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Abstract

Mild traumatic brain injury (mTBI), or concussion, is the most common type of traumatic
brain injury. With mTBI comes symptoms that include headaches, fatigue, depression, anxi-
ety and irritability, as well as impaired cognitive function. Symptom resolution is thought to
occur within 3 months post-injury, with the exception of a small percentage of individuals
who are said to experience persistent post-concussion syndrome. The number of individuals
who experience persistent symptoms appears to be low despite clear evidence of longer-
term pathophysiological changes resulting from mTBI. In light of the incongruency between
these longer-term changes in brain pathology and the number of individuals with longer-
term mTBI-related symptoms, particularly impaired cognitive function, we performed a scop-
ing review of the literature that behaviourally assessed short- and long-term cognitive func-
tion in individuals with a single mTBI, with the goal of identifying the impact of a single
concussion on cognitive function in the chronic stage post-injury. CINAHL, Embase, and
Medline/Ovid were searched July 2015 for studies related to concussion and cognitive
impairment. Data relating to the presence/absence of cognitive impairment were extracted
from 45 studies meeting our inclusion criteria. Results indicate that, in contrast to the prevail-
ing view that most symptoms of concussion are resolved within 3 months post-injury,
approximately half of individuals with a single mTBI demonstrate long-term cognitive
impairment. Study limitations notwithstanding, these findings highlight the need to carefully
examine the long-term implications of a single mTBI.

Introduction

Mild traumatic brain injury (mTBI), more commonly known as concussion, is the most com-
mon type of traumatic brain injury [1, 2]. The Mild Traumatic Brain Injury Committee of the
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American Congress of Rehabilitation Medicine [3] describes mTBI as a mild insult to the head
that results in a brief period of unconsciousness followed by impaired cognitive function.
Along with impaired cognitive function, mTBI causes an array of symptoms, most notably
headaches, fatigue, depression, anxiety and irritability, collectively referred to as post-concus-
sion syndrome (PCS)[3]. The time it takes for symptoms to resolve in the majority of individu-
als is approximately 3 months, however, some individuals continue to experience symptoms
beyond 1 year post-injury [4, 5]. Those with persistent symptoms are said to experience persis-
tent PCS [5, 6]. While persistent PCS has been defined numerous ways in the literature, gener-
ally it includes the presence of the aforementioned symptoms, including cognitive
impairment. As initially reported by Rutherford et. al., persistent PCS is estimated to impact
15% of individuals with a first-time concussion [7-9].

Amongst the many sequelae of mTBI, cognitive impairment may be paramount in relation
to its contribution to long-term dysfunction [10]. Impairment in numerous cognitive domains
has been reported in mTBI, including executive function, learning and memory, attention and
processing speed, among others [10]. Evidence indicates that a single concussion can disrupt
the neurological mechanisms underlying cognition [11]. The impairment is robust and there-
fore readily detectable in the early phase post-injury, but the long-term outcomes are unclear
largely due to a dearth of research. It is well established that a single mTBI results in patho-
physiological changes in the brain. Included amongst these pathophysiological changes is
altered white matter structure and function (e.g., diffuse axonal injury, DAI) as well as the so
called ‘neurometabolic cascade’ that is characterized by altered neurotransmitter activity and
subsequently altered levels of brain excitability [12-14]. While not observed using conven-
tional imaging, DAT has been found in numerous brain regions following a single mTBI using
diffusion tensor imaging (DTI) [15-18]. Abnormal integrity of white matter tracts has even
been observed in the absence of a clinical diagnosis of concussion [19]. Given that even a single
mTBI induces pathophysiological changes in the brain that can be detected in both the acute
and chronic phases post-injury, one might anticipate these pathophysiological changes mani-
festing as cognitive impairment. As such, why the incidence of cognitive impairment is not
higher than that reported for PCS (i.e., 15%) is not apparent. As PCS is defined as a collection
of symptoms (e.g., requiring 3 of 8 symptom categories as reported in Daneshvar and collegues
[5]), it is difficult to identify the long-term incidence of specific symptoms resulting from
mTBI, including cognitive impairment.

To date, the studies that assess long-term cognitive outcomes in singly-concussed individu-
als have not been gathered and reviewed. To address this gap in knowledge, we performed a
scoping review of the literature reporting cognitive outcomes in first-time concussed individu-
als in the chronic phase (i.e., > 3 months post-injury) to determine the impact of a single
mTBI. Establishing that even a single concussion has long-term impact on cognitive function
will add support to the notion that ‘mild’ traumatic brain injury is anything but.

Methods
Type of review

Given the study purpose, we performed a scoping, as opposed to systematic, review. As defined
in Colquhoun and colleagues [20], a scoping review is “a form of knowledge synthesis that
addresses an exploratory research question aimed at mapping key concepts. . .in research
related to a defined area or field by systematically searching, selecting and synthesizing existing
knowledge” (p. 1292-94), whereas a systematic review is intended to determine what is known
in a given area of research with a focus on making recommendations for clinical practice [21].
As detailed below, we followed the framework put forth by Arksey and O’Malley (and later
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revised by Levac and colleagues) to perform the review [22, 23]. Consistent with this frame-
work, our study included a descriptive numerical summary and qualitative approach, as
opposed to a quantitative statistical one [20].

Scoping search

A broad search of the literature was performed to identify all keywords and search terms for
two concepts: concussion and cognitive impairment. Three electronic databases, CINAHL,
Embase, and Medline/Ovid were used for this scoping review. Prior to conducting the search,
the keywords and search terms were organized into a search translation table (see Table 1).
The search translation table organizes both keywords and controlled vocabulary terms to assist
in maintaining equivalent searches across the three databases. Each controlled vocabulary
term for all three databases was exploded to include related terms. For the purposes of this
review, we operationally defined cognitive impairment as any impairment to the cognitive
processes related to executive function. Controlled vocabulary terms included the cognitive
domains of “learning” and “memory”. Given the inextricable relationship between learning
and memory and the various cognitive domains (i.e., executive function, attention, processing
speed, and language function), we did not believe the controlled vocabulary would pose any
limitations as the search criteria permitted inclusion of all types of cognitive testing, regardless
of their respective cognitive domains.

The scoping search was performed on July 25", 2015. The search yielded 5900 citations,
579 from CINAHL, 2167 from EMBASE, and 3154 from Medline/Ovid. The 5900 citations
were exported into a reference manager database (Mendeley). After the duplicates were
removed, 3741 citations remained.

Refining the literature—Phases 1 & 2

Fig 1 illustrates the search process and application of the study inclusion/exclusion criteria.
The process for selecting which studies to include was broken down into four phases. In the
first phase, two independent reviewers assessed the title and abstract of each of the 3741 cita-
tions, indicating their decision for inclusion/exclusion in an Excel spreadsheet (Microsoft
Office, 2015) based on the primary inclusion/exclusion criteria outlined in Table 2. Briefly,
included citations had to have human participants with chronic (i.e., >3 month post-injury
interval) mTBI that underwent any form of cognitive testing. A third reviewer resolved any
disagreements amongst the two reviewers regarding study inclusion/exclusion. As illustrated
in Fig 1, 648 citations remained following phase 1.

Phase 2 replicated phase 1, with a single reviewer re-assessing the full texts to ensure adher-
ence to our primary inclusion/exclusion criteria (Table 2). As illustrated in Fig 1, 274 full-text
articles remained following phase 2 review. Throughout phase 2, data were extracted from
each article that satisfied the primary inclusion/exclusion criteria, including: number and age
of participants, mTBI mechanism of injury (e.g., blast related versus motor-vehicle accident
[MVA]-induced), concussion history (e.g., number of previous concussions, time since last
concussion), cognitive test(s)/subtest(s) used to assess cognitive impairment, participant’s liti-
gation status and/or suspected malingerers, and use of treatment/intervention (e.g., hyperbaric
oxygen treatment). Other pertinent information such as comorbidities (e.g., PTSD, depression,
Alzheimer’s disease) was also noted. Data from treatment/intervention studies were limited to
the pre-treatment or pre-intervention time points. In other words, we only used baseline
scores on cognitive assessments for participants being tested on their cognition following a
treatment/intervention to ensure no confounding effects of the treatment /intervention on our
results.
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Table 1. Search translation table.
CINAHL

(MH "Brain Concussion")
(MH "Postconcussion Syndrome")

(mild N5 (head OR crani* OR cerebr* OR brain*
OR skull* OR hemispher* OR intra?cran* OR
inter?cran* OR intracran* OR intercran* OR
"diffuse axonal") N3 (injur* OR trauma* OR
damag* OR? edema* OR contusion* OR
concus¥*))

(MH "Neurobehavioral Manifestations+")
(MH "Memory+")
(MH "Learning+")

(Learn* OR memor* OR neurobehavio* OR
cogniti* OR neurologi*) N3 (Impair* OR deficit*
OR disturb* OR impact* OR disorder* OR
outcome*)

EMBASE
Controlled Vocabulary Terms*
Concept 1: Concussion
’brain concussion’/exp
‘postconcussion syndrome’/exp
Keywords & Phrases

mild NEAR/5 (head OR crani* OR cerebr* OR
brain* OR skull* OR hemispher* OR intra?cran*
OR inter?cran* OR intracran* OR intercran* OR
'diffuse axonal’) NEAR/3 (injur* OR trauma* OR

damag* OR? edema* OR contusion* OR
concus¥*)

Controlled Vocabulary Terms*
Concept 2: Cognitive Impairment
mild cognitive impairment’/exp
memory’/exp
learning’/exp
Keywords & Phrases

(learn* OR memor* OR neurobehavio* OR
cogniti* OR neurologi*) NEAR/3 (impair* OR

deficit* OR disturb* OR impact* OR disorder* OR

outcome*)

Medline

exp brain concussion/
exp post-concussion syndrome/

(mild adj5 (head or crani* or cerebr* or brain* or
skull* or hemispher* or intra?cran* or inter?
cran® or intracran* or intercran*) adj3 (injur* or
trauma* or damag* or oedema* or edema* or
contusion® or concus*)).ab,ti.

exp mild cognitive impairment/
exp memory/
exp learning/

((learn* or memor* or neurobehavio* or cogniti*
or neurologi*) adj3 (impair* or deficit* or disturb*
or impact* or disorder* or outcome*)).mp.

*Controlled Vocabulary Terms: CINAHL = CINAHL Headings, EMBASE = Emtree terms, and Medline/Ovid = Medical Subject Headings (MeSH) terms

https://doi.org/10.1371/journal.pone.0174847.t001

Refining the literature—Phase 3

In the third phase of review, we re-assessed the remaining articles with a second set of inclu-
sion/exclusion criteria (Table 2). To assess the long-term cognitive outcomes of mTBI with
temporal specificity (i.e., precise post-injury intervals), we only included articles that per-

formed assessments of cognitive function at discrete time points post-injury. Thus, we
excluded studies that only report a mean and/or range of post-injury intervals for a group of
individuals with mTBI. We opted to include studies reporting only means or ranges of post-
injury intervals if the mean and/or range corresponded to a post-injury interval of greater than
5 years. The reasons for this exception are twofold. First, cognitive outcomes will not continue
to improve long after the most recent injury—cognitive outcomes after the first five years will
likely not change in the next five (or more) years [24, 25]. In other words, the precision of the
post-injury interval becomes less relevant in the longer term. Second, the majority of studies

reporting long-term cognitive outcomes in individuals with mTBI are not often temporally
specific with respect to post-injury intervals. Excluding these studies would greatly diminish
our ability to comprehensively review the literature reporting on long-term cognitive out-
comes in mTBI.

In order to assess the relationship between the number of previously sustained concussions

and cognitive function, we also chose to exclude studies that only specify a range and/or mean
number of concussions. Thus, studies reporting that their participants sustained, for example,
between 1-5 concussions would be excluded from our analysis. Studies noting a range of con-
cussions within 1 (i.e., between 1-2 concussions) were included. This exception, like that for
the post-injury interval, minimizes the number of studies excluded, ensuring that our review is
comprehensive so that we can better synthesize the wide breadth of research.
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Initial database search: CINAHL (579), EMBASE (2167), and Medline (3154)

-review process

Two

(n=5900)

Duplicates removed (h=2159)

Title/Abstract assessed for primary inclusion/
exclusion criteria (n=3741)

—> Foreign language articles removed (n=155)
=—>  Abstracts without accompanying full texts (n=256)
L Titles/abstracts not satisfying primary inclusion

criteria (n=2674)

y

Full text articles re-assessed for primary
inclusion/exclusion criteria (n=648)

. Full text articles not satisfying primary

inclusion criteria (n=374)

y

Articles assessed for secondary
inclusion/exclusion criteria (n=274)

Articles not satisfying secondary

> inclusion criteria (n=176)

y

Articles assessed for inclusion in
systematic review (n=98)

Articles not satisfying final inclusion

criteria (n=53)

y

Articles included in review (n=45)

Fig 1. Flow diagram representing each stage of the article selection process of the scoping search and citation

review.

https://doi.org/10.1371/journal.pone.0174847.9001
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Table 2. Inclusion/Exclusion criteria for each selection phase process.

Phase Inclusion Criteria Exclusion Criteria
1: Titles/abstracts | * Human participants with chronic (post-injury interval of >3 mo.) mild * Foreign language articles
reviewed* TBI * Articles without accompanying full texts (i.e., conference
* Participants tested for cognitive impairments using neurocognitive abstracts/posters)
testing * Subjective questionnaires used for cognitive testing

2: Full-text articles | * Same as above
reviewed

e Same as above

3. Full-text articles | * Participants assessed at discrete time points post-injury (i.e., exclude | e Participants suspected of malingering cognitive deficits
reviewed studies only reporting on mean/SD for post-injury interval) or those involved in litigation for their injuries

* Specific number of concussions reported (within 1 concussion)

4. Post-analysis * Participants with a history of a single concussion » Studies recruiting participants based on their positive

*Two-reviewer process

https://doi.org/10.1371/journal.pone.0174847.1002

mTBI symptomology

* Participants with multiple or lifetime incidence of
concussions

During phase 3, we also excluded participants who were engaged in litigation associated
with their injury, or those suspected of malingering (i.e., exaggerating or fabricating) their cog-
nitive deficits. The exclusion of these participants ensures our sample is not confounded with
individuals who have an incentive to perform poorly on the cognitive outcome measures. Fol-
lowing phase three review, 98 articles remained.

Further refining the literature—Phase 4

The fourth phase of article selection included a set of inclusion/exclusion criteria (see Table 2)
that we developed following an examination of the data extracted in the prior phases. Specifi-
cally, we assessed the homogeneity of the 98 articles remaining after phase 3 with respect to the
following variables: number of concussions sustained; outcome measures used to assess cogni-
tive impairment; method of participant recruitment (i.e., whether the participants were
recruited based on their positive symptomology of cognitive impairment); and method for
determining cognitive impairment (i.e., comparison groups, author-defined normative data,
or author-provided cut-off scores on given outcome measures). In conducting this analysis, we
found that the majority of the participants (i.e., 4196 of 4239) had a history of a single concus-
sion while only 43 participants had a history of more than one concussion (i.e., 2 with 2
mTBIs, 1 with 3 mTBIs, 39 with 4 mTBIS, and 1 with 5 mTBIs). Given the disproportional
spread of the data with respect to concussion history (a direct result of the search strategy
design), we focused our analysis on the cognitive outcomes in individuals with a history of a
single concussion. Thus, in our final exclusion criteria outlined in the last row of Table 2, we
excluded studies examining cognitive outcome measures in individuals with a history of multi-
ple concussions or lifetime concussion exposure. In order to minimize exclusion, we chose to
include studies where the participants were likely (but not certainly) first-time concussed.
Those included studies that: (1) did not specify whether their participants were exclusively sin-
gly concussed or (2) did not exclude participants based on their history of a previous concus-
sion. Nevertheless, we included this as a variable in our data analysis, as elaborated on in the
results section.

During our preliminary examination of the data, we also found that several studies had spe-
cifically recruited their participants on the basis of their persisting cognitive symptoms. This
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creates an unacceptable bias, as these studies would artificially exaggerate the presence of per-
sisting cognitive impairment among the average singly concussed participant. Thus, we
excluded case studies and other studies recruiting participants for positive symptomology.
Finally, our preliminary examination of the data also revealed that not all of the studies pre-
sented their data in a way that would facilitate the dichotomization of participants into cogni-
tively impaired and cognitively unimpaired groups (see below for Methods on
dichotomization process). Thus, we decided to only include studies that included comparison
groups (i.e., healthy controls or trauma controls), normative data, or cut-off scores on cogni-
tive outcome measures. Following these exclusions, there were 45 studies remaining for the
final scoping review (Fig 1, Tables 3-6).

Addressing the research objective

To address our research objective of investigating the impact mTBI has on cognitive function
long after a single concussive injury, we examined the information pertaining to concussion
history (i.e., post-injury interval and number of previous concussions) and cognitive outcomes
(i.e., presence versus absence of cognitive impairment). In order to make inferences about cog-
nitive function, we dichotomized participants, assigning them the status of either “cognitively
unimpaired” (CU) or “cognitively impaired” (CI), for each cognitive outcome measure and
post-injury interval at which an assessment of cognitive function was performed. Cognitive
impairment status was assigned to groups of participants based on group outcome measure
data. An assignment of CU/CI was made using one of three comparison scores, including: 1)
studies that provided outcome measure data from control groups (i.e., healthy controls or
trauma controls); 2) studies that provided normative data for a given outcome measure; or 3)
studies that provided cut-off scores for a given outcome measure. Thus, groups of participants
were classified as CI if their outcome measure score significantly differed from those of the
control groups or the normative data, or if they were below author-identified cut-oft scores.

A final consideration must be addressed regarding the process of dichotomizing partici-
pants into CU/CI groups. Since the majority of the included studies assessed groups of partici-
pants using multiple outcome measures, we defined “CI” as participants that show
impairment on any outcome measure. In other words, if a participant shows impairment on 1
of 3 outcome measures, they were assigned to the CI group. Since our study is primarily con-
cerned with demonstrating any form of cognitive impairment, it is not important if their
impairment only manifests on one outcome measure; an individual who is impaired on one
function still exhibits cognitive impairment.

