
et al.3* were used to appraise the studies on the recruited sample
population, the types of recruitment used, study instruments and
measurement validation, and statistical approach. The general pop-
ulation was represented at higher rates (63%) than service members
and/or veterans (37%), which decreased the bias of recruited sam-
ples. The studies used for the analysis had either low or medium risk
of bias, with overall risk of bias in the low category (mean, 3.18/10).

Most studies used validated screening/diagnostic criteria for
both traumatic brain injury and visual outcome assessment (al-
though some were not transparent about the tools used), and all
used appropriate statistical procedures. The screening/diagnostic
criteria for the visual dysfunctions varied significantly between dif-
ferent studies. Despite this variability, we did not observe an asso-
ciation between the screening/diagnostic methodology and the
prevalence rates for all four visual outcomes. No association was
observed between the type of study (prospective vs. retrospective)
and the prevalence rates.

Traumatic Brain Injury Resulting from Blast versus
Nonblast Events

Prevalence rates for the four studied visual outcomes may de-
pend on the mechanism by which the brain injury was acquired.
Of particular interest is whether head injuries resulting from an ex-
plosive blast event (i.e., due to the blast overpressure wave and/or
head injury secondary to events of the blast) were related to differ-
ential visual dysfunction rates when compared with head injuries
resulting from nonblast events (e.g., sports-related trauma, falls,
and motor vehicle accidents). Several of the included publications
provided descriptions of the type(s) of injuring event that resulted
in traumatic brain injury (Table 2). Although the data for these pa-
rameters are very limited, our study did not show that the prevalence
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for the four visual outcomes is different in blast versus nonblast trau-
matic brain injury events.

Trauma secondary to direct, blunt, or penetrating injury to the
brain, as well as damage resulting from brain displacement (e.g.,
coup-contrecoup injury), can occur both in explosive blast or
nonblast scenarios.

Animal studies, computational analyses, and human brain pathol-
ogy research have been used to examine whether the physical impact
of the blast overpressure wave, the only component unique to blast,
produces specific brain injuries separate from other traumatic brain
injury mechanisms of injury.337%777 In recent work, Tagge et al.”®
compared the effects of the blast overpressure wave with direct head
impacts using computational simulation. This research showed that
direct impact generated high-pressure force loading onto a focused
contact area, whereas blast wave impact caused distributed, lower-
magnitude force loading. Direct impact produced sevenfold greater
peak shear stress to the brain as compared with the blast wave.
Therefore, any effects due purely to blast overpressure on the visual
system are likely to be subtle and may be obscured by the more pow-
erful effects of direct impact during the same blast event.

Indeed, Capé-Aponte et al.”® studied the isolated effects of
blast overpressure in Marine Corps “breachers” who encounter re-
petitive subconcussive blast exposure as part of their training. Al-
though the results were suggestive of detrimental effects of the
low-level repetitive blast on corneal endothelial cell count, near
vertical phoria, and visual field sensitivity, all test results in the ex-
perimental group were within or only slightly lower than normative
value ranges. No differences were found in convergence, accom-
modation, or visual acuity measures.

Nevertheless, it should be acknowledged that, although the cur-
rent study and others did not detect a difference between blast and
nonblast events in visual symptoms measures, recent publications
suggest that blast events may evoke specific cellular and molecular
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effects in brain tissue. Shively et al.”? described a distinct pattern
of interface astroglial scarring in tissues adjacent to cerebrospinal
fluid at junctions between gray and white matter and around blood
vessels in brain specimens from military service members who
experienced blast exposure. Comparable glial deposition pat-
terns were not observed in brain specimens from individuals
with a history of impact (i.e., nonblast) and traumatic brain in-
jury or control cases with no history of traumatic brain injury. Future
research is needed to establish whether these neuropathological
findings are associated with specific short- and/or long-term
clinical manifestations.

It should also be noted that little is known about the visual com-
plications that arise from the other possible mechanisms of trau-
matic brain injury (e.g., falls and assaults), as stratification by the
mechanism of injury in the literature is rare (however, see Alvarez
et al.,3® who did stratify visual outcomes by specific etiology in-
cluding motor vehicle accidents, falls, and sports injuries).

