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Preface to “New Perspectives in Rehabilitation after
Traumatic Brain Injury”

There has been increased focus on the evaluation of the scientific knowledge base within the
field of traumatic brain injury (TBI) rehabilitation. TBI rehabilitation comprises several phases, from
acute medical care to post-acute care in rehabilitation facilities and chronic care in the community.
Rehabilitation is a multidisciplinary effort that covers the full spectrum of medical neuroscience,
cognitive neuroscience, pharmacology, brain imaging, and assistive and smart technology. A future
challenge is to integrate these areas to guide TBI rehabilitation into extensive research and clinical
practice. Our goal is to provide a stronger base of scientific information on ongoing knowledge gaps
and controversies, and focus on new perspectives regarding the rehabilitation and management of
TBI

Nada Andelic, Cecilie Roe, Eirik Helseth, Emilie Isager Howe, Marit Vindal Forslund and
Torgeir Hellstrom
Editors
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Abstract: Background: The World Health Organization has identified an unmet global need for
rehabilitation interventions concerning 20 non-communicable diseases, traumatic brain injury in-
cluded. This overview compiles and synthesizes the quality and quantity of available evidence on
the effectiveness of rehabilitation interventions for traumatic brain injury from Cochrane systematic
reviews (CSRs). The results will be used to develop the Package of Interventions for Rehabilitation.
Methods: All CSRs on TBI tagged in the Cochrane Rehabilitation database published between August
2009 and September 2021 were included. Evidence mapping was implemented to extract study
characteristics and evidence from the CSRs. Results: Six CSRs (42 studies; n = 3983) examined
the effectiveness of either non-pharmacological or pharmacological interventions after TBI. Among
19 comparisons, 3% were rated as high in quality of evidence, 9% moderate, 54% low, and 34% very
low. Non-pharmacological interventions with moderate quality, hospital-based cognitive rehabilita-
tion and cognitive didactic therapy, likely produced minimal to no changes in the return-to-work rate.
Anti-epileptic drugs and neuroprotective agents resulted in a minimal difference to the frequency of
late seizure episodes in post-traumatic epilepsy. Conclusions: No prominent advances in treatment
options were reported in any of the CSRs. The high rate of low and very low quality of evidence makes
it difficult to ascertain the effectiveness of several recommended non-pharmacological interventions.

Keywords: brain injuries; traumatic; interventions; treatment outcome; rehabilitation; overview

1. Introduction

The World Health Organization (WHO) has described an unmet global need for the
delivery of rehabilitation interventions in health systems, which is amplified in low- and
middle- income countries with limited availability of resources [1-3]. The “"WHO Rehabili-
tation 2030 Call for Action’ [2] was therefore launched. One of the main actions considered
is the development of a Package of Interventions for Rehabilitation (PIR) [3,4]. The PIR
aims at promoting favorable outcomes, accessibility, and the integration of multidisci-
plinary/interdisciplinary rehabilitation services into healthcare systems worldwide [3,4].
The WHO identified 20 major noncommunicable diseases to be investigated to develop the
PIR; among these is traumatic brain injury (TBI) [4].

TBl is defined as ‘any alteration in brain function or other evidence of brain pathology
caused by an external force’ [5] and it is estimated to affect 69,000 individuals worldwide
annually [6]. Alterations in brain function may include any of the following: loss of (or
decrease in) consciousness; loss of memory of events immediately preceding or following

J. Clin. Med. 2022, 11, 2691. https://doi.org/10.3390/jem11102691 1
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the injury; neurologic deficits (e.g., loss of balance or vision); or altered mental status, such
as disorientation or confusion at the time of the injury [5]. TBI can be categorized into
three possible diagnostic levels (mild, moderate, or severe), typically after evaluation using
the Glasgow Outcome Scale or Glasgow Outcome Scale Extended [7,8] or by assessing
structural imaging, loss of consciousness, altered consciousness, or post-traumatic amnesia.

Research has identified falls and road injuries as the two main causes of TBI world-
wide [9,10], although causes of TBI have been found to differ across countries, depending
on income, geographical region, and political circumstances [9,11]. Other common causes
include sports-related concussions, assault, interpersonal violence, and blast injuries [12].
The direct consequences of a single TBI or repetitive insults include many possible long-
term sequelae that vary according to age, sex, and the nature of the injury [13,14]. Common
secondary pathophysiological conditions include seizures, sleep disorders, neurodegener-
ative diseases, neuroendocrine dysregulation, and psychiatric issues, each of which may
persist throughout the long-term recovery process following moderate-to-severe TBI [15].
Due to these numerous clinical and demographic variables, TBI patients often experience
nonlinear recovery trends, and those with moderate and severe cases are reported to show
deteriorating Glasgow Outcome Scale Extended scores over time [16]. These unfavorable
outcomes can hinder functioning, quality of life, and employment, and may worsen pre-
existing conditions [17], further highlighting the chronic health issues associated with TBI
as well as the need for complex rehabilitative programs and long-term services to support
this group of patients [16].

A major step to the development of the PIR encompasses the “Best Evidence for
Rehabilitation” (bedrehab) approach, which is applied to this work. Bedrehab supports
the gathering of best evidence on the effectiveness and quality of pharmacological and
non-pharmacological rehabilitation interventions for individuals with TBI and the delivery
of this overview of Cochrane systematic reviews (CSRs) [4]. Overviews of systematics
reviews are a methodological approach proposed by Cochrane to compile and synthesize
data from multiple systematic reviews into one single, accessible document. All overviews
requested by the WHO are restricted to CSRs to preserve the coherence and quality of the
gathered evidence.

Supplemented by evidence mapping to aid in the synthesis of available evidence, this
work aims at identifying the broad quality and the quantity of evidence, published in CSRs,
on the effectiveness of rehabilitation interventions in person with TBI.

2. Materials and Methods

The WHO PIR adheres to methods designed from the collaborative efforts of the WHO
Rehabilitation Programme and Cochrane Rehabilitation, and the directives from the WHO
Guidelines Review Committee [4]. We used evidence mapping to synthesize and visualize
study characteristics and evidence from CSRs on TBIL The overview was registered in
Open Science Framework Registries (https://doi.org/0.17605/OSEIO/M5XVG) and was
reported following the Preferred Reporting Items for Systematic Reviews and Meta-analysis
(PRISMA 2020 statement) [18].

2.1. Search Strategy

According to the methodology developed by the Cochrane Rehabilitation [19], CSRs
relevant to rehabilitation are continuously tagged to maintain an up-to-date database
(https:/ /rehabilitation.cochrane.org/evidence, accessed on 1 September 2019). We initially
searched all CSRs related to TBI published between August 2009 and August 2019 and
reported the results to the WHO. We subsequently searched the Cochrane Library to August
2021 to preserve the timeliness of evidence. Eligible CSRs included those assessing inter-
ventions for persons with TBI provided or prescribed by rehabilitation professionals [19].

We included only tagged CSRs that examined rehabilitation interventions on individu-
als with TBI, of any age and gender. CSRs focused on persons with acquired brain injury or
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non-traumatic brain injury were excluded to ensure that the evidence synthesis is strictly
applicable to persons who sustained a TBL

2.2. Assessment of Methodological Quality of Included Studies

The methodological quality of each CSR was appraised by two assessors using the
16-item A Measurement Tool to Assess Systematic Reviews (AMSTAR) 2 tool. In this
updated version, the 16 items are scored on a binary yes or no scale. AMSTAR-2 does not
generate an ‘overall score’; a high score may disguise weaknesses in 7 critical items [20].
The assessors adopted a process of ‘considered judgment’, which entails (1) interpreting
weaknesses detected by the critical items and (2) reaching a consensus on the method-
ological quality of each CSR. Disagreements were resolved through discussion with a
third assessor.

2.3. Data Extraction and Quality of Evidence Appraisal

The authors referred to the Table of Findings presented in each of the included CSRs;
these contain the following data: type of outcome, outcome measure(s), number of primary
studies, sample sizes, type of population, intervention, comparator(s), and effect (i.e., no
effect, in favor of intervention, or in favor of comparator). Data were collected and entered
into an Excel datasheet.

In addition, the quality of evidence for each outcome was extracted using the Grading
of Recommendations Assessment, Development, and Evaluation (GRADE) rating system.
For CSRs that did not include GRADE ratings, two members of the Cochrane Rehabilitation
team independently appraised the quality of evidence for the primary outcomes only using
the GRADE approach [21]. Any disagreement was resolved through consensus decision-
making involving a third author [22]. The GRADE appraisal approach included two steps:
(1) retrieval of the original primary studies included in each CSR; and (2) tabulation of the
quality of evidence provided in Summary of Findings tables using GRADEPro software.

2.4. Summarizing the Data with an Evidence Map

Quality of evidence and effect data were transferred into evidence maps developed in
Excel. The evidence map integrates the outcome and rehabilitation intervention values for
each comparison. The magnitude of the effect (i.e., no effect, in favor of intervention, or in
favor of comparator) and the quality of evidence (i.e., very low, low, moderate, or high)
were presented laterally and color-coded for each outcome in order to generate a visual aid
to facilitate the understanding of the overall judgement of the evidence.

Evidence mapping was employed as a complementary method to collating and ap-
praising evidence from the CSRs, and subsequently used to summarize the results for the
overview. The instrument collated outcomes and rehabilitation interventions and resulted
in a comprehensive overview of the quality of evidence and effects. Because we did not con-
sider other outcomes and interventions in addition to the those examined in the included
CSRs, evidence mapping was not used to identify evidence gaps.

3. Results

The authors identified six tagged CSRs related to TBI: one published in 2013 [23], two
in 2015 [24,25], and three in 2017 [26-28] (see Figure 1).

Three CSRs included only participants who sustained a TBI and excluded people
with acquired brain injury and non-traumatic injury. Two CSRs included studies with a
mixed population only when disaggregated data were reported to ensure that evidence
was relevant to TBL Finally, one CSR reported including studies where the etiology of the
TBI is uncertain. The characteristics of the included systematic reviews are reported in
Table 1.
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Figure 1. Flow chart displaying the tagging process of Cochrane systematic review.

Comprehensively, this mapping review encompasses 42 primary studies, 3983 par-
ticipants, and 19 comparisons that examined the effectiveness and safety of either non-
pharmacological or pharmacological interventions for individuals with TBI. Among non-
pharmacological comparisons, four interventions (six outcomes) were categorized as very
low quality of evidence, and eight interventions (16 outcomes) were deemed as low quality
of evidence. Among the pharmacological comparisons, we found that four interventions
(six outcomes) were rated very low and three interventions (three outcomes) were rated
low in quality. The AMSTAR 2 assessment tool identified high methodological quality in
the six CSRs; even when sources of funding were not reported. Results of the AMSTAR
2 assessment are displayed in Table 2.
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Table 2. AMSTAR 2 Quality Assessment of Cochrane Systematic Reviews.

Hassett
2017 [26]

Kumar
2017 [27]

Synnot
2017 [28]

Gertler
2015 [24]

Thompson
2015 [25]

Wong
2013 [23]

(1) Did the research questions and inclusion
criteria for the review include the
components of PICO?

(2) Did the report of the review contain an
explicit statement that the review methods
were established prior to the conduct of the
review and did the report justify any
significant deviations from the protocol?
(3) Did the review authors explain their
selection of the study designs for inclusion
in the review?

(4) Did the review authors use a
comprehensive literature search strategy?
(5) Did the review authors perform study
selection in duplicate?

(6) Did the review authors perform data
extraction in duplicate?

(7) Did the review authors provide a list of
excluded studies and justify the exclusions?
(8) Did the review authors describe the
included studies in adequate detail?

(9) Did the review authors use a satisfactory
technique for assessing the risk of bias
(RoB) in individual studies that were
included in the review?

(10) Did the review authors report on the
sources of funding for the studies included
in the review?

(11) If meta-analysis was performed did the
review authors use appropriate methods
for statistical combination of results?

(12) If meta-analysis was performed, did
the review authors assess the potential
impact of RoB in individual studies on the
results of the meta-analysis or other
evidence synthesis?

(13) Did the review authors account for RoB
in individual studies when
interpreting/discussing the results of

the review?

(14) Did the review authors provide a
satisfactory explanation for, and discussion
of, any heterogeneity observed in the
results of the review?

(15) If they performed quantitative
synthesis did the review authors carry out
an adequate investigation of publication
bias (small study bias) and discuss its likely
impact on the results of the review?

(16) Did the review authors report any
potential sources of conflict of interest,
including any funding they received for
conducting the review?

Total

Y

Y

15

Y

15

Y

15

Y

15

Y

15

Y

15

Abbreviations: Y = Yes, N = No.
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The evidence map findings were divided into two categories: (1) non-pharmacological
interventions and (2) pharmacological interventions. Table 3 provides an overview of
evidence map finding for non-pharmacological interventions for TBI. Table 4 provides an
overview of evidence map finding for pharmacological interventions for TBI.

Table 3. Evidence map of non-pharmacological interventions.

. . GRADE
Intervention Comparison Outcome
H M L VL
Ret t k
No treatment earn o wor ©
Community integration ®
Cognitive rehabilitation Return to work ®
Conventional Therapy Community integration ®
Activities of daily living ®
Hospital-based Home-based
cognitive rehabilitation cognitive rehabilitation Return to work @
.. . . . L Return to work ®
Cognitive didactic therapy Functional experiential therapy
Activities of daily living ®
Supportive psychothera; ®
Cognitive behavioral therapy PP bsy by Depression
Waitlist ®
Supervised exercise Exercise as usual Depression ®
Large muscle group exercise Usual care, NON-exercise, Cardiorespiratory fitness v
no intervention
e . - . Spasticity ?
Repositioning splints Traditional splints
Adverse events ?
Modified Barthel Index (1 mo) v
Electro-acupuncture + Rehabilitation traini Modified Barthel Index (3 mo) X
Tipnp . ehabilitation trainin
Rehabilitation training & Fugl-MeyerAssessment (1 mo) v
Fugl-MeyerAssessment (3 mo) 4
Needl Post-Treatment Glasgow v
ee e-a.cupunctu?e y Conventional medical Outcome Scale
Conventional medical g X
intervention intervention Post-Treatment Glasgow /
Coma Score
Electro-acupuncture + Conventional medical Frequenqégfnljc;rcrg:: Clasgow 4
Conventional medical mntervention
intervention Mortality ®
o - Frequency Barthel
Rehabilitation training vs. 60 v
Electro-acupuncture + bani d >
Hvperbanic oxveen Hyperbanic oxygen an:
YP V8 rehabilitation training Frequency Barthel ®
> 40

High = H; M = Moderate; Low = L; VL = Very low; No effect = ®, Favor Intervention = v/, Favor Comparator = X,
Uncertain = 2.

3.1. Quality of Evidence Mapping for Non-Pharmacological Interventions
3.1.1. Moderate Quality of Evidence

Hospital-based versus home-based cognitive rehabilitation likely has little to no effect
on the return-to-work rate for moderate-to-severe TBI (1 study; n = 120) [26]. Similarly,
cognitive didactic versus functional experiential therapy likely has little to no effect on the
same outcome for moderate-to-severe TBI (1 study, n = 366) [26].
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Table 4. Evidence map of pharmacological interventions.

Intervention

Comparison Outcome Grade

Neuroprotective agents

Early seizure ®

Late seizure

Placebo (6 mo)

Antiepileptic drugs

Early seizure v

Late seizure
(3-24 mo)

Phenytoin

Early seizure ®

Antiepileptic drugs Late seizure
(6-24 mo)

Repetitive transcranial
magnetic stimulation

repetitive transcranial magnetic
stimulation plus Depression X
tricyclic antidepressants

Spasticit; NR
Baclofen 50 pg Saline placebo P Y
Adverse events NR
Botolinum toxin A x 1 dose. Spasticity ?
(500/1000 U) or botolinum toxin Placebo
A x 1dose 200 U+ Adverse events ?

Abbreviations: High = H; M = Moderate; Low = L; VL = Very low; No effect = ®; Favor Intervention = v; Favor
Comparator = X; Uncertain = ?; Not reported = NR.

3.1.2. Low Quality of Evidence

Exercise using large muscle groups may have little to no effect on the cardiorespiratory
fitness compared to usual care in severe and unspecified TBI severity levels (3 studies,
n=67) [27].

Cognitive rehabilitation may have little or no effect compared to no treatment on
community integration in severe TBI (1 study; n = 12) [26], while it may have little to
no effect relative to conventional therapy on return to work (1 study; n = 68) [26], and
community integration (3 studies; n = 123) [26] in mild-to-severe TBI, respectively.

Electro-acupuncture as an adjunct treatment to rehabilitation training may have a
positive effect on sensorimotor impairment (Fugl-Meyer Assessment) at 1 and 3 months,
and on disability (Modified Barthel index) at 1 month, but not at 3 months, when the
effects favored rehabilitation training alone (unspecified TBI severity; 1 study; n = 150) [23].
When added to conventional medical intervention, electro-acupuncture may make little
to no difference to mortality rate, but it may increase the frequency of normal Glasgow
Coma Score evaluations in coma patients with severe TBI (1 study, n = 50) [23]. Added to
hyperbaric oxygen and rehabilitation training, electro-acupuncture may have an effect on
the percentage of patients decreasing to moderate disability (Barthel Index > 60) but there
is uncertainty on the effects on reducing its severity (Barthel Index > 40) (unspecified TBI
severity; 1 study; n = 122) [23].

3.1.3. Very Low Quality of Evidence

In mild-to-moderate TBI, the true effect of cognitive rehabilitation remains uncertain
on return-to-work when compared to no treatment (1 study; n = 50) [26]; on activities of
daily living when compared to conventional therapy (unspecified TBI severity; 2 studies,
n =41) [26]; on depression level versus waiting list (3 studies, n = 146) [24] and supportive
psychotherapy (1 study; n = 48) [24]. There is also uncertainty on the utility on spasticity (6 h
post-treatment) of repositioning splints equipped with participant-specific pseudoelastic
hinges versus traditional splints with fixed angle braces for pediatric TBI (unspecified TBI
severity; 1 study; n = 25) [28].
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3.2. Quality of Evidence Mapping for Pharmacological Interventions
3.2.1. High Quality of Evidence

Neuroprotective agents had little to no effect versus placebo on late seizures 6 months
after the start of treatment in moderate-to-severe TBI in participants aged 14 and older
(1 study; n = 498) [25].

3.2.2. Moderate Quality of Evidence

Phenytoin likely resulted in no changes in late seizures 6 to 24 months after the start
of the treatment relative to other antiepileptic drugs in moderate-to-severe TBI (2 studies;
n = 378) [25].

3.2.3. Low Quality of Evidence

There may be minimal effect on the frequency of early seizures (7 days) for neuro-
protective agents compared to placebo, (moderate-to-severe TBI, 1 study, n = 499) [25].
Antiepileptic interventions compared with placebo may reduce the frequency of early
seizures (moderate-to-severe, 5 studies, n=987) [25]. Neuroprotective agents versus other
antiepileptic drugs may have minimal effect on adverse events (moderate-to-severe TBI,
2 studies, n = 431) [25].

3.2.4. Very Low Quality of Evidence

A review comparing baclofen 50 pg versus saline placebo included one study (1 = 11)
and examined the effects on spasticity (6 h), and adverse events [28]. The findings could
not be extracted since they were not reported in the randomized control trial. The efficacy
and safety of the intervention remain thereby unclear.

A review evaluated the efficacy of botulinum toxin A x 1 dose (500/1000 U) or bo-
tulinum toxin A x 1 dose of 200 U + serial casting versus placebo on spasticity (4-12 weeks
post treatment), and adverse events (2 studies; n = 47) [28]. No statistically significant
differences were detected between groups and the quality of evidence was rated very low.
This hindered the ability to ascertain the true treatment effects of either intervention.

Evaluating 1029 participants and six studies, one CSR examined the difference in
effects on late seizure occurrence (3 to 24 months after the start of the treatment) com-
paring between antiepileptic medications and placebo [25]. No significant differences
were found for either outcome. The comparison was judged to provide very low quality
of evidence, which indicates that the effects of antiepileptic interventions on these two
outcomes remain uncertain.

In a total sample of 67 participants and one study, the reviewers found a significant
difference in depression level between the repetitive transcranial magnetic stimulation
and repetitive transcranial magnetic stimulation plus antidepressant groups (TBI severity
unspecified) [24]. While the treatment effect was in favor of the comparator, repetitive
transcranial magnetic stimulation plus tricyclic antidepressants, the true treatment effect
remains uncertain due to the very low quality of evidence.

4. Discussion

This overview summarizes evidence on the effects of non-pharmacological and phar-
macological interventions for any level of TBI severity, and reports the challenges identified
in TBI research that are critical for further developing the integration and augmentation of
rehabilitation services.

Amongst the options for non-pharmacological interventions, hospital-based cognitive
rehabilitation and cognitive didactic therapy likely produce minimal or no changes in the
return-to-work rate (moderate certainty evidence). These findings agree with published
reports in the literature on neurocognitive status and the return-to-work rates, ref. [29-31]
which maintain that favorable outcomes are facilitated by the inclusion of multidisci-
plinary/interdisciplinary rehabilitation services, and not by a monotherapy approach,
such as cognitive rehabilitation or cognitive training alone [32,33]. Executive functions,
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especially sequencing and inhibitory control, are necessary to perform well at work and
their status predicts the return-to-work rate following TBI [29]. Ensuring that available
cognitive interventions and cognitive strategy training lead to improvements in cognitive
functioning and are properly integrated in the rehabilitation management are crucial for
increasing return-to-work rates, as well as improving life satisfaction and the wellbeing of
individuals with TBI and their families.

The low-certainty of evidence found in acupuncture, splint therapy, and exercise of
large muscle groups prevented us from ascertaining the role of these interventions on Glas-
gow Coma Scale scores, spasticity, and cardiorespiratory fitness, respectively. With respect
to acupuncture, the lack of information on the etiology of the TBI from three of the four
RCTs prevented us from determining whether the results are equally applicable to acquired
brain injury, traumatic brain injury, and non-traumatic brain injury cases. Likewise, there is
insufficient quality of evidence to support the roles of cognitive therapeutic approaches
as monotherapy in improving community integration, depression, and activities of daily
living (very low certainty evidence).

Amongst the pharmacological interventions used to reduce the number and frequency
of late-seizure episodes (i.e., 6 months after the start of treatment; high-quality evidence),
neuroprotective agents produced little to no difference on the frequency of late-seizures
(high-quality evidence) and minimal differences on early seizures (low-quality evidence).
The anti-convulsant drug, phenytoin, for example, appeared to have little effect on the
number and frequency of late seizures (moderate quality evidence) and little to no effect
on early-seizure events (low quality evidence). This finding aligns with current guidelines
that support the use of phenytoin to treat early seizures or active seizures, but not late
seizures [34].

Our evidence mapping shows that other antiepileptic drugs do not reduce the number
and frequency of late seizure events. The literature primarily focuses on early seizures, and
data on late seizures after TBI are limited. Discussions of study results typically note that
no evidence supports the use of neuroprotective agents and antiepileptic drugs for late
seizures, mainly due to the differences observed in studies on pathogenesis of early seizures
in post-traumatic epilepsy [34,35]. This feature of post-TBI care warrants further attention
since late seizure episodes may impair otherwise positive neurological and rehabilitation
outcomes [36].

For the remaining two pharmacological interventions (botulinum toxin A x 1 dose
(500/1000 U) or botulinum toxin A x 1 dose of 200 U + serial casting; intrathecal baclofen
50 pg), uncertainty of their effects on spasticity and adverse events remain, as the quality
of evidence for these two therapies has been assessed as very low [28].

The absence and/or low quality of evidence for pharmacological interventions to
reduce early- and late-seizure frequency, and improve spasticity, may be associated in part
with the following situations: (1) research challenges exacerbated by the narrow window
for effective intervention; (2) the inability of candidate medications to cross the blood—brain
barrier; and (3) possible delays and ethical issues encountered when patients are unable
to provide consent [37]. These difficulties are exacerbated among pediatric groups [38],
which may explain the limited results for pediatric patients with TBI among the CSRs that
analyzed pharmacological interventions.

The low to very- low quality evidence found is in accordance with past reviews
that focused on clinical practice guidelines for TBI [39,40], which stressed the persistent
paucity of quality evidence and the major gaps between the bench and the bedside in
the context of rehabilitation interventions associated with both methodological issues and
clinical complexity. The reviewers stated that few published trials examined rehabilitation
outcomes, such as cognitive and physical function, with the majority of studies targeting
symptom management or reduction [39,40].

For non-pharmacological trials, the primary issues concerned the number of studies
and the small sample sizes (cumulative <500 participants), which affected the estimated
effect sizes, heterogeneity among the respondents, and the imprecision of the results
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(i.e., wide 95% confidence intervals). Similar to pharmacological trials, some studies
showed a lack of clarity regarding random sequence generation, blinding, and allocation
concealment.

Opverall, our evidence map shows that no prominent advances were reported in any of
the CSRs, confirming the concerns expressed a decade ago by Maas et al. [41], who observed
that randomized control trials (RCTs) fail to showcase significant recovery trajectories when
assessing the effectiveness of interventions on TBI populations. Other study designs
(e.g., observational) could provide additional insights when conducting systematic reviews
for patients with TBI.

The landscape displayed by this evidence map places strong emphasis on the need
to prioritize and augment rehabilitation research efforts for patients with TBI. Hence, we
reiterate four priorities for bolstering the quality of evidence associated with rehabilitation
outcomes: (1) revisit the recruitment and consent process and preserve ethical standards;
(2) increase efforts and funding to support trials that examine functioning (i.e., cognitive,
physical, and emotional); (3) consider multi-site recruitment options to increase participant
diversity and sample sizes; (4) clearly identify the etiology of brain injury or offer disaggre-
gate data in studies with mixed brain injury populations; and (5) promote the transparent
reporting of adverse events, if applicable.

Strengths and Limitations

Evidence maps represent a novel approach that can be employed to detect broader
issues, lead to research synthesis, and guide researchers in formulating both future research
and studies with a narrower focus [42,43]. Evidence maps have been especially helpful in
visualizing research contexts and appreciating how a specific focus fits into the broader
research field [44]. In the case presented here, the evidence map aids in understanding how
TBI research fits within the context of clinical research and where it stands overall in the
field of rehabilitation.

A limitation that requires some discussion pertains to the search strategy. This
overview exclusively analyzed systematic reviews published in the Cochrane library,
which may have limited the inclusion of other high-quality systematic reviews on TBI.
Nevertheless, Cochrane suggests this approach to preserve consistency in the results of the
overview since the included works follow the same methodological standard [45].

We acknowledge that the evidence map developed for TBI is unable to address spe-
cific questions or nuances regarding the effectiveness of rehabilitation interventions in
individuals with TBL

Despite its limitations, the evidence map we have constructed disseminates evidence from
existing literature findings on TBI, draws attention to the current challenges faced by researchers,
and can provide an effective tool in guiding future research efforts and policymaking.

5. Conclusions

This work clarifies the need to expand research efforts in the context of TBI and clinical
rehabilitation research to augment clinical applicability. In general, patients receiving
rehabilitation services display a broad range of deficits and needs, which is particularly ap-
parent among patients with TBI. Currently, the efficacy and safety of non-pharmacological
and pharmacological interventions that are able to meet the needs of individuals with TBI
remain uncertain, jeopardizing the clinical applicability of potentially effective interven-
tions. To address the challenges experienced in clinical rehabilitation research, increasing
the number of clinical and non-clinical trials performed that reflect sound methodology
remains a priority.
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Abstract: Previous research has demonstrated that early initiation of rehabilitation and direct care
pathways improve outcomes for patients with severe traumatic brain injury (TBI). Despite this
knowledge, there is a concern that a number of patients are still not included in the direct care
pathway. The study aim was to provide an updated overview of discharge to rehabilitation following
acute care and identify factors associated with the direct pathway. We analyzed data from the
Oslo TBI Registry—Neurosurgery over a five-year period (2015-2019) and included 1724 adults
with intracranial injuries. We described the patient population and applied multivariable logistic
regression to investigate factors associated with the probability of entering the direct pathway. In
total, 289 patients followed the direct pathway. For patients with moderate-severe TBI, the proportion
increased from 22% to 35% during the study period. Significant predictors were younger age, low
preinjury comorbidities, moderate-severe TBI and disability due to TBI at the time of discharge.
In patients aged 18-29 years, 53% followed the direct pathway, in contrast to 10% of patients aged
65-79 years (moderate—severe TBI). This study highlights the need for further emphasis on entering
the direct pathway to rehabilitation, particularly for patients aged >64 years.

Keywords: traumatic brain injury; rehabilitation; care pathway; predictors; trauma hospital

1. Introduction

The physical, cognitive and emotional consequences of traumatic brain injury (TBI)
may have a substantial negative impact on daily life functioning and quality of life [1,2].
The goal of TBI rehabilitation is to maximize the final outcome and preferably restore the
preinjury functional level. Specialized TBI rehabilitation is provided by multidisciplinary
teams working in a coordinated effort. Ideally, such rehabilitation should start as soon as
the patient is in a medically stable phase and would be part of an uninterrupted chain of
treatments (direct pathway). Studies have shown improved outcomes for patients who
receive more intense and early initiation of rehabilitation and follow a direct pathway into
rehabilitation [3-6]. However, this goal may not be achievable in all patients. It appears
that only 41-50% of patients with severe TBI are referred directly from regional acute care
to brain injury rehabilitation units [7-9]. Furthermore, direct pathway interruptions may
have a negative effect on functional outcomes for individuals with severe TBI [8,10].
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Clinical factors positively associated with access to TBI rehabilitation include more
severe injury (moderate to severe TBI), intracranial and extracranial surgery, length of stay
and impaired function [11,12]. Studies determining the predictive value of demographics
demonstrate that younger age is associated with discharge to rehabilitation and that the
association of sex is uncertain [13]. Social factors negatively associated with access to
rehabilitation are low level of education, unemployment, and substance abuse [8,11,12,14].
In stroke patients, studies suggest that reduced preinjury functional levels negatively
influence the decision to refer to rehabilitation [15,16].

In 2012/2014, we published a quasi-experimental study that evaluated whether early
initiation of a continuous care and rehabilitation pathway could improve functional out-
comes and reduce hospitalization costs for patients with severe TBI [3,17]. We noted that
patients with a continuous pathway through treatment had better functional outcomes
12 months postinjury. Across a 5-year period, TBI-related hospitalization costs were re-
duced, including those for inpatient rehabilitation, and improved outcomes were observed
for the patients (under reasonable assumptions) [3,17]. Despite this knowledge, there is a
concern that a significant number of patients are still not included in the direct care path-
way. Furthermore, hospitals and patient populations are dynamic; thus, there is a constant
need for evaluating clinical practice. The study aims to provide an updated overview
of discharge to rehabilitation following acute traumatic intracranial injury over a 5-year
period (2015-2019) and identify factors associated with a direct pathway to rehabilitation
from acute care units.

2. Materials and Methods
2.1. Study Setting and Participants

Oslo University Hospital (OUH) is the only Level 1 trauma center with neurosurgical
services in the southeastern region of Norway, serving 3.0 million inhabitants. OUH also
serves as the primary trauma referral hospital for Oslo residents (population ~ 700,000).
Trauma care in Norway is organized through public hospitals with an equal access policy
and is free of charge. In 2007, OUH established early specialized rehabilitation and a
continuous chain of treatment for severe TBL

Data were retrieved from the Oslo TBI Registry—Neurosurgery, a quality control
database maintained by the neurosurgical department at OUH since 2015. The registration
is prospective; data are derived manually from electronic medical records and stored in a
Medinsight database [18]. The inclusion criteria for the Oslo TBI Registry—Neurosurgery
were (i) traumatic brain injury; (ii) cerebral CT/CTA or cerebral MRI/MRA with findings
of acute trauma (hemorrhage, fracture, traumatic axonal injury, vascular injury); (iii) ad-
mission to OUH within seven days postinjury; and (iv) Norwegian social security number.
A more thorough description of patients in this registry has been published previously [19].
For this study, we included adult patients (age >18 years) who were residents of the
southeastern region, admitted to OUH between 1 January 2015 and 31 December 2019, and
discharged alive from the acute care units at OUH.

2.2. Endpoint

The endpoint in this study is discharge destination from the acute care units at OUH.
Acute care units are defined as ICUs and surgical wards. Discharge destinations are cate-
gorized as home, specialized rehabilitation, local hospital, general rehabilitation, nursing
home and other. The endpoint variable was binary: direct transfer to rehabilitation or
not. Only patients discharged to specialized inpatient rehabilitation were categorized as
“yes”. All other discharge places are considered as “no”. Information regarding inpatient
rehabilitation at later stages of TBI was not available, thus not addressed in this study.
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2.3. Independent Variables
2.3.1. Demographics and Preinjury Comorbidity

Age (stratified into 18-29 years, 30-49 years, 50-64 years, 65-79 years, 80+ years), sex,
living status at the time of injury (home independent, home with assistance, or institution
(e.g., nursing home)), preinjury comorbidity (as classified by the American Society of
Anesthesiologists Physical Status Classification System (ASA-PS)) [20], and any preinjury
substance dependence (including alcohol and/or drugs).

2.3.2. Injury Characteristics

Injury characteristics included the trauma mechanism (classified as falls, road traffic
accidents (RTAs), other), whether high-energy trauma (defined as falls from a height >3 m,
RTAs, or other high-energy accidents) was involved, the Glasgow Coma Scale score (GCS)
(utilized lowest score documented prior to intubation or admission OUH), TBI severity
according to the Head Injury Severity Score (HISS) (minimal: GCS 15 and no loss of
consciousness or amnesia; mild: GCS 14 or 15 plus amnesia, or brief loss of consciousness
(<5 min), or impaired alertness or memory; moderate: GCS 9-13 or loss of consciousness
>5 min or focal neurological deficit; or severe: GCS < 8) [21,22]. Computed tomography
(CT) findings (primary CT head scan performed at OUH) and magnetic resonance imaging
(MRI) (signs of traumatic axonal injury (TAI)) results were also collected. Minimal and
mild TBI with traumatic findings on CT is referred to as complicated mild TBI [23,24].

2.3.3. Acute Treatment

Acute treatment involved the following: insertion of intracranial pressure (ICP) sensors
and neurosurgical procedures including evacuation of the mass lesion (hematoma/hemorr-
hage), cerebrospinal fluid drainage, decompressive hemicraniectomy, repair of the dura or
fractured skull (duraplasty/cranioplasty) and vascular surgery. Admission to the intensive
care unit (ICU) included all patients admitted to the ICU, whereas uncomplicated short
stays (<24 h) for TBI observation in the intermediate/step-down unit were registered as
ward admissions. Calculation of length of stay (LOS) and days on ventilator were based on
dates, with each date counted as a full day.

2.3.4. Functional Outcome

The Glasgow Outcome Score (GOS) on the day of discharge was estimated based on
information from multidisciplinary medical records. The GOS is divided into 5 categories:
GOS 1 dead (D), GOS 2 vegetative state (VS), GOS 3 severe disability (SD), GOS 4 moderate
disability (MD) or GOS 5 good recovery (GR) [25], and only 2 through 5 were applicable in
the present study population. The reasons for reduced GOSs were grouped into (i) TBI,
(ii) TBI in combination with extracranial injury and /or comorbidity, and (iii) other.

2.4. Statistics

Patient characteristics are reported as frequencies (percentages) and means (standard
deviations) or medians (interquartile ranges) depending on the distribution. We divided
patients into two groups based on the endpoint variable. For comparisons between groups,
we used t-tests or Mann-Whitney U tests for continuous variables and x? tests or Fisher’s
exact tests for categorical variables, as appropriate. All tests were two-sided and used
the 5% significance level. To examine whether the proportion of patients with moderate—
severe TBI who followed the direct pathway increased over the years, logistic regression
analysis was used. In the trend analysis, the year variable was treated as an ordinal score.
Univariate and multivariate logistic regressions were run to examine independent predic-
tors differentiating between patients discharged to specialized rehabilitation and patients
discharged elsewhere. The first model included all patients, and the second model was a
subgroup analysis that included patients with moderate—severe TBI. Independent variables
were selected based on previous literature and clinical importance. Before conducting
the multiple regression analysis, possible multicollinearity of the independent variables
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was examined. ICU LOS correlated with ICP sensor (r > 0.68), and GCS at discharge was
correlated with GOS (r > 0.66); thus, ICU LOS and GCS were not included in the models.
Patients with GOS 5-GR were not eligible for inpatient rehabilitation and hence were not in-
cluded in the models. Evaluation of the predictive accuracy of the models was assessed by
calibration and discrimination. Calibration was evaluated by the Hosmer and Lemeshow
goodness-of-fit test, and a statistically nonsignificant result (p > 0.05) suggests that the
model predicts accurately on average. Discrimination was evaluated by analysis of the
area under the receiver operating characteristic curve (AUC ROC). We defined acceptable
discriminatory capability as an AUC ROC greater than 0.7 [26]. The results are presented
with odds ratios (ORs), 95% confidence intervals (CIs) and p-values. Data were analyzed
with IBM SPSS Statistics, Version 26.0. Armonk, NY, USA: IBM Corp.

2.5. Ethics

The OUH data protection officer (DPO) approved the Medinsight database (approval
number 2016/17569) and this study (approval number 18/20658).

3. Results

A total of 1887 patients >18 years, residents of the region and with CT-verified TBI
were admitted to OUH from 2015 to 2019. Patients discharged as dead (GOS 1) were
excluded (n = 163); thus, 1724 patients discharged alive from the acute care units at OUH
were included in this study. The mean patient age was 57 years (SD 20), 69% were males,
87% lived independently at home, and 69% had a preinjury ASA-PS score of 1-2. The
most frequent trauma mechanism was falls (56%). Head injury severity was categorized as
complicated mild in 49%, moderate in 30% and severe in 21%. Further patient and injury
characteristics are given in Table 1.

Table 1. Patient and injury characteristics.

All Direct Indirect

Patients Pathway ! Pathway 2 p-Value
n=1724 (100%) n =289 (100%) n = 1435 (100%)
Age
In years, mean (SD) 57 (20) 45 (17) 59 (20)
Strata
18-29 233 (13.5) 75 (26.0) 158 (11.0) 0.001
3049 356 (20.6) 82 (28.4) 274 (19.1) <0
50-64 438 (25.4) 94 (32.5) 344 (24.0)
65-79 449 (26.0) 35 (12.1) 414 (28.9)
80+ 248 (14.4) 3(1.0) 245 (17.1)
Male 1189 (69.0) 223 (77.2) 966 (67.3) 0.001
Living status
Home independent 1493 (86.6) 281 (97.2) 1212 (84.5)
Home assisted 163 (9.5) 5(1.7) 158 (11.0) <0.001
Nursing home 46 (2.7) 0 46 (3.2)
Other/unknown 22 (1.3) 3(1.0) 19 (1.3)
ASA-PS
1 Normal healthy 696 (40.4) 170 (58.8) 526 (36.7)
2 Mild systemic 500 (29.0) 75 (26.0) 425 (29.6) <0.001
3 Severe systemic 506 (29.4) 44 (15.2) 421 (32.2)
4 Life threatening 22 (1.3) 0 22 (1.5)
Substance
dependence 292 (16.9) 48 (16.6) 244 (17.0) 0.870
Trauma mechanism
Fall 968 (56.1) 115 (39.8) 853 (59.4) <0.001
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Table 1. Cont.

All Direct Indirect Value
Patients Pathway ! Pathway 2 P
Road traffic 390 (22.6) 93 (32.2) 297 (20.7)
Other 366 (21.2) 81 (28.0) 285 (19.9)
Head Injury Severity
Minimal 106 (6.1) 1(0.3) 105 (7.3)
Mild 745 (43.2) 44 (15.2) 701 (48.9) <0.001
Moderate 520 (30.2) 105 (36.3) 415 (28.9)
Severe 353 (20.5) 139 (48.1) 214 (14.9)
Isolated TBI 892 (51.7) 118 (40.8) 774 (53.9) <0.001
High-energy trauma 614 (35.6) 167 (57.8) 447 (31.1) <0.001
CT findings 8
Skull fracture * 878 (49.1) 188 (65.1) 690 (48.1) <0.001
Acute subdural 958 (55.6) 11 (66.1) 767 (53.4) <0.001
hematoma
Epidural hematoma 244 (14.2) 62 (21.5) 182 (12.7) <0.001
Contusion 837 (48.5) 201 (69.6) 636 (44.3) <0.001
tSAH 5 1021 (59.2) 207 (71.6) 814 (56.7) <0.001
Midline shift > 5 mm 236 (13.7) 62 (21.5) 174 (12.1) <0.001
Basal cisterns
abnormal 203 (11.8) 72 (24.9) 131 (9.1) <0.001
MRI performed 459 (26.6) 201 (69.6) 258 (18.0) <0.001
Traumatic axonal 251 (14.6) 133 (46.0) 118 (8.2) <0.001

injury

1 Patient discharged directly to specialized rehabilitation. 2 Patient discharged to home, local hospital, nursing
home or other. 3 One patient may have more than one type of traumatic pathology. 4 Includes basilar, linear vault,
depressed vault. 5 tSAH: traumatic subarachnoidal hemorrhage.

ICU admission was registered for 64% of the patients, with a median ICU stay of
3 days (IQR 2-10). A neurosurgical procedure was performed in 21% of patients, evacuation
of mass lesions was the most frequently performed procedure (13%). An ICP sensor was
inserted in 22%. Data on acute treatments provided are presented in Table 2.

Table 2. Acute treatment.

All Direct Indirect 1
Patients Pathway ! Pathway 2 p-Value
n = 1724 (100%) 1 = 289 (100%) 1 = 1435 (100%)
ICU admission 1111 (64.4) 271 (93.8) 840 (58.5) <0.001
Days in ICU
Median (IQR) 3(2-10) 8(3-22) 3 (2-6) <0.001
Intubated 501 (29.1) 179 (61.9) 322 (22.4) <0.001
Days on ventilator
Median (IQR) 6 (2-15) 13 (3-22) 4(1-11) <0.001
Neurosurgery 3 358 (20.8) 114 (39.4) 244 (17.0) <0.001
Evacuation mass lesion 231 (13.4) 72 (24.9) 159 (11.1) <0.001
Decompressive
hemicraniectomy 26 (1.5) 18 (6.2) 8(0.6) <0.001
CSF diversion 115 (6.7) 58 (20.1) 57 (4.0) <0.001
Duraplasty/cranioplasty 103 (6.0) 27 (9.3) 76 (5.3) 0.008
Vascular surgery 12 (0.7) 6(2.1) 6 (0.4) 0.008
ICP-sensor 371 (21.5) 153 (52.9) 218 (15.2) <0.001
Extracranial surgery 375 (21.8) 96 (33.2) 279 (19.4) <0.001

1 patient discharged directly to specialized rehabilitation. 2 Patient discharged to home, local hospital, nursing home or other. 3 Neu-
rosurgery includes evacuation of mass lesions, decompressive hemicraniectomy, CSF diversion, duraplasty /cranioplasty, and vascular
surgery. One patient may undergo several procedures.
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Functional outcomes at the time of discharge from the acute care units, measured with
the GOS, indicated good recovery in 5%, moderate disability in 46%, severe disability in
46%, and a vegetative state in 3% (Table 3). In patients with good recovery as measured
by the GOS, 82/83 (98.8%) were discharged directly home (one patient was discharged
to “other”). The two main reasons registered for reduced functional outcome (GOS < 5)
were TBI alone and a combination of TBI/extracranial injury /comorbidity. The majority
of patients were discharged to their local hospital (43%), followed by home (32%) and
specialized rehabilitation (17%) (Table 3). In patients with severe TBIL, 39% (139/353)
entered direct pathway, and 20% (105/520) of patients with moderate TBI.

Table 3. Day of discharge from acute care units at OUH: functional level and destination.

All Direct Indirect

Patients Pathway ! Pathway 2 p-Value
1 = 1724 (100%) n=289(100%)  n =1435 (100%)
GCS 15 1136 (65.9) 128 (44.3) 1008 (70.2) <0.001
Ventilator-dependent 125 (7.3) 1(0.3) 124 (8.6) —
GOs?
Vegetative State 47 (2.7) 6(2.1) 41(2.9)
Severe Disability 799 (46.3) 233 (80.6) 566 (39.4) 0.001
Moderate Disability 791 (45.9) 50 (17.3) 741 (51.6) <0
Good Recovery 83 (4.8) 0 83 (5.8)
Not available 4(0.3) 0 4(0.3)
Reduced GOS reason 877 (50.9) 198 (68.5) 679 (47.3)
TBI <0.001
TBI + extracranial injury/comorbidity 606 (35.2) 76 (26.3) 530 (36.9)
Other 241 (14.0) 15 (5.2) 226 (15.7)
Discharge to
Home 554 (32.1) 554 (38.6)
Local hospital 745 (43.3) 745 (51.9)
Specialized rehabilitation 289 (16.8) 289 (100) — —
General rehabilitation 10 (0.6) 10 (0.7)
Nursing home 105 (6.1) 105 (7.3)
Other 21 (1.2) 21 (1.5)

! Patient discharged directly to specialized rehabilitation. 2 Patient discharged to home, local hospital, nursing home or other. 3> GOS:

Glasgow Outcome Score.

Tables 1-3 contain a comparison of patients discharged to specialized rehabilitation
(direct pathway group) with patients discharged to other destinations (indirect pathway
group). Comparing the two groups, the direct pathway group was younger, was more often
male, had less comorbidity, had more severe TBI, had more intensive hospital treatment
(neurosurgical procedures, ICP monitoring, ICU stay and days on ventilator), and had
lower GOSs at the time of discharge.

The proportion of patients with moderate—severe TBI (N = 873) discharged directly
to rehabilitation increased during the period, from 22% (36/166) in 2015 to 35% (63/180)
in 2019 (Figure 1). A patient with moderate-severe TBI admitted in 2019 had higher
odds for entering a direct pathway than a patient admitted in 2015 (OR 1.17, CI 1.05-2.30,
ptrend = 0.004).

However, the proportions of direct pathways to rehabilitation differed substantially
between age strata (moderate—severe TBI). For the youngest patient stratum (18-29 years),
the proportion following the direct pathway was 53%, in contrast to patients of retirement
age (65-79 years) in which it dropped to 10%, with the majority discharged to local hospitals
(74%, 166/225). The distribution of discharge locations within age strata is shown in
Figure 2.

To identify potential predictors for discharge directly to a rehabilitation unit, uni-
and multi-variate logistic regression was performed. In univariate logistic regression, the
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following factors were associated with an increased likelihood of discharge directly to a
rehabilitation unit: younger age, male sex, living independently, low preinjury comorbidity
(ASA 1-2), increased TBI severity, placement of ICP sensors, neurosurgical procedures,
extracranial surgery, lower GOS at the time of discharge, and lower GOS at discharge due to
TBI and no concomitant extracranial injury. Substance dependence showed no association
with direct transfer to specialized rehabilitation and hence not included in the multivariate
models. In multivariate regression, the following factors remained significantly associated
with an increased likelihood of discharge directly to a rehabilitation unit: younger age,
living independently, low preinjury comorbidity (ASA 1-2), increased TBI severity, lower
GOS at the time of discharge, and lower GOS at discharge due to TBI and no concomitant
extracranial injury (Table 4). Subgroup analysis for patients with moderate-severe TBI
showed similar results, except lower GOS due to TBI was not significantly associated with
an increased likelihood of entering a direct pathway (Table 5).

100%
90%
80%
70%
60%
50%
40%
30% .......................................................
0% mi N

10%
0% 1 [ | I " I - I |
2015 2016 2017 2018 2019

M Rehabilitation Hospital ®Home ® Other

Figure 1. Direct pathway by year for patients with moderate-severe TBI (n = 873). The percentage of
patients following the direct pathway (rehabilitation) increased during the period. “Other” includes
general rehabilitation, nursing home and other.
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Figure 2. Direct pathway by age strata for patients with moderate-severe TBI (n = 873). The
percentage following the direct pathway (rehabilitation) decreased with increasing age. “Other”

includes general rehabilitation, nursing home and other.
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Table 4. Predictors associated with discharge directly to a rehabilitation unit (n = 1724). A total of 1637 patients were
included in the model; 87 were excluded (83 patients’ GOS 5-GR, 4 patients” GOS not available).