Results
Global cognitive impairment

Information pertaining to each CI/CU group was extracted from each study and summarized
in Tables 3-6. Specifically, Tables 3-6 present the following information: (1) the number of
participants cognitively impaired or unimpaired at each post-injury interval; (2) the method
used to determine cognitive impairment (i.e., comparison groups, author-provided normative
data, or author-provided cut-off scores for a given outcome measure); (3) the mean age and
SD of the participants; (4) how the authors defined mTBI (note: “Standard” refers to three cri-
teria: Glasgow Coma Scale (CS) = 13-15, a Loss of Consciousness (LOC) < 30 minutes, and a
post-traumatic amnesia (PTA) < 24 hours); (5) whether the participants had complicated (i.e.,
presence of radiological findings not including a linear skull fracture) or uncomplicated mTBI;
and (6) the participant inclusion criteria given for number of previous concussion.
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Table 3. Study information for all participants at 3 months post-injury.

Cl Study N | Control/Method of Comparison | Age (M, SD) mTBI Definition C/UnC | # mTBIs
Cl Rieger et al., [26] 39 Ol: A/S/R 8-17yr. Standard (GCS = 14-15) unC 12
Phillipou et al., [27] 26 HC: A 12.8 (2.1) Standard — 1°
Tay etal., [28] 31 A/S/E/R 40.6 (14.7) Standard (LOC < 20 min) unC 1°
Kwok et al., [29] 15 HC: A/S/E 38.6 (12.4) Standard C —
Suetal., [30] 54 Cut-off scores 39.8 (0.7) Standard — 12
Siman et al., [31] 17 HC: A/S/E 20.2 (5.4) Standard — 1°
Ponsford et al., [32] 90 Trauma controls 35.0(13.1) Standard unC —
Paré et al., [33] 37 A/S/E 26.7 (10.3) Standard — 19
Kinsella et al., [34] 50 Ol & HC: A/S/E 76.5(7.6) Standard C 1°
Marsh & Smith [35] 15 A/E 27.1 (12.6) "Diagnosis of concussion”; LOC < 20 unC 1f
min
Xu et al., [36] 40 Cut-off scores 39.3 (13.1) Standard unC 12
De Boussard et al., [37] 29 Normative data 37.2 (NA) Standard (GCS = 14-15) C —
Hanten et al., [38] 59 Ol & HC: A/S/R/SES 18.2 (4.6) Standard unC 1°
Heitger et al., [39] 37 A/S/E 29.1 (12.7) Standard unC 1°,@
Bohnen et al., [40] 8 Normative data 27.2(14.0) Standard (GCS = 15) unC 12
Rotarescu & Ciurea [41] 96 Normative data 10.5(3.4) GCS = 14-15 w amnesia — —
Ccu Ponsford et al., [42] 119 HC: A/S/E/SES 11.3(2.9) Standard — >1°
Suetal., [30] 159 Cut-off scores 39.8(0.7) Standard — 12
Ponsford et al., [43] 84 HC: A/S/E/SES 26.4(13.9) Standard — >1¢¢
Xuetal., [36] 78 Cut-off scores 39.3(13.1) Standard unC 12
De Boussard et al., [37] 68 Normative data 37.2 (NA) Standard (GCS = 14-15) C
Maillard-Wermelinger et al., 186 Ol: A/S/E/SES 12.0(2.2) Standard C 1°
[44]
Bohnen et al., [40] 33 Normative data 27.2 (14.0) Standard (GCS = 15) unC 12
Levin etal., [45] 36 A/S 9.8 (3.1) GCS=13-15 — —

A: Age; C: Complicated E: Education; GCS: Glasgow Coma Scale; HC: Healthy Controls; LOC: Loss of Consciousness; Ol: Orthopedic Injury Control; S:
Sex; SES: Socioeconomic Status; UnC: Uncomplicated

12: No previous TBI

1°: No previous TBI requiring hospitalization

1¢: Previous head injuries not excluded

19 No previous TBI resulting in the loss of consciousness for >5 min

1°: No previous TBI with persisting symptoms

1" No previous TBI requiring hospitalization in the last 6 mo.

https://doi.org/10.1371/journal.pone.0174847.t003

From Tables 3-6, it is apparent that the studies included in our scoping review were not
homogeneous with respect to any of the outlined variables. For example, while we included
studies that used three different methods of comparison for determining cognitive impairment
(i.e., comparison groups, normative data, and cut-off scores), there was variability within the
comparison groups. Some studies used a healthy control group while others used either an
orthopedic injury control group or a trauma control group. Further, those that did use a
healthy control group may have included different variables that were equivalent across groups
(i.e., any combination of the following: age-matched, sex-matched, education-matched, and
socioeconomic status-matched controls). Similarly, the studies did not all adhere to one defini-
tion of mTBI. The majority of studies used the standard definition (i.e., GCS 13-15, LOC < 30
min, PTA < 24 hours)[3], however, some studies either adhered to a variation of the standard
definition (i.e., standard definition with the exception of a GCS = 14-15) or an entirely
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Table 4. Study information for all participants at 6 months post-injury.

Cl
Cl

CuU

Study
Phillipou et al., [27]

Wong et al., [46]
Muller et al., [47]

Ellemberg et al., [48]

Miles et al., [16]

Wrightson et al., [49]

Heitger et al., [39]

Bohnen et al., [40]
Babikian et al., [12, 50]
Rotarescu & Ciurea [41]

Muller et al., [47]
Miles et al., [16]
Barrow et al., [51]

Bohnen et al., [40]
Babikian et al., [12, 50]

N
26
4
19
10
4
59
37
7
36
96
36
8
28
34
88

Control/Method of Comparison |Age (M, SD) | mTBI Definition C/UnC |#mTBls
HC: A 12.8 (2.1) Standard — 1°
A/S/E 52 (17.9) Standard unC 12

Defined norms 35.1 (—) GCS 13-15; LOC/retrograde amnesia C —
A/S/E/Sport* 22.7 (—) AAN Grade Il concussion — —
Cut-off scores 33.4(—) Standard UnC 12
A/S/SES 3.38 “Mild head injury” diagnosis — 12
A/S/E 29.1 (12.7) Standard unC 12¢
Normative Data 27.2(14.0) Standard (GCS = 15) unC 12
Normative Data 12.7 (2.0) Standard; AIS level 1-2 — >1
Normative data 10.5(3.4) GCS = 14-15 with amnesia — —
Normative Data 35.1 (—) GCS 13-15; LOC/retrograde amnesia C —
Cut-off Scores 33.4 (—) Standard UnC 12
A/E/R 41 (—) Standard UnC 12
Normative Data 27.2 (14.0) Standard (GCS = 15) unC 12
Normative Data 12.7 (2.0) Standard; AIS level 1-2 — >1

A: Age; AAN: American Academy of Neurology; AlS: Abbreviated Injury Score; C: Complicated E: Education; GCS: Glasgow Coma Scale; HC: Healthy
Controls; LOC: Loss of Consciousness; S: Sex; SES: Socioeconomic Status; UnC: Uncomplicated. AAN Grade Il concussion: No LOC, transient confusion,
concussion symptoms, or mental status abnormality lasting more than 15 minutes.

12: No previous TBI

1°: No previous TBI requiring hospitalization
1 No previous TBI with persisting symptoms

* Sport matched for type and length of involvement

https://doi.org/10.1371/journal.pone.0174847 1004

different definition (i.e., PTA > 1 hour and < 24 hours). Further to the information presented
above, it is also apparent from Tables 3-6 that the studies included in our review were not con-
sistent in their inclusion or exclusion of participants with complicated mTBI (i.e., mTBI with
presence of neuroradiological findings). Some studies included those with complicated mTBI,
others excluded them, and the remaining studies failed to provide this information. Finally,
Tables 3-6 also show that the studies in our review were not consistent regarding their inclu-
sion/exclusion criteria of participants with previous mTBIs. Interestingly, 18 studies did not
specify if their participants had sustained a previous mTBI. It is thus possible that the partici-
pants in these studies were not first-time concussed. For this reason, and since some studies
did not specifically exclude those with previous concussions, we included this variable in our
data synthesis (discussed below).

Fig 2A illustrates the overall incidence of cognitive impairment in individuals with mTBI at
various post-injury intervals for all studies included in our scoping review. Fig 2B illustrates
the overall incidence of cognitive impairment at the same post-injury intervals, however, for
participants who had a reported history of a single concussion only. In other words, Fig 2B
includes only those studies that excluded participants with previous mTBI. This criteria is rep-
resented in the final column of Tables 3-6 as 1%, or “no previous TBI”. The results from each
post-injury interval are collapsed together in the final cluster of columns in each Fig 2A and 2B
to yield a total number of participants who show long-term cogntive impairment across all
studies and all time points in this review. It is important to note, however, that participants
who were tested across multiple time points could be accounted for more than once in Fig 2.
For example, prospective studies that assess participants at say, both 3- and 6-months post
injury would be represented at both time points in Fig 2. Thus, when we collapse all post-
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Table 5. Study information for all participants at 12 months post-injury.