Persistence of Visual Dysfunctions Secondary to
Traumatic Brain Injury

There is also conjecture in the field of vision science regarding
the persistence of visual dysfunctions after an individual sustains
a traumatic brain injury. Studies assessing a traumatic brain injury
patient's visual status at numerous time points during recovery are
infrequent and use subjective visual symptom data rather than ad-
ministering comprehensive eye examinations.”>8% Despite the
lack of optimal evidence, a small number of publications, which
are included in the analyses previously, address the extent to which
visual outcomes are diagnosed in the long-term (i.e., chronic)
phase. Capé-Aponte et al.” compared three cohorts whose constit-
uents received diagnostic eye examinations at different periods
(i.e., <45 days, between 46 and 365 days, or >365 days) after
their traumatic brain injury. Although the small number of studies
did not allow for the generalization of the conclusion, this study
found no difference in the prevalence of accommodative dysfunc-
tion, convergence insufficiency, and visual field loss between the
three groups. In addition, Kowal®! documented the prevalence of
accommodative dysfunction (16%) and convergence insufficiency
(14%) in 161 patients shortly after head injury. Most patients with
accommodation and convergence issues were followed up for more
than 1 year, and at least 58 and 35% of these patients, respec-
tively, experienced persisting symptoms. Despite the paucity of ev-
idence explicitly addressing the prevalence of visual outcomes in
the chronic versus acute phase of traumatic brain injury recovery,
it is evident that traumatic visual dysfunctions can and do persist
in a substantial proportion of traumatic brain injury patients past
1 year after the injuring event.

Limitations

The nature of meta-analyses requires the combination of data
collected from various locations, sources, and authors. There are,
therefore, inherent limitations that should be acknowledged. A
primary limitation of the current study is the extent of statistical
heterogeneity in the data for accommodative dysfunction, con-
vergence insufficiency, and visual field loss. Each of these com-
bined prevalence estimates (Figs. 2 to 5) was associated with a
significantly high /? statistic (each >90%). To further account
for some of the reported heterogeneity, univariate metaregression
analyses were performed.
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Limitations were apparent in the traumatic brain injury severity
analysis; it was common that either publications did not report the
severity of traumatic brain injury, or the patient sample was popu-
lated with individuals who sustained varying degrees of traumatic
brain injury. The traumatic brain injury severity analysis was further
complicated by the diagnosis of “concussion” in several publica-
tions,**5° which lacks the same accepted severity distinctions
used in traumatic brain injury and is often but not always®2:83
deemed synonymous with mild traumatic brain injury. For these
reasons, many publications were excluded from metaregression
analyses, which reduced the power and generalizability of subse-
quent conclusions. Similar challenges restricted the utility of the
screening/diagnostic testing criteria moderator.

Categorization of disparate approaches into logical categories
was exceedingly difficult; for example, testing criteria in a distinct
category necessarily overlapped with those of neighboring categories.
This problem is magnified by some studies not providing sufficient
methodological detail for their testing criteria. Additional attempts
were made to account for differences between studies based on age
of participants, sex ratio, target population, geographic location, and
year of study, but these factors largely failed to explain variability
among visual outcome prevalence estimates (data not shown). The
metaregression analyses suggest that no single factor was responsible
for the observed statistical heterogeneity.

Recommendations

Traumatic brain injury is a time-related process involving injury,
short-term change, and longer-term recovery, which can persist
chronically, all processes that are not well understood. A carefully
constructed prospective trial with a large sample and consistent
evaluation techniques would have a tremendous impact on the
field and would address the various limitations outlined previously.
An ideal trial would recruit unbiased samples of consecutive pa-
tients from hospitals, emergency departments, military treat-
ment facilities, and/or Veterans Affairs; record demographic
characteristics (e.g., age, sex, and occupation) and injury spe-
cifics (e.g., etiology, severity, comorbid conditions such as eye
injuries, and imaging results); would require complete examina-
tions from eye care providers within a restricted time after injury
and additional follow-up, regardless of overt visual symptoms;
would mandate application of consistent diagnostic testing
criteria for each visual outcome; and would maintain detailed re-
cords of dosage, use, and compliance information for prescribed
drugs, devices, or interventions. Furthermore, to better under-
stand chronicity, recovery, and management outcomes, this
study should be extended to incorporate a natural history design
over a longitudinal timeline.

The current study clearly shows that traumatic brain injury
damages the visual system in many ways and that, because visual
acuity is often unaffected, these visual outcomes are frequently
undetected. Therefore, all service members, veterans, and/or ci-
vilians who have experienced a traumatic brain injury should seek
(or be referred to) an eye care provider for a comprehensive eye ex-
amination as specified by the Veterans Health Administration No-
tice 2017-35%* and the Vision Center of Excellence Clinical
Recommendations for the Eye Care Provider. Further detail regard-
ing the detection and management of traumatic brain injury—
associated visual dysfunctions is available in the Department of
Defense— and Veterans Affairs—approved Vision Center of Excel-
lence clinical recommendations.8%8’
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