Univariate Multivariate Model
Variables OR 95% CI p-Value OR 95% CI p-Value
Age strata
18-29 1 1
30-49 0.63 0.44,0.92 0.017 0.51 0.33,0.81 0.004
50-64 0.56 0.39, 0.81 0.002 0.44 0.28,0.69 <0.001
65-79 0.19 0.12,0.30 <0.001 0.15 0.09, 0.26 <0.001
80+ 0.03 0.01, 0.08 <0.001 0.04 0.01,0.13 <0.001
Sex
Female 1 1
Male 1.65 1.22,2.20 0.001 1.26 0.88,1.80 0.213
ASA
1-2 1 1
3-4 0.34 0.24,0.48 <0.001 0.59 0.39, 0.90 0.014
Living status: independent
No 1 1
Yes 6.81 3.32,13.96 <0.001 3.98 1.79, 8.86 0.001
HISS
Mild 1 1
Moderate 4.18 2.89, 6.04 <0.001 2.20 1.43,3.39 <0.001
Severe 10.74 7.42,15.54 <0.001 3.19 1.91,5.32 <0.001
Neurosurgery
No 1 1
Yes 2.96 2.25,3.90 <0.001 1.09 0.73,1.61 0.682
ICP sensor
No 1 1
Yes 5.93 4.51,7.79 <0.001 1.19 0.76,1.86 0.446
Extracranial surgery
No 1 1
Yes 1.96 1.48,2.59 <0.001 1.30 0.85,1.97 0.227
GOS at discharge
MD 1 1
SD 6.10 4.41,8.44 <0.001 6.78 4.39,10.47 <0.001
Vs 217 0.88, 5.35 0.093 1.50 0.52,4.31 0.451
Reason for reduced GOS
Other 1 1
TBI 2.92 1.68, 5.09 <0.001 2.25 1.07,4.72 0.032
TBI + extracranial 1.44 0.80,2.57 0.224 130 0.65,2.60 0.459

injury/comorbidity

1 The Hosmer and Lemeshow goodness-of-fit test was not significant, indicating a satisfactory fit of the model (x 2 = 3.05, df = 8, p = 0.93).
The area under the ROC curve was 0.86 (95% CI: 0.84-0.88), indicating good discriminative ability.

Table 5. Predictors associated with discharge directly to a rehabilitation unit. Subgroup analysis of patients admitted with
moderate—severe TBI (n = 873): 862 patients were included in the model; 11 were excluded (7 patients” GOS 5-GR, 4 patients’

GOS not available).
Univariate Multivariate Model !
Variables OR 95% CI p-Value OR 95% CI p-Value
Age strata
18-29 1 1
30-49 0.63 0.44,0.92 0.017 0.51 0.33,0.81 0.004
50-64 0.56 0.39,0.81 0.002 0.44 0.28,0.69 <0.001
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Table 5. Cont.

Univariate Multivariate Model !
Variables OR 95% CI p-Value OR 95% CI p-Value
65-79 0.19 0.12,0.30 <0.001 0.15 0.09, 0.26 <0.001
80+ 0.03 0.01, 0.08 <0.001 0.04 0.01,0.13 <0.001
Sex
Female 1 1
Male 1.65 1.22,2.20 0.001 1.26 0.88,1.80 0.213
ASA
1-2 1 1
34 0.34 0.24,0.48 <0.001 0.59 0.39,0.90 0.014
Living status:
independent
No 1 1
Yes 6.81 3.32,13.96 <0.001 3.98 1.79, 8.86 0.001
HISS
Mild 1 1
Moderate 4.18 2.89, 6.04 <0.001 220 1.43,3.39 <0.001
Severe 10.74 7.42,15.54 <0.001 3.19 1.91,5.32 <0.001
Neurosurgery
No 1 1
Yes 2.96 2.25,3.90 <0.001 1.09 0.73,1.61 0.682
ICP sensor
No 1 1
Yes 5.93 4.51,7.79 <0.001 1.19 0.76,1.86 0.446
Extracranial
surgery
No 1 1
Yes 1.96 1.48,2.59 <0.001 1.30 0.85,1.97 0.227
GOS at
discharge
MD 1 1
SD 6.10 441,844 <0.001 6.78 4.39,10.47 <0.001
\& 2.17 0.88,5.35 0.093 1.50 0.52,4.31 0.451
Reason for
reduced GOS
Other 1 1
TBI 2.92 1.68, 5.09 <0.001 2.25 1.07,4.72 0.032
TBI
+ extracranial in- 1.44 0.80,2.57 0.224 1.30 0.65,2.60 0.459
jury/comorbidity

1 The Hosmer and Lemeshow goodness-of-fit test was not significant, indicating satisfactory fit of the model (Xz =4.14,df=8,p =0.85).
The area under the ROC curve was 0.82 (95% CI: 0.80-0.85), indicating good discriminative ability.

4. Discussion
4.1. Main Findings

In this study, we aimed to provide an overview of discharge to specialized rehabilita-
tion following acute TBI from 2015 to 2019 and to identify factors associated with a direct
pathway to rehabilitation from acute care units. We found a significant positive trend in
the number of patients who followed the direct pathway during the five-year study pe-
riod. Patients discharged to the direct pathway typically had the following characteristics:
younger age, low preinjury comorbidity, moderate-severe TBI and disability due TBI at the
time of discharge. However, the study revealed significant differences in the proportions
of patients following a direct pathway among age strata.
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4.2. Patient Characteristics and Direct Pathway

The study population is similar to the western TBI population in terms of the propor-
tion of males (69%), age (mean 57 years) and the dominant trauma mechanism being falls
(56%) [27,28]. Severe somatic comorbidity was found in 29% (ASA-PS 3), which is higher
than in the CENTER-TBI case-mix study, which also included patients with concussions
(11%) [28]. This can likely be explained by a somewhat higher mean age in our study
population and no exclusion criteria based on preinjury disease. This is also reflected by
the 13% of patients living with assistance at home or at a nursing home at the time of injury.
We found preinjury substance dependence in 17% of patients. However, patients were
not systematically assessed for substance dependence; thus, there is reason to believe the
actual number is somewhat higher. By comparison, a previous study from OUH found that
26% of TBI patients had significant preinjury substance dependence (mainly alcohol) [29].

Half of the patient population was admitted with complicated mild TBI, and one-third
was discharged to home. In line with previous research, patients with moderate—severe
TBI dominated in the direct pathway group [11,12]. For patients with severe TBI, 39%
followed the direct pathway, which was slightly lower than that in previous European
studies (40-48%) [8,12,14,30]. Similar to the study by de Koning et al. [30], 20% of moderate
TBI followed the direct pathway. The results from the CENTER-TBI study demonstrated
different and complex care pathways in the first six months after injury, particularly for
patients with severe TBI [7]. Furthermore, rehabilitation needs were reported in 90% of
patients with moderate—severe TBI in the first six months after injury [31]. Our data are
limited to acute treatment at a Level 1 trauma hospital, and it is likely that several patients
were referred to specialized rehabilitation at a later point. However, there are different
organizations and expertise in rehabilitation between local hospitals and municipalities
within the health region. Thus, it is reasonable to assume that the probability of unmet
rehabilitation needs increases when the direct pathway is broken.

We found a positive and significant trend for utility of the direct pathway during the
five years—a result of emphasized focus on TBI rehabilitation during the past decade [3,17].
However, the situation is fragile, and it is worth mentioning that neurorehabilitation beds
were periodically converted to manage the impact of COVID-19 at OUH. However, this
study did not include patients injured in the 2020-2021 pandemic years. Results on the
access to rehabilitation in the pandemic years will be published in a subsequent paper.

4.3. Factors Predicting the Direct Pathway

The probability of following the direct pathway increased for patients with more
severe TBI, younger age, and decreased functional level at discharge as measured by the
GOS. These findings are in line with previous research [13,32]. The statistical models
demonstrated the striking impact of age, which is discussed in a separate paragraph.
Neurosurgical procedures were significant predictors in univariate regression but not in
multivariate models, which is inconsistent with the study by Jacob et al. [11]. In fact, 42%
of patients following the direct pathway were treated without surgical procedures. Severe
disability (GOS) was the strongest clinical positive predictor in both models, suggesting
that patients are clinically assessed and prioritized for the direct pathway. In this study,
TBI severity was categorized by HISS, which is mainly based on the GCS score in the
acute phase. The GCS score is essential because it partly guides acute treatment [22,33,34].
The GCS score, as a measure of TBI severity, is widely used in both clinical settings and
research and correlates with outcome at the group level, but it should not be used as a single
injury severity predictor of TBI outcome [34]. TBI is a complex condition with substantial
individual variation in outcomes. TBI can be life-threatening in the acute phase, e.g., in
cases with epidural hematoma, where the patient may have rapid and good recovery if
treated with immediate neurosurgery and removal of hematoma. Likewise, patients with
moderate or mild TBI in the acute phase may experience long-term disability. A recent
proposal in assessing the severity of TBI suggests changing from severity labels to risk
assessment over time [35]. Reduced functional levels at six months are reported for patients
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with TBI admitted to the hospital [28]. The study identifying unmet rehabilitation needs
emphasized the necessity of a more extensive and standardized assessment of functional
impairments and corresponding rehabilitation needs [31]. Currently, there is no systematic
assessment of rehabilitation needs at discharge from acute care units at OUH. Moreover,
the decision for referral transfer to rehabilitation is not solely based on the clinical condition
of patients. It can also be affected by pressure to free beds at the Level 1 trauma center, low
capacity at early rehabilitation units, and professionals’ knowledge about expected benefit
from rehabilitation and long-term disabilities associated with TBI [12,36,37].

We found no support for the notion that patients with preinjury substance dependence
are downgraded for the direct pathway, which was in contrast to findings by Jourdan
et al. [12] but in line with other studies [11,13,14]. In our study, access to sociodemographic
variables was limited. However, we do not believe that such variables have had an impact
on the direct pathway in this study; this assumption is based on results regarding preinjury
substance dependence. Nonetheless, variables such as marital status, education and
employment are expected to be of importance at later stages of TBI when follow-up is more
fragmented.

4.4. The Impact of Age

Age was an important explanatory variable for the direct pathway. The probability
of management through the direct pathway decreased significantly with higher age, a
situation not unique to our study population. In a systematic review [13], the only con-
sistent negative predictor for discharge to specialized rehabilitation was increasing age.
Preinjury comorbidity and functional impairments were highly associated with age in our
study population [19]. We found these factors to have a significant negative impact on the
probability of treatment in the direct pathway, similar to the literature on stroke [15,16].
Previous studies show that younger patients to a greater extent follow a direct pathway or
are discharged to home, while older patients are more often discharged to general rehabili-
tation and rarely directly to home [13,14,38,39]. Clinical trials typically include patients
aged 18-65 years and often have exclusion criteria based on comorbidities [28,40,41]. Older
patients receive less aggressive therapy in the acute phase (medical and surgical) [42,43];
presumably, this may lead to directions for further treatment. Nonetheless, there is evi-
dence that older patients with TBI may benefit from intensive inpatient rehabilitation [41].
It is clear from our results that young adults and patients of working age are prioritized for
the direct pathway. Given the risk of life-long negative consequences of TBI, one can argue
that it is appropriate to prioritize these patients. However, life expectancy is increasing,
and in society, we observe many persons >64 years living an active life with social roles that
include responsibilities with indirect socioeconomic impact (e.g., voluntary work, family
obligations across generations). Moreover, it will presumably be socioeconomically benefi-
cial if older patients regain preinjury functional levels and are able to live independently
at home.