Ci

Cl

Cu

Study

Catale et al., [52]
Leeetal., [53]
Polissar et al., [54]
Kashluba et al., [55]
Romero et al., [56]
Stalnacke et al., [57]
Chadwick et al., [58]
Wrightson et al., [49]
Heitger et al., [39]
Anderson et al., [59]

Babikian et al., [12, 50]
Rotarescu & Ciurea [41]
Wiéljas et al., [60]
Dikmen et al., [61]
Zhou et al., [62]
Croall et al., [63]

Maillard-Wermelinger et al.,

[44]
Babikian et al., [12, 50]
Jaffe et al., [64]
Levin etal., [45]

N

15
28
53
102
49
69
29
57
37
17

96
103
157

19

18
186

55
40
36

Control/Method of Age (M, SD)
Comparison
A/S/E/SES 8.3(1.3)
A/S/E 30.2 (8.0)
A/S/E/SES "Children"
Normative data 48.6 (16.4)
Normative data 30.9 (12.4)
A/S/E 40.9 (19.5)
A/S/SES 9.6 (2.5)
A/S/SES 3.38
A/S/E 29.1 (12.7)
A/S/ISES 5.1(1.5)
Normative Data; Ol: A/S/E/SES | 12.7 (2.0)
Normative data 10.5(3.4)
A/S 37.8(13.5)
TC: A/S/E 28.1(11.1)
A/S/E 34 (11.5)
A/S/E 33.9(14.8)
Ol: A/S/E/SES 12.0(2.2)
Normative Data 12.7 (2.0)
A/S/E/SES 6-15yrs
A/S 9.8 (3.1)

mTBI Definition

GCS=15;LOC <10 min; PTA<1 hr.

Standard
GCS=13-15
Standard
Standard

GCS =13-15; LOC < 30 min.

1 hour < PTA <7 days

“Mild head injury” diagnosis

Standard

GCS = 13 = 15; “alteration of

consciousness”
Standard; AIS level 1-2
GCS: 14-15 w amnesia
Standard
GCS=13-15
Standard
Standard
Standard

Standard; AIS level 1-2

“Mild head injury with LOC”

GCS=13-15

C/UnC | # mTBIs

unC

12
12
12
1¢
12
1d
12

A: Age; AIS: Abbreviated Injury Score; C: Complicated E: Education; GCS: Glasgow Coma Scale; LOC: Loss of Consciousness; Ol: Orthopedic Injury

Control; PTA: Post-Traumatic Amnesia; S: Sex; SES: Socioeconomic Status; UnC: Uncomplicated

12: No previous TBI

1°: No previous TBI requiring hospitalization

1¢: Previous head injuries not excluded
19 No previous TBI with persisting symptoms

https://doi.org/10.1371/journal.pone.0174847.t1005

injury intervals in the last cluster of columns, participants from those studies will have been

accounted for more than once.

Fig 2 demonstrates that the incidence of individuals who show persitent cognitive

impairment following an mTBI is much higher than previous estimates (i.e., around 15%)
reported in the literature for PCS [4, 6-9, 70]. Specifically, 1963 participants out of 3593, or
approximately 55% of our sample collapsed across all time points showed cognitive
impairment. After filtering out the studies that did not ensure their participants were first-
time concussed (Fig 2B), we still show 55% of our participant sample collapsed across all time
points were cognitively impaired (i.e., 469 participants out of 847). Thus, Fig 2B demonstrates
that the high incidence of long-term cognitive impairment in our results cannot be attributed
to the possibility that a subset of participants in Fig 2A may have experienced more than one
mTBI. Our results do not hint at a temporal relationship of cognitive impairment wherein par-
ticipants were less likely to be cognitively impaired at later post-injury intervals. This is evident
in both Fig 2A and 2B in that the incidence of cognitive impairment was not associated with

time post-injury—however, our participant sample was not restricted to prospective and longi-

tudinal study designs. Specifically, Fig 2A demonstrates that 46% of the participant sample was

cognitively impaired at 3 months, 61% at 6 months, 48% at 12 months, and 88% at >12
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Table 6. Study information for all participants at >12 months post-injury.

Study Pli(Yr.)| N

Cl Mangels et al., [65] 15 10
Chadwick et al., [58] 225 | 29
Anderson et al., [59] 2.5 17

Mangels et al., [65] 3.7 11
Wrightson et al., [49] 3-4 57

McCauley & Levin 5 17

[66]
Geary et al., [67] 5 40
Konrad et al., [68] 6 14
Vanderploeg et al., 8 254

[69]
CuU Jaffe et al., [64] 3 40
Konrad et al., [68] 6 19

Control/Method of Age (M, SD) mTBI Definition C/UnC  # mTBls
Comparison
A/S/E 29.4 (3.3) GCS=13-15 C —
A/S/SES 9.6 (2.5) 1 hour < PTA <7 days C —
A/S/SES 5.1(1.5) GCS = 13 = 15; “alteration of unC 12
consciousness”

A/S/E 29.4 (3.3) GCS=13-15 C —
A/S/SES 3.38 “Mild head injury” diagnosis — 12
Ol: A/S/SES 15.3 (2.1) GCS=13-15 C —
A/S/E 29.6 (1.7) Standard unC —
A/S/E 36.7 (12.4) Standard C 12

*
MVA & HC: A/E/R 37.8(2.5) “mTBI with LOC” — —
A/S/E/SES 6-15yr. “Mild head injury with LOC” — 1°
A/S/E 36.7 (12.4) Standard C 12

*

A: Age; C: Complicated E: Education; GCS: Glasgow Coma Scale; HC: Healthy Controls; LOC: Loss of Consciousness; MVA: Motor-vehicle accident; Ol:
Orthopedic Injury Control; PTA: Post-Traumatic Amnesia; S: Sex; SES: Socioeconomic Status; UnC: Uncomplicated

1% No previous TBI

1°: No previous TBI requiring hospitalization

* Time of testing

https://doi.org/10.1371/journal.pone.0174847 1006

months post-injury. We do not take the particularly high percentage of participants that were
cognitively impaired at the >12 months post-injury interval to show that individuals are more
likely to be cognitively impaired after 12 months. Instead, this finding is likely attributable to
the limited number of studies assessing individuals past one year.

To determine whether our results were similar in both children (<18 years) and adults
(>18 years), we present the data from Fig 2A again in Fig 3, this time including age as a third
variable. On visual inspection, it does not appear that age had any impact on the high inci-
dence of long-term cognitive impairment in individuals with mTBI. While there does appear
to be many more adults in the CI group than in the CU group at the >12 months post-injury
interval, this is likely due to the limited number of studies we had reporting cognitive out-
comes at this time interval. The last cluster of columns in Fig 3 can be quantified as follows:
786 children with cognitive impairment; 786 children without cognitive impairment; 1177
adults with cognitive impairment; and 844 adults without cognitive impairment. In other
words, 50% of the children and aproximately 58% of the adults in our scoping review showed
some form of cognitive impairment.

Discussion

The last several decades of mTBI research have seen an expansion in our understanding of the
long-term cognitive and behavioural consequences. Whereas mTBI used to be thought of as a
relatively inconsequential “mild” injury, it is now more closely associated with the latter three
letters of its acronym— “traumatic brain injury”. This shift in our understanding is owing to
several revelations in mTBI research. Namely, researchers have shown that both single and
multiple mTBI(s) induce pathophysiological changes in the brain that can be detected in both
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Fig 2. Incidence of cognitively impaired (black bars) and unimpaired (white bars) individuals at various time points post-injury from studies
reporting cognitive outcomes using either author-supplied normative data or comparison groups (i.e., healthy or trauma controls) for the
entire sample (A) and in individuals with a confirmed history of a single concussion only (B).

https://doi.org/10.1371/journal.pone.0174847.g002

the acute and chronic phases post-injury. They have also shown how these pathophysiological
changes manifest as measurable cognitive impairment in both single or multiple mTBI(s) [11,
71]. While studies assessing singly-concussed individuals consistently show impairment early
(3 months) post-injury, it has been suggested that only 15% of those individuals will go on to
experience persistent symptoms in the chronic phase post-injury (i.e., persistent PCS)[7-9].
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Fig 3. Incidence of cognitively impaired (black bars) and unimpaired (white bars) individuals
separated into children (no pattern) and adults (pattern).

https://doi.org/10.1371/journal.pone.0174847.g003
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Given our understanding of the underlying pathophysiological consequences of mTBI in the
chronic phase (i.e., DAI and the neurometabolic cascade), it is surprising that the literature has
not reported a greater portion of individuals with cognitive impairments in the chronic phase
(i-e., considerably more than 15%). For this reason, our scoping review assessed the evidence
in the mTBI literature for cognitive impairment in singly-concussed individuals long after the
injury (i.e., in the chronic phase post-injury).

The main finding from our scoping review relates to the incidence of persistent cognitive
impairment in individuals with chronic stage mTBI following a single concussion. The find-
ings from our scoping review do not support the conclusions of previous reports that a single
mTBI leads to PCS in 15% of individuals in the chronic stage injury, and that the other 85%
will see resolution of symptoms during the acute phase [7-9]. In contrast, we show that a large
proportion of individuals with a single mTBI will continue to demonstrate measurable
impairment in various cognitive domains including executive function, learning/memory,
attention, processing speed, and language function long after the initial injury. Further, we
show that our finding holds true in our sample of both children and adults (Fig 3), and in stud-
ies both controlling for, and failing to control for, previous concussion exposure (Fig 2). While
the methods used in this scoping review are not appropriate for determining the precise inci-
dence of persistent cognitive impairment following mTBI, our results highlight a major con-
tradiction in the mTBI literature. While the 15% estimate for PCS is widely reported in the
mTBI literature, our results suggest that for cognitive impairment, this value may well be a
gross underestimation of the true incidence. But how does the current sample of participants
compare to prior work from which the 15% estimate arose? Rutherford (1977) described the
initial sample of participants (all > 12 yrs of age) as being first time concussed, where concus-
sion was defined as “a period of amnesia resulting from a blow to the head” [72]. Initial esti-
mates indicated at 6 weeks post-injury, 49% were symptom free, 39% reported between 1 and
6 symptoms, and 2% report 6 or more. In a sub-sample of these participants (as reported in
Rutherford et. al., 1979) examined at one-year post injury, 15% reported the presence of symp-
toms [7]. While the contemporary definition of concussion is far more nuanced than that
reported in these prior studies, review of Tables 3—6 woud indicate all of the studies included
in this review (at a minimum) conform to a standard definition of mTBI which includes a loss
of consciousness and PTA < 24 hrs following the injury.

While numerous reports cite the incidence of PCS as being 15% [7-9], the primary research
demonstrating this finding suffers from several limitations. First, those studies have relied on
methods that may be insufficiently sensitive to detect subtle changes to cognition following
mTBI. For instance, studies examining singly-concussed individuals in the chronic phase post-
injury have been able to detect cognitive impairment on neurophysiological correlates of cog-
nitive function such as brain activity (i.e., event-related potentials obtained via electroencepha-
lography) whereas standard assessments of cognitive function did not show any impairment
[73]. In other words, cognitive impairments may persist undiagnosed owing to our limited
ability to detect them using standard behavioural assessments [73, 74]. Similarly, this prior
work often focused on symptoms (e.g., anxiety, loss of concentration) that could be linked to
cognitive impairment as opposed to cognitive impairment itself. Despite this discord in assess-
ment, the 15% estimate appears to be generalized to PCS and other mTBI-related impairments
in the literature. Alternatively, and as discussed earlier, it may be that clustering cognitive
impairment as one of several symptoms required for a diagnosis of PCS greatly reduces the
incidence in which cognitive impairment is reported in the literature. Regarding the sensitivity
of outcome measures, as our study relied on reviewing the evidence from research that has
used these very methods, it was not designed to overcome this limitation. By unpacking cogni-
tive impairment as a single symptom however, this work did overcome other limitations that
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may have contributed to the 15% estimate being an underestimation of the cognitive costs
associated with mTBI. Additionally, performing a scoping review overcomes single-study limi-
tations such as low power, limited numbers of participants, and lack of generalizability of the
study’s sample population. Moreover, our study was able to assess cognitive outcomes at multi-
ple time points when the majority of the individual studies only examined one post-injury
interval. Given the inability of our study to overcome the limitation of insufficiently sensitive
methodology used to assess cognition, it is possible that our results represent a further under-
estimation of the incidence of persistent cognitive impairment following a single mTBI.

Limitations

There are several limitations to the current work that should be considered when interpreting
the results. The first major limitation pertains to the article selection process used. Our exclu-
sion of studies reporting only group data for post-injury interval or number of concussions
greatly decreased the sample size. Including these studies, however, would have greatly
increased heterogeneity and thus increased the difficulty of pooling data across studies. Fur-
ther, we would not have been able to temporally organize our data (i.e., with respect to post-
injury interval) had we included studies reporting mean post-injury intervals. Unfortunately,
the mTBI literature has not emphasized the reporting of individual participant data for post-
injury intervals or number of previous concussions. This artefact of the mTBI literature sug-
gests that the primary interest of mTBI research has not been on establishing the relationship
between post-injury interval and the amelioration of cognitive symptoms. This relates to
another limitation of our work—the participants in our review were not all gathered from lon-
gitudinal studies assessing the same participants across each post-injury interval. Solely look-
ing at data from longitudinal studies, however, would have greatly diminshed our sample size.

We included studies using three different methods of comparison for assessing outcome
measures—that is, those using normative data, those using cut-off scores, and those providing
control groups. While the control group method of comparison is applied to group data, the
cut-off score and normative data methods were applied to individual data. Thus, for studies
providing control groups, the entire mTBI group would be assigned to either the CI/CU group
whereas studies providing cut-off scores or normative data, individual participants were allo-
cated to each CI/CU group. Individual participant binarization is not prone to the limitations
posed by group data binzarization using control groups. Group data binarization inevitably
bins groups of participants together disregarding the individual data on outcome measures.
Despite the obvious limitation of working with group data, excluding these studies would have
greatly diminished our sample size. Given our main research objective—that is, to synthesize
the breadth of literature reporting on long-term cognitive outcomes in individuals with a sin-
gle mTBI—we opted for a methodological approach that would maximize the number of stud-
ies included while still balancing the need to control for limitations. In any case, the
limitations posed by group homogeneity (or lack thereof) should be taken into consideration
when interpreting the results.

Conclusion

A widely cited figure in the literature suggests that only 15% of first-time concussed individuals
will go on to experience persistent PCS and concomitant long-term cognitive impairment.
While duly noting the limitations of our scoping review and the addressed studies, our find-
ings suggest that this number is likely a gross underestimation at least in relation to cognitive
impairment and should be carefully examined in future prospective, longitudinal studies.

PLOS ONE | https://doi.org/10.1371/journal.pone.0174847  April 11,2017 14/19


https://doi.org/10.1371/journal.pone.0174847

@° PLOS | ONE

A single mTBI chronically impairs cognitive function

Author Contributions

Conceptualization: KM DM DW SB.

Data curation: KM CF.

Formal analysis: KM CF SB.

Funding acquisition: SB.

Investigation: KM CF SB.

Methodology: KM DM DW SB.

Project administration: KM SB.

Supervision: SB.

Validation: KM CF DM DW SB.

Visualization: KM SB.

Writing - original draft: KM SB.

Writing - review & editing: KM CF DM DW SB.

References

1.

10.

11.

12.

Shaw NA. The neurophysiology of concussion. Progress in Neurobiology. 2002; 67(4):281-344. PMID:
12207973

Cassidy JD, Carroll LJ, Peloso PM, Borg J, von Holst H, Holm L, et al. Incidence, risk factors and pre-
vention of mild traumatic brain injury: results of the WHO Collaborating Centre Task Force on Mild Trau-
matic Brain Injury. J Rehabil Med. 2004; 43 Suppl:28—60.

Definition of mild traumatic brain injury; Mild Traumatic Brain Injury Committee of the American Con-
gress of Rehabilitation Medicine. Journal of Head Trauma Rehabilitation. 1993; 8(3):86—7.

Hall RCW, Hall RCW, Chapman MJ. Definition, diagnosis, and forensic implications of postconcus-
sional syndrome. Psychosomatics. 2005; 46(3):195-202. https://doi.org/10.1176/appi.psy.46.3.195
PMID: 15883140

Daneshvar DH, Riley DO, Nowinski CJ, McKee AC, Stern RA, Cantu RC. Long-term consequences:
effects on normal development profile after concussion. Physical medicine and rehabilitation clinics of
North America. 2011; 22(4):683-700. https://doi.org/10.1016/j.pmr.2011.08.009 PMID: 22050943

Marshall S, Bayley M, McCullagh S, Velikonja D, Berrigan L. Clinical practice guidelines for mild trau-
matic brain injury and persistent symptoms. Canadian Family Physician. 2012; 58(3):257—-67. PMID:
22518895

Rutherford WH, Merrett JD, McDonald JR. Symptoms at one year following concussion from minor
head injuries. Injury. 1979; 10(3):225-30. PMID: 759371

Spinos P, Sakellaropoulos G, Georgiopoulos M, Stavridi K, Apostolopoulou K, Ellul J, et al. Postconcus-
sion syndrome after mild traumatic brain injury in Western Greece. The Journal of trauma. 2010; 69
(4):789-94. https://doi.org/10.1097/TA.0b013e3181edea67 PMID: 20938266

Sterr A, Herron KA, Hayward C, Montaldi D. Are mild head injuries as mild as we think? Neurobeha-
vioral concomitants of chronic post-concussion syndrome. BMC neurology. 2006; 6:7-. https://doi.org/
10.1186/1471-2377-6-7 PMID: 16460567

Rabinowitz AR, Levin HS. Cognitive sequelae of traumatic brain injury. Psychiatr Clin North Am. 2014;
37(1):1-11. Epub 2014/02/18. https://doi.org/10.1016/j.psc.2013.11.004 PMID: 24529420

Xiong K, Zhu'Y, Zhang Y, Yin Z, Zhang J, Qiu M, et al. White matter integrity and cognition in mild trau-
matic brain injury following motor vehicle accident. Brain research. 2014; 1591(1):86-92.