4.5. Strengths, Limitations and Future Directions

The strength of this study is the inclusion of a real-world TBI population from a
defined geographical region with little migration and no exclusion criteria based on age
or preinjury comorbidities. The study provides a useful overview and captures trends
regarding patient flow into the direct pathway to specialized rehabilitation from a Level
1 trauma center. However, there are limitations to consider. There was no information
available in the Oslo TBI Registry—Neurosurgery on later access to rehabilitation for
patients not included in the direct pathway. In addition, there was a lack of information
on longer-term outcomes for both groups. Thus, we cannot draw firm conclusions on
the impact of direct or indirect care pathways in this study. Furthermore, the variables
are crude and based on acute clinical parameters; they do not explain the multifaceted
reality at the individual level. Information in the database is derived from medical records,
where it is well known that information quality is variable. Moreover, database coding
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errors cannot be completely ruled out, although the database is continuously searched and
adjusted for coding errors.

Our results highlight the importance of continued focus on optimizing and maintain-
ing a direct TBI care pathway and systematic assessment of rehabilitation needs during the
acute phase for all hospital-admitted patients with TBI. To do so, it would be beneficial to
develop recommendations for clinical practice to assess rehabilitation needs before patients
are discharged from acute care. Finally, future studies on TBI care pathways should focus
on patients >64 years.
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Abstract: Purpose: To explore the health and well-being of persons seven years after severe traumatic
brain injury (STBI). Material and methods: Follow-up of 21 persons 1 and 7 years after STBI using
surveys for functional outcome, anxiety /depression, health and mental fatigue. Interviews were
conducted and analysed using qualitative content analysis. Convergent parallel mixed method
then merged and analysed the results into an overall interpretation. Results: Good recovery, high
functional outcome and overall good health were relatively unchanged between 1 and 7 years. Well-
being was a result of adaptation to a recovered or changed life situation. Persons with good recovery
had moved on in life. Persons with moderate disability self-estimated their health as good recovery
but reported poorer well-being. For persons with severe disability, adaptation was an ongoing process
and health and well-being were low. Only a few persons reported anxiety and depression. They had
poorer health but nevertheless reported well-being. Persons with moderate and severe mental fatigue
had low functional outcomes and overall health and none of them reported well-being. Conclusions:
The life of a person who has suffered STBI is still affected to a lesser or greater degree several years
after injury due to acceptance of a recovered or changed life situation. Further studies are needed on
how health and well-being can be improved after STBI in the long-term perspective.

Keywords: severe traumatic brain injury; well-being; health; long-term perspective; mixed method

1. Introduction

Traumatic brain injury (TBI) is a leading cause of injury-related disabilities and mor-
tality [1-4]. Surviving severe traumatic brain injury (STBI) often causes suffering and
limitations in daily life, especially among young adults [1,2], and for some, there is a com-
prehensive and lifelong impact on health and well-being. Injury severity of TBI is defined
according to the Glasgow Coma Score (GCS) [5]. Functional outcome following TBI and
STBI is assessed using the Glasgow Outcome Scale-Extended (GOSE) [6,7]. GOSE includes
functional, physical, emotional and social domains but does not measure fully how these
impairments and disabilities affect health and well-being. The definition of health estab-
lished by WHO in 1948 [8] has been developed with a focus on well-being and the ability
to adapt and self-manage one’s life [9]. Health is also described in a contemporary way
as disease and disabilities co-existing together with health along a continuum from total
health to total absence of health and from something temporary or limited to something
more permanent [10]. Well-being covers a more individual, subjective and holistic view
and is often described in narratives and interviews on the basis of, for example, personal
feelings [11,12]. When the concept Health Related Quality of Life (HRQoL) is used by
clinicians and researchers to define long-term satisfaction by the patient-reported outcome,
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it refers to how specific diseases or treatments affect life but also how they affect health
after trauma [13]. Persons with STBI report lower HRQoL compared with the general
population [14]. The two concepts of health and well-being are sometimes intertwined
and used interchangeably. In accordance with previous research, we suggest in this paper,
that health can be measured through self-reporting and described by others [15,16], while
well-being is the person’s own interpretation of their health, which can be described in
narratives [17]. TBI is one of the most common reasons for physical, emotional and cogni-
tive disabilities [18]. It has an impact on functioning and reintegration into society [19-21]
and is linked to health and well-being [14]. In an earlier study on individuals with un-
employment and disability, persons with TBI reported poor psychological well-being [22].
It is, therefore, of importance to study these areas further in order to help people into
employment and to gain a better understanding of psychological well-being after TBI [23].
However, since treatment and outcome may differ between women and men, it is also
important to study gender differences [24]. Initially, low GCS is in many cases not equiva-
lent to severe outcomes, as described in other studies [25,26] and is also of interest to be
studied further. Many studies have focused on responses by proxy [27], but self-reported
health and well-being as described by the injured person are of importance. This can be
accomplished through self-reported measures and interviews despite STBI [28]. Outcomes
after STBI differ three months after STBI, and the outcomes can range from fully recovered
to death [29]. However, severe cognitive impairment and impaired self-awareness are STBI
consequences [30,31] that are commonly associated with disability and reduced health and
well-being [32,33]. High energy trauma is prioritised in trauma triage because it is known
such trauma causes more severe injury, but it is also important to be aware of low energy
falls [34]. Repeated TBI is known as a risk factor for outcome [35]. Most follow-up studies
on STBI have used a quantitative design with validated instruments [36], although there
have also been qualitative studies [37,38]. The use of both surveys and interviews for a
more complete evaluation of the outcome is recommended because validated instruments
used by the injured person and proxy have a different input on what a good outcome is.
Moreover, the outcome from interviews can be influenced by personal factors or the adjust-
ment that has taken place over time [39]. A mixed-method study covering both health by
self-reported surveys and well-being by narrative interviews, which enables an integration
of results [40,41], can provide additional health information for trauma and STBI afflicted
persons [42-44]. In order to find out what a mixed-method can add concerning similarities
and differences as well as new insights in the results between surveys and interviews, the
aim of this study was to explore an overall perspective of health and well-being for persons
who had suffered a severe traumatic brain injury (STBI) seven years previously.

2. Material and Methods
2.1. Design

A mixed-method was chosen in order to allow the drawing of inferences from both
quantitative and qualitative findings in response to the purpose of the study. A convergent
parallel mixed method was conducted.

2.2. Participants

In an earlier Swedish-Icelandic multi-centre study (the Probrain study) where 5 of
6 university hospitals in Sweden and one in Iceland participated (n = 114) [29,45], 37 patients
with STBI were recruited prospectively to the Regional Neurotrauma Centre in northern
Sweden during 2010-2011, as part of the multi-centre study. Inclusion criteria were age
18-65 years, with acute STBI with the lowest non-sedated GCS 3-8 within 24 h post-trauma.
The exclusion criterion was death within 3 weeks after injury. Initial severity in the Probrain
study was GCS median 6 (3-8). The Regional Neurotrauma Centre in northern Sweden
are responsible for approximately one million inhabitants in an area corresponding to
almost half of Sweden with both urban and rural areas. Patients were assessed at 3 weeks,
3 months and 1 year after trauma. Of the 37 injured persons from the north of Sweden,
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there were 28 survivors at follow-up 7 years after injury. Two persons were not reachable.
Two persons declined participation: one of them had a full recovery and the other one gave
no reason. Three persons had either answered only a questionnaire or only participated
in interviews and were not included. In this study, there were 21 participants, two-thirds
of whom were men. For those who participated in this study, GCS was median 6 (3-8).
The first author (M.S.), who had been in contact with the injured persons in earlier follow-
up studies [45,46], contacted the injured person or their legal trustee and informed them
verbally and in writing about the study and obtained their written consent.

2.3. Procedure
2.3.1. Mixed Method

In this study, quantitative data from questionnaires were merged with narrative
interviews in a convergent parallel mixed method in order to explore aspects of health
and well-being for persons who had suffered STBI 7 years earlier. Mixed method utilises
the respective strengths of quantitative and qualitative research and allows the comparing
or combining of results, the challenging of theoretical assumptions and the development
of new theories for a better understanding and to bridge the respective weaknesses of
the two methods. Parallel analysis is a widely used design in mixed method [41]. The
explanatory sequential design is frequently used in trauma studies [42] but in this study we
used the parallel convergent design [40]. There were 3 main methodological phases. Firstly,
data collection of 2 parallel types of data on the same topic. The data were then analysed
separately, and equal value was used. The results from the 2 datasets were thereafter
merged and brought together into an overall interpretation. The merging step included
comparing results, how they can relate to each other, i.e., the 2 results were combined to
facilitate the interpretation.

2.3.2. Quantitative Data Collection and Analysis

In this study, quantitative data were collected through a questionnaire containing
background questions and the following instruments: GOSE for functional outcome [6],
HADS [47] for emotional health, EQ-VAS [48] as a self-report of overall perceived health,
and MFS for mental fatigue [49]. All instruments had closed-ended questions and were
distributed at 1-year and 7-year follow-up except MFS. The questionnaires were sent by
mail in conjunction with interviews.

Instruments
Glasgow Outcome Scale-Extended, GOSE

GOSE evaluates functional outcome after STBI with regard to 8 categories, with
a span from “death” (score 1) to “upper good recovery” (score 8). The categories were
independence at home, shopping, work, social activities, leisure activities, family, friendship
or other problems after TBL. In this study, we used good recovery (GOSE 7-8), moderate
disability (GOSE 5-6) and severe disability (GOSE 3—4). The GOSE has good interrater
reliability and validity [50].