Babikian T, McArthur D, Asarnow RF. Predictors of 1-month and 1-year neurocognitive functioning from
the UCLA longitudinal mild, uncomplicated, pediatric traumatic brain injury study. Journal of the Interna-
tional Neuropsychological Society: JINS. 2013; 19(2):145-54. https://doi.org/10.1017/
S135561771200104X PMID: 23157821

PLOS ONE | https://doi.org/10.1371/journal.pone.0174847  April 11,2017 15/19


http://www.ncbi.nlm.nih.gov/pubmed/12207973
https://doi.org/10.1176/appi.psy.46.3.195
http://www.ncbi.nlm.nih.gov/pubmed/15883140
https://doi.org/10.1016/j.pmr.2011.08.009
http://www.ncbi.nlm.nih.gov/pubmed/22050943
http://www.ncbi.nlm.nih.gov/pubmed/22518895
http://www.ncbi.nlm.nih.gov/pubmed/759371
https://doi.org/10.1097/TA.0b013e3181edea67
http://www.ncbi.nlm.nih.gov/pubmed/20938266
https://doi.org/10.1186/1471-2377-6-7
https://doi.org/10.1186/1471-2377-6-7
http://www.ncbi.nlm.nih.gov/pubmed/16460567
https://doi.org/10.1016/j.psc.2013.11.004
http://www.ncbi.nlm.nih.gov/pubmed/24529420
https://doi.org/10.1017/S135561771200104X
https://doi.org/10.1017/S135561771200104X
http://www.ncbi.nlm.nih.gov/pubmed/23157821
https://doi.org/10.1371/journal.pone.0174847

@° PLOS | ONE

A single mTBI chronically impairs cognitive function

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Choe MC. The Pathophysiology of Concussion. Current pain and headache reports. 2016; 20(6):42.
https://doi.org/10.1007/s11916-016-0573-9 PMID: 27184060

Giza CC, Hovda DA. The New Neurometabolic Cascade of Concussion. Neurosurgery. 2014; 75(0 4):
S24-S33.

Inglese M, Makani S, Johnson G, Cohen BA, Silver JA, Gonen O, et al. Diffuse axonal injury in mild trau-
matic brain injury: a diffusion tensor imaging study. Journal of neurosurgery. 2005; 103(2):298-303.
https://doi.org/10.3171/jns.2005.103.2.0298 PMID: 16175860

Miles L, Grossman RI, Johnson G, Babb JS, Diller L, Inglese M. Short-term DTI predictors of cognitive
dysfunction in mild traumatic brain injury. Brain injury. 2008; 22(2):115-22. https://doi.org/10.1080/
02699050801888816 PMID: 18240040

Mittl RL, Grossman RI, Hiehle JF, Hurst RW, Kauder DR, Gennarelli TA, et al. Prevalence of MR evi-
dence of diffuse axonal injury in patients with mild head injury and normal head CT findings. AJNR
American journal of neuroradiology. 1994; 15(8):1583-9. PMID: 7985582

Topal NB, Hakyemez B, Erdogan C, Bulut M, Koksal O, Akkose S, et al. MR imaging in the detection of
diffuse axonal injury with mild traumatic brain injury. Neurological research. 2008; 30(9):974-8. https:/
doi.org/10.1179/016164108X323799 PMID: 18691451

Davenport EM, Whitlow CT, Urban JE, Espeland MA, Jung Y, Rosenbaum DA, et al. Abnormal white
matter integrity related to head impact exposure in a season of high school varsity football. J Neuro-
trauma. 2014; 31(19):1617—-24. https://doi.org/10.1089/neu.2013.3233 PMID: 24786802

Colquhoun HL, Levac D, O’Brien KK, Straus S, Tricco AC, Perrier L, et al. Scoping reviews: time for
clarity in definition, methods, and reporting. Journal of clinical epidemiology. 2014; 67(12):1291—4.
https://doi.org/10.1016/j.jclinepi.2014.03.013 PMID: 25034198

Grant MJ, Booth A. A typology of reviews: an analysis of 14 review types and associated methodolo-
gies. Health information and libraries journal. 2009; 26(2):91-108. https://doi.org/10.1111/j.1471-1842.
2009.00848.x PMID: 19490148

Arksey H, O'Malley O. Scoping studies; towards a methodological framework. International journal of
social research methodology. 2005; 8(1):19-32.

Levac D, Colquhoun H, O’'Brien KK. Scoping studies: advancing the methodology. Implementation sci-
ence: IS. 2010; 5:69. https://doi.org/10.1186/1748-5908-5-69 PMID: 20854677

McCrea M, Guskiewicz KM, Marshall SW, Barr W, Randolph C, Cantu RC, et al. Acute effects and
recovery time following concussion in collegiate football players: the NCAA Concussion Study. JAMA.
2003; 290(19):2556—63. https://doi.org/10.1001/jama.290.19.2556 PMID: 14625332

McCrea M, Guskiewicz K, Randolph C, Barr WB, Hammeke TA, Marshall SW, et al. Incidence, clinical
course, and predictors of prolonged recovery time following sport-related concussion in high school and
college athletes. Journal of the International Neuropsychological Society: JINS. 2013; 19(1):22-33.
https://doi.org/10.1017/S1355617712000872 PMID: 23058235

Rieger BP, Lewandowski LJ, Callahan JM, Spenceley L, Truckenmiller A, Gathje R, et al. A prospective
study of symptoms and neurocognitive outcomes in youth with concussion vs orthopaedic injuries.
Brain injury. 2013; 27(2):169-78. https://doi.org/10.3109/02699052.2012.729290 PMID: 23384214

Phillipou A, Douglas J, Krieser D, Ayton L, Abel L. Changes in saccadic eye movement and memory
function after mild closed head injury in children. Dev Med Child Neurol. 2014; 56(4):337—45. https://doi.
org/10.1111/dmen.12345 PMID: 24350895

Tay SY, Ang BT, Lau XY, Meyyappan A, Collinson SL. Chronic impairment of prospective memory after
mild traumatic brain injury. Journal of neurotrauma. 2010; 27(1):77-83. https://doi.org/10.1089/neu.
2009.1074 PMID: 19698071

Kwok FY, Lee TMC, Leung CHS, Poon WS. Changes of cognitive functioning following mild traumatic
brain injury over a 3-month period. Brain injury. 2008; 22(10):740-51. https://doi.org/10.1080/
02699050802336989 PMID: 18787983

Su SH, XuW, Li M, Zhang L, Wu YF, Yu F, et al. Elevated C-reactive protein levels may be a predictor
of persistent unfavourable symptoms in patients with mild traumatic brain injury: a preliminary study.
Brain, behavior, and immunity. 2014; 38:111-7. https://doi.org/10.1016/j.bbi.2014.01.009 PMID:
24456846

Siman R, Giovannone N, Hanten G, Wilde EA, McCauley SR, Hunter JV, et al. Evidence that the blood
biomarker SNTF predicts brain imaging changes and persistent cognitive dysfunction in mild TBI
patients. Frontiers in Neurology. 2013; 4 NOV(November):1-8.

Ponsford J, Cameron P, Fitzgerald M, Grant M, Mikocka-walus A. Long-term outcomes after uncompli-
cated mild traumatic brain injury: a comparison with trauma controls. Journal of neurotrauma. 2011; 28
(6):937—46. https://doi.org/10.1089/neu.2010.1516 PMID: 21410321

PLOS ONE | https://doi.org/10.1371/journal.pone.0174847  April 11,2017 16/19


https://doi.org/10.1007/s11916-016-0573-9
http://www.ncbi.nlm.nih.gov/pubmed/27184060
https://doi.org/10.3171/jns.2005.103.2.0298
http://www.ncbi.nlm.nih.gov/pubmed/16175860
https://doi.org/10.1080/02699050801888816
https://doi.org/10.1080/02699050801888816
http://www.ncbi.nlm.nih.gov/pubmed/18240040
http://www.ncbi.nlm.nih.gov/pubmed/7985582
https://doi.org/10.1179/016164108X323799
https://doi.org/10.1179/016164108X323799
http://www.ncbi.nlm.nih.gov/pubmed/18691451
https://doi.org/10.1089/neu.2013.3233
http://www.ncbi.nlm.nih.gov/pubmed/24786802
https://doi.org/10.1016/j.jclinepi.2014.03.013
http://www.ncbi.nlm.nih.gov/pubmed/25034198
https://doi.org/10.1111/j.1471-1842.2009.00848.x
https://doi.org/10.1111/j.1471-1842.2009.00848.x
http://www.ncbi.nlm.nih.gov/pubmed/19490148
https://doi.org/10.1186/1748-5908-5-69
http://www.ncbi.nlm.nih.gov/pubmed/20854677
https://doi.org/10.1001/jama.290.19.2556
http://www.ncbi.nlm.nih.gov/pubmed/14625332
https://doi.org/10.1017/S1355617712000872
http://www.ncbi.nlm.nih.gov/pubmed/23058235
https://doi.org/10.3109/02699052.2012.729290
http://www.ncbi.nlm.nih.gov/pubmed/23384214
https://doi.org/10.1111/dmcn.12345
https://doi.org/10.1111/dmcn.12345
http://www.ncbi.nlm.nih.gov/pubmed/24350895
https://doi.org/10.1089/neu.2009.1074
https://doi.org/10.1089/neu.2009.1074
http://www.ncbi.nlm.nih.gov/pubmed/19698071
https://doi.org/10.1080/02699050802336989
https://doi.org/10.1080/02699050802336989
http://www.ncbi.nlm.nih.gov/pubmed/18787983
https://doi.org/10.1016/j.bbi.2014.01.009
http://www.ncbi.nlm.nih.gov/pubmed/24456846
https://doi.org/10.1089/neu.2010.1516
http://www.ncbi.nlm.nih.gov/pubmed/21410321
https://doi.org/10.1371/journal.pone.0174847

@° PLOS | ONE

A single mTBI chronically impairs cognitive function

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Paré N, Rabin La, Fogel J, Pépin M, Pare N, Rabin La, et al. Mild traumatic brain injury and its sequelae:
characterisation of divided attention deficits. Neuropsychological rehabilitation. 2009; 19(1):110-37.
https://doi.org/10.1080/09602010802106486 PMID: 18609010

Kinsella GJ, Olver J, Ong B, Gruen R, Hammersley E. Mild traumatic brain injury in older adults: early
cognitive outcome. Journal of the International Neuropsychological Society: JINS. 2014; 20(6):663—71.
https://doi.org/10.1017/S1355617714000447 PMID: 24834461

Marsh NV, Smith MD. Post-concussion syndrome and the coping hypothesis. Brain Injury. 1995; 9
(6):553-62. PMID: 7581351

Xu L, Nguyen JV, Lehar M, Menon A, Rha E, Arena J, et al. Repetitive mild traumatic brain injury with
impact acceleration in the mouse: Multifocal axonopathy, neuroinflammation, and neurodegeneration in
the visual system. Experimental neurology. 2014.

Boussard CND, Lundin A, Karlstedt D, Edman G, Bartfai A. S100 and cognitive impairment after mild
traumatic brain injury. J Rehabil Med. 2005; 37(1):53-7. https://doi.org/10.1080/16501970410015587
PMID: 15788333

Hanten G, Li X, Ibarra A, Wilde Ea, Barnes A, McCauley SR, et al. Updating memory after mild trau-
matic brain injury and orthopedic injuries. Journal of neurotrauma. 2013; 30(8):618-24. https://doi.org/
10.1089/neu.2012.2392 PMID: 23227898

Heitger MH, Jones RD, Dalrymple-Alford JC, Frampton CM, Ardagh MW, Anderson TJ. Motor deficits
and recovery during the first year following mild closed head injury. Brain injury. 2006; 20(8):807—24.
https://doi.org/10.1080/02699050600676354 PMID: 17060148

Bohnen N, Twijnstra A, Jolles J. Persistence of postconcussional symptoms in uncomplicated, mildly
head-injured patients: A prospective cohort study. Neuropsychiatry, Neuropsychology and Behavioral
Neurology. 1993; 6(3):193—200.

Rotarescu V, Ciurea AV. Quality of life in children after mild head injury. Journal of medicine and life.
2008; 1(3):307—22. PMID: 20108508

Ponsford J, Willmott C, Rothwell A, Cameron P, Ayton G, Nelms R, et al. Cognitive and behavioral out-
come following mild traumatic head injury in children. The Journal of head trauma rehabilitation. 1999;
14(4):360-72. PMID: 10407209

Ponsford J, Willmott C, Rothwell A, Cameron P, Kelly AM, Nelms R, et al. Factors influencing outcome
following mild traumatic brain injury in adults. Journal of the International Neuropsychological Society:
JINS. 2000; 6(5):568—-79. PMID: 10932476

Maillard-Wermelinger A, Yeates KO, Gerry Taylor H, Rusin J, Bangert B, Dietrich A, et al. Mild traumatic
brain injury and executive functions in school-aged children. Developmental neurorehabilitation. 2009;
12(5):330—41. https://doi.org/10.3109/17518420903087251 PMID: 20477562

Levin HS, Fletcher JM, Kusnerik L, Kucera JA, Matthew A, Duffyl FF, et al. Semantic memory following
pediatric head injury: relationship to age, severity of injury, and MRI. Cortex; a journal devoted to the
study of the nervous system and behavior. 1996; 32(3):461-78. PMID: 8886522

Wong MN, Murdoch B, Whelan BM. Language disorders subsequent to mild traumatic brain injury
(MTBI): Evidence from four cases. Aphasiology. 2010; 24(10):1155-69.

Muller K, Ingebrigtsen T, Wilsgaard T, Wikran G, Fagerheim T, Romner B, et al. Prediction of time
trends in recovery of cognitive function after mild head injury. Neurosurgery. 2009; 64(4):698—704.
https://doi.org/10.1227/01.NEU.0000340978.42892.78 PMID: 19349827

Ellemberg D, Leclerc S, Couture S, Daigle C. Prolonged neuropsychological impairments following a
first concussion in female university soccer athletes. Clinical Journal of Sport Medicine. 2007; 17
(5):369—74. https://doi.org/10.1097/JSM.0b013e31814c3e3e PMID: 17873549

Wrightson P, McGinn V, Gronwall D. Mild head injury in preschool children: evidence that it can be asso-
ciated with a persisting cognitive defect. Journal of neurology, neurosurgery, and psychiatry. 1995; 59
(4):375-80. PMID: 7561915

Babikian T, Satz P, Zaucha K, Light R, Lewis RS, Asarnow RF. The UCLA longitudinal study of neuro-
cognitive outcomes following mild pediatric traumatic brain injury. J Int Neuropsychol Soc. 2011; 17
(5):886—95. https://doi.org/10.1017/S1355617711000907 PMID: 21813031

Barrow |, Collins J, Md F, Britt L. The Influence of an Auditory Distraction on Rapid Naming After a Mild
Traumatic Brain Injury: A Longitudinal Study. 2006. 5. [1142-9]. Available from: http://ovidsp.ovid.com/
ovidweb.cgi? T=JS&PAGE=reference&D=0vith&NEWS=N&AN=00005373-200611000-00017.

Catale C, Marique P, Closset A, Meulemans T. Attentional and executive functioning following mild trau-
matic brain injury in children using the Test for Attentional Performance (TAP) battery. Journal of clinical
and experimental neuropsychology. 2009; 31(3):331-8. https://doi.org/10.1080/13803390802134616
PMID: 18608644

PLOS ONE | https://doi.org/10.1371/journal.pone.0174847  April 11,2017 17/19


https://doi.org/10.1080/09602010802106486
http://www.ncbi.nlm.nih.gov/pubmed/18609010
https://doi.org/10.1017/S1355617714000447
http://www.ncbi.nlm.nih.gov/pubmed/24834461
http://www.ncbi.nlm.nih.gov/pubmed/7581351
https://doi.org/10.1080/16501970410015587
http://www.ncbi.nlm.nih.gov/pubmed/15788333
https://doi.org/10.1089/neu.2012.2392
https://doi.org/10.1089/neu.2012.2392
http://www.ncbi.nlm.nih.gov/pubmed/23227898
https://doi.org/10.1080/02699050600676354
http://www.ncbi.nlm.nih.gov/pubmed/17060148
http://www.ncbi.nlm.nih.gov/pubmed/20108508
http://www.ncbi.nlm.nih.gov/pubmed/10407209
http://www.ncbi.nlm.nih.gov/pubmed/10932476
https://doi.org/10.3109/17518420903087251
http://www.ncbi.nlm.nih.gov/pubmed/20477562
http://www.ncbi.nlm.nih.gov/pubmed/8886522
https://doi.org/10.1227/01.NEU.0000340978.42892.78
http://www.ncbi.nlm.nih.gov/pubmed/19349827
https://doi.org/10.1097/JSM.0b013e31814c3e3e
http://www.ncbi.nlm.nih.gov/pubmed/17873549
http://www.ncbi.nlm.nih.gov/pubmed/7561915
https://doi.org/10.1017/S1355617711000907
http://www.ncbi.nlm.nih.gov/pubmed/21813031
http://ovidsp.ovid.com/ovidweb.cgi?T=JS&PAGE=reference&D=ovfth&NEWS=N&AN=00005373-200611000-00017
http://ovidsp.ovid.com/ovidweb.cgi?T=JS&PAGE=reference&D=ovfth&NEWS=N&AN=00005373-200611000-00017
https://doi.org/10.1080/13803390802134616
http://www.ncbi.nlm.nih.gov/pubmed/18608644
https://doi.org/10.1371/journal.pone.0174847

@° PLOS | ONE

A single mTBI chronically impairs cognitive function

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Lee H, Wintermark M, Gean AD, Ghajar J, Manley GT, Mukherjee P. Focal lesions in acute mild trau-
matic brain injury and neurocognitive outcome: CT versus 3T MRI. Journal of neurotrauma. 2008; 25
(9):1049-56. https://doi.org/10.1089/neu.2008.0566 PMID: 18707244

Polissar NL, Fay GC, Jaffe KM, Liao S, Martin KM, Shurtleff HA, et al. Mild pediatric traumatic brain
injury: Adjusting significance levels for multiple comparisons. Brain Injury. 1994; 8(3):249—-63. PMID:
8004083

Kashluba S, Hanks RA, Casey JE, Millis SR. Neuropsychologic and functional outcome after compli-
cated mild traumatic brain injury. Archives of physical medicine and rehabilitation. 2008; 89(5):904—11.
https://doi.org/10.1016/j.apmr.2007.12.029 PMID: 18452740

Romero K, Lobaugh NJ, Black SE, Ehrlich L, Feinstein A. Old wine in new bottles: Validating the clinical
utility of SPECT in predicting cognitive performance in mild traumatic brain injury. Psychiatry Research
—Neuroimaging. 2015; 231(1):15-24.