Hospital Anxiety and Depression Scale, HADS

HADS is an established screening tool for anxiety and depression and has previously
been used for patients with STBI [51]. It consists of 14 items organised as 7 items in
2 subscales, HADS-depression (HADS-D) and HADS-anxiety (HADS-A). Both subscales
were assessed on a 4-point Likert scale (range 0-3), with the sum of each subscale as the
total score (range 0-21). Cut-offs were 8 or higher for both subscales and indicate mild
to severe depression and anxiety. The HADS has acceptable reliability, sensitivity and
specificity in various populations [52].

Euro-QoL-Visual Analogue Scale, EQ-VAS

The EQ-VAS [41] measures self-reported overall health on a vertical visual analogue
0-100 scale, where the end points were labelled with 100 denoting the best imaginable
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health and zero as the worst. The EQ-VAS can be used as a quantitative measure of health
outcome and is also used in studies of TBI patients (15,16). The participants were asked to
mark their health status on the VAS scale. This instrument was validated and has good
reliability [53].

Mental Fatigue Scale, MFS

MEFS contains 15 questions about common daily activities with 4 alternatives and were
associated with “affective, cognitive and sensory symptoms”. It also includes questions
about sleep and daily variation of symptoms. This instrument uses a rating based on
“intensity, frequency and duration”; the higher the score, the more severe the symptoms [49].
In this study, we used mild (10.5-14.5), moderate (15-20) and severe (>20) mental fatigue.

Statistics

Data were analysed using SPSS, version 25.0 for Windows. Data were reported as
frequencies, mean or median. Non-parametric tests were used as the sample was small
and/or not normally distributed. Statistical significance was set at p < 0.05. Wilcoxon’s sign
rank test was used for the study of paired observation variables. The Mann-Whitney U test
was used for comparison of continuous variables. The Spearman correlation coefficient
was used for the analysis of bivariate correlation.

2.3.3. Qualitative Data Collection and Analysis

A total of 21 narrative and semi-structured audio-taped interviews were performed as
a family interview with the injured person together with 1-3 other family members. The
interviews were transcribed verbatim. Only the texts from the injured persons were used
to achieve the purpose of this study. One of the questions posed to the injured persons
was how they perceived their recovery and well-being. Most interviews were carried out
in the participant’s home; otherwise at the participant’s workplace or at the researcher’s
office. Three interviews were conducted by telephone or by video conference due to the
great distances in northern Sweden. Qualitative content analysis was used to explore
manifest interview text [54,55]. The text was read through to get a sense of the content.
Then meaning units were sorted out and coded to meet the aim of the study. Thereafter,
the codes were amalgamated into 2 categories, each with 3 subcategories.

2.4. Ethical Considerations

This study was approved by the Ethical Review Board, Umea, Sweden (No. 2016/444-31).
Written informed consent was obtained from the participants who were informed they
were free to withdraw from the study at any time. There were no withdrawals. During the
interview, some participants became emotional and even cried now and then. When this
happened, they were asked if they wanted to take a break or stop the interview. No one
wanted to stop the interview. A psychologist consultant was available if anyone needed it.
The researchers had considered the additional burden that a mixed method study implies,
i.e., that the participants were being asked to do both an interview and a survey and had
taken steps to minimise that burden.

3. Results
3.1. Quantitative Results

For demographic characteristics, see Table 1. For functional outcome measured by
GOSE, self-reported health by EQ-VAS, self-reported anxiety and depression by HADS
measured at 1-year and 7-year follow-up, and mental fatigue MFS at 7-year follow-up, see
Table 2. For injury severity in relation to functional outcome, see Figure 1.
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Figure 1. Injury severity on GCS at time of admission and EQ-VAS (overall health) at 7-year follow-up.

Table 1. Demographic characteristics at the time of admission and at 7-year follow-up.

Time of Admission 7-Year Follow-Up

(n=21) (n=21)
Gender, n (%)
Men 14 (67)
Women 7 (33)
Age, median (min-max) 51 (27-70)
Age, mean SD 46 (13)
Men 48 (14)
Women 43 (12)
GCS, median (min-max) 6 (3-8)
Men 6(3-8)
Women 5(3-8)
Cause of injury, High energy trauma, n (%)
Men 2 (14)
Women 6 (86)
Intensive care (days), median (min-max) 14 (3-39)
Men 13.5 (3-39)
Women 16 (7-23)
Inpatient rehabilitation, (days), median (min-max) 34 (0-117)
Men 20 (0-117)
Women 43 (34-89)
Livelihoods, employment
Unchanged disability pension or social insurance 2(9.5)
Unchanged retirement pension 1(5)
Unchanged full-time or part-time work 8 (38)
Ongoing vocational rehab or adapted work 2 (9.5)
Sick leave because of STBI 8 (38)
Other characteristics
Known alcohol or drug abuse, 1 (%) 5(24) 0(0)
Previous brain injury, hospital stay, 1 (%) 7 (33)
Post-traumatic epilepsy, 1 (%) 1(5) 8 (38)
Medication for depression, 1 (%) 1(5)
Co-existing spinal cord injury, 1 (%) 1(5)
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Table 2. HADS-A, HADS-D, EQ-VAS score, GOSE, MFS at 1-year and 7-year follow-up.

1-Year Follow-Up 7-Year Follow-Up

(n=21) (n = 21) p Value
HADS-A, median (min-max) 3(0-11) 3(0-13) 0.529
<811 (%) 17 (81) 17 (81)
>8 1 (%) 2(9.5) 3(14)
Missing 2(9.5) 1(5)
HADS-D, median (min—max) 2(0-12) 3(0-11) 0.391
<811 (%) 18 (85.5) 17 (81)
>81 (%) 1(5) 3 (14)
Missing 2(9.5) 1(5)
EQ-VAS, median (min—max) 75 (10-100) 80 (15-100) 0.740
Men 90 (10-100) 87.5 (15-100)
Women 65 (45-75) 65 (35-85)
GOSE, median (min—-max) 7 (3-8) 7 (3-8) 0.429
Men 8 (3-8) 8 (3-8)
Women 5(3-8) 5 (3-8)
Severe disability =~ GOSE 34, n (%) 5 (24) 4(19)
Moderate o
disability GOSE 5-6, 11 (%) 3(14) 6(29)
Good recovery GOSE 7-8, n (%) 13 (62) 11 (52)
MEFS, median (min—max) 9(0-29)
Men (n = 10) 3(0-29)
Women (n = 5) 17 (9-27)
No mental o
fatigue (<10.5), n (%) 9 (60)
Mild mental o
fatigue (10.5-14.5), n (%) 0(0)
Moderate o
mental fatigue (15-20), n (%) 4@
Severe mental (>20), 1 (%) 2(13)

fatigue
HADS-A = Hospital Anxiety and Depression Scale—Anxiety, HADS-D = Hospital Anxiety and Depression
Scale —Depression, EQ-VAS = Euro-QoL-Visual Analogue Scale, GOSE = Glasgow Outcome Scale-Extended,
MFS = Mental Fatigue Scale. Wilcoxon U test sign rank test was used for the study of paired observation
variables.

3.1.1. Injury Severity, High Energy Trauma and Previous Brain Injury That Required
Hospitalisation Compared with Functional Outcome and Overall Health at 1-Year and
7-Year Follow-Up

There was no significant correlation between initial injury severity and overall health
at 1-year and 7-year follow-up (Table 3). Six of the seven women and two of the fourteen
men had suffered high-energy trauma. There was no significant difference between persons
injured by high energy trauma and persons with no high energy trauma regarding health
or functional outcome at 1-year and 7-year follow-up (Table 4). In addition to STBI, one
person had an extra-cranial injury (incomplete thoracic spinal cord injury) with overall
health rated low at both 1-year (EQ-VAS 10) and 7-year (EQ-VAS 15) follow-up. Seven
persons with a previous brain injury that required inpatient care scored significantly lower
health at 1-year follow-up (p = 0.038) and at 7-year follow-up (p = 0.002) compared with
those without earlier brain injury that required inpatient care (Table 4).
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Table 3. Correlation between EQ-VAS and GCS, GOSE, HADS-A, HADS-D and MFS at 1-year and
7-year follow-up.

EQ-VAS 1-Year EQ-VAS 7-Year

1-Year Follow-Up n 7-Year Follow-Up

Follow-Up Follow-Up
GCS Time of admission 21  r=10.048, p = 0.836 GCS Time of admission ~ R =0.028, p = 0.903
GOSE 1-year 21  r=0513,p=0.017 GOSE 7-year r=0.614, p = 0.003
HADS-A 1-year 19 r=-0.539,p=0.017 HADS-A 7-year r=—0.500, p = 0.025
HADS-D 1-year 19 r=-0.466,p=0.044 HADS-D 7-year r=-0.790, p < 0.001
15 MFS 7-year r=—0.843, p <0.001

The Spearman correlation coefficient was used for the analysis of bivariate correlation.

Table 4. EQ-VAS and GOSE comparison between patients with and without: high energy trauma,
previous brain injury with a hospital stay, changed livelihood and post-traumatic epilepsy.

Yes/No EQ-VAS EQ-VAS 7-Year GOSE GOSE
W 1-Year Median 1-Year 7-Year
(%) Median Value Median Median

? p Value v p Value p Value

yes 67.5 (10-90)  yes 67.5 (15-95)  yes 6 (3-8)  yes 5.5 (4-8)

Hitgh €nergy  §/13(38/62) no90(35-100) no85(30-100)  no8(3-8) o8 (3-8)
rauma

p=0.104 p=0.161 p=0374 p=0414

Previous yes 45 (10-100) yes 35 (15-85) yes 7(3-8) yes 5 (3-8)
TBI, hospital  7/14 (33/66) no 82.5(60-99) no 87.5(55-100) no 7.5 (3-8) no 8 (4-8)
stay p=0.038 p =0.002 p=0.360 p=0.149

yes 67.5 (10-95) yes 60 (15-95) yes