Stalnacke B-M, Elgh E, Sojka P. One-year follow-up of mild traumatic brain injury: cognition, disability
and life satisfaction of patients seeking consultation. Journal of Rehabilitation Medicine. 2007; 39
(5):405—-11. https://doi.org/10.2340/16501977-0057 PMID: 17549333

Chadwick O, Rutter M, Brown G, Shaffer D, Traub MU. A prospective study of children with head inju-
ries: 1l. Cognitive sequelae. Psychological medicine. 1981; 11(1):49-61. PMID: 7208746

Anderson V, Catroppa C, Morse S, Haritou F, Rosenfeld J. Outcome from mild head injury in young chil-
dren: a prospective study. Journal of clinical and experimental neuropsychology: official journal of the
International Neuropsychological Society. 2001; 23(6):705-17.

Waljas M, Iverson GL, Lange RT, Hakulinen U, Dastidar P, Huhtala H. et al. A prospective biopsychoso-
cial study of the persistent post-concussion symptoms following mild traumatic brain injury. Journal of
Neurotrauma. 2015; 32(8):534—47. https://doi.org/10.1089/neu.2014.3339 PMID: 25363626

Dikmen S, Machamer J, Temkin N. Mild head injury: facts and artifacts. Journal of clinical and experi-
mental neuropsychology. 2001; 23(6):729-38. https://doi.org/10.1076/jcen.23.6.729.1019 PMID:
11910540

Zhou Y, Kierans A, Kenul D, Ge Y, Rath Reaume J, Grossman Rl, et al. Mild traumatic brain injury: Lon-
gitudinal regional brain volume changes. Radiology. 2013; 267(3):880-90. https://doi.org/10.1148/
radiol.13122542 PMID: 23481161

Croall |, Cowie CJA, He J, Peel A, Wood J, Aribisala B, et al. White matter correlates of cognitive dys-
function after mild traumatic brain injury. Neurology. 2014; 83(6):494-501. https://doi.org/10.1212/
WNL.0000000000000666 PMID: 25031282

Jaffe KM, Polissar NL, Fay GC, Liao S. Recovery trends over three years following pediatric traumatic
brain injury. Archives of physical medicine and rehabilitation. 1995; 76(1):17—26. PMID: 7811169

Mangels JA, Craik FIM, Levine B, Schwartz ML, Stuss DT. Effects of divided attention on episodic mem-
ory in chronic traumatic brain injury: a function of severity and strategy. Neuropsychologia. 2002; 40
(13):2369-85. PMID: 12417466

McCauley SR, Levin HS. Prospective Memory in Pediatric Traumatic Brain Injury: A Preliminary Study.
Developmental Neuropsychology. 2004; 25(1-2):5-20. https://doi.org/10.1080/87565641.2004.
9651919 PMID: 14984326

Geary EK, Kraus MF, Pliskin NH, Little DM. Verbal learning differences in chronic mild traumatic brain
injury. Journal of the International Neuropsychological Society: JINS. 2010; 16(3):506—16. https://doi.
org/10.1017/S135561771000010X PMID: 20188015

Konrad C, Geburek A, Rist F, Blumenroth H, Fischer B, Husstedt |, et al. Long-term cognitive and emo-
tional consequences of mild traumatic brain injury. Psychological medicine. 2011; 41(6):1197-211.
https://doi.org/10.1017/S0033291710001728 PMID: 20860865

Vanderploeg RD, Curtiss G, Belanger HG. Long-term neuropsychological outcomes following mild trau-
matic brain injury. J Int Neuropsychol Soc. 2005; 11(3):228-36. Epub 2005/05/17. https://doi.org/10.
1017/51355617705050289 PMID: 15892899

Alexander M. Mild traumatic brain injury (C) 1996 American Academy of Neurology: Braintree, MA;
1996 [cited 46]. 5:[1489-90]. http://ovidsp.ovid.com/ovidweb.cgi? T=JS&PAGE=reference&D=
yrovitb&NEWS=N&AN=00006114-199605000-00064.

Covassin T, Moran R, Wilhelm K. Concussion Symptoms and Neurocognitive Performance of High
School and College Athletes Who Incur Multiple Concussions. The American journal of sports medicine.
2013; 41(12):2885-9. https://doi.org/10.1177/0363546513499230 PMID: 23959963

Rutherford WH. Sequelae of concussion caused by minor head injuries. Lancet (London, England).
1977;1(8001):1-4.

PLOS ONE | https://doi.org/10.1371/journal.pone.0174847  April 11,2017 18/19


https://doi.org/10.1089/neu.2008.0566
http://www.ncbi.nlm.nih.gov/pubmed/18707244
http://www.ncbi.nlm.nih.gov/pubmed/8004083
https://doi.org/10.1016/j.apmr.2007.12.029
http://www.ncbi.nlm.nih.gov/pubmed/18452740
https://doi.org/10.2340/16501977-0057
http://www.ncbi.nlm.nih.gov/pubmed/17549333
http://www.ncbi.nlm.nih.gov/pubmed/7208746
https://doi.org/10.1089/neu.2014.3339
http://www.ncbi.nlm.nih.gov/pubmed/25363626
https://doi.org/10.1076/jcen.23.6.729.1019
http://www.ncbi.nlm.nih.gov/pubmed/11910540
https://doi.org/10.1148/radiol.13122542
https://doi.org/10.1148/radiol.13122542
http://www.ncbi.nlm.nih.gov/pubmed/23481161
https://doi.org/10.1212/WNL.0000000000000666
https://doi.org/10.1212/WNL.0000000000000666
http://www.ncbi.nlm.nih.gov/pubmed/25031282
http://www.ncbi.nlm.nih.gov/pubmed/7811169
http://www.ncbi.nlm.nih.gov/pubmed/12417466
https://doi.org/10.1080/87565641.2004.9651919
https://doi.org/10.1080/87565641.2004.9651919
http://www.ncbi.nlm.nih.gov/pubmed/14984326
https://doi.org/10.1017/S135561771000010X
https://doi.org/10.1017/S135561771000010X
http://www.ncbi.nlm.nih.gov/pubmed/20188015
https://doi.org/10.1017/S0033291710001728
http://www.ncbi.nlm.nih.gov/pubmed/20860865
https://doi.org/10.1017/S1355617705050289
https://doi.org/10.1017/S1355617705050289
http://www.ncbi.nlm.nih.gov/pubmed/15892899
http://ovidsp.ovid.com/ovidweb.cgi?T=JS&PAGE=reference&D=yrovftb&NEWS=N&AN=00006114-199605000-00064
http://ovidsp.ovid.com/ovidweb.cgi?T=JS&PAGE=reference&D=yrovftb&NEWS=N&AN=00006114-199605000-00064
https://doi.org/10.1177/0363546513499230
http://www.ncbi.nlm.nih.gov/pubmed/23959963
https://doi.org/10.1371/journal.pone.0174847

o @
@ : PLOS | ONE A single mTBI chronically impairs cognitive function

73. Larson MJ, Farrer TJ, Clayson PE. Cognitive control in mild traumatic brain injury: conflict monitoring
and conflict adaptation. International journal of psychophysiology: official journal of the International
Organization of Psychophysiology. 2011; 82(1):69-78.

74. Pontifex MB, O’Connor PM, Broglio SP, Hillman CH. The association between mild traumatic brain
injury history and cognitive control. Neuropsychologia. 2009; 47(14):3210-6. https://doi.org/10.1016/j.
neuropsychologia.2009.07.021 PMID: 19664646

PLOS ONE | https://doi.org/10.1371/journal.pone.0174847  April 11,2017 19/19


https://doi.org/10.1016/j.neuropsychologia.2009.07.021
https://doi.org/10.1016/j.neuropsychologia.2009.07.021
http://www.ncbi.nlm.nih.gov/pubmed/19664646
https://doi.org/10.1371/journal.pone.0174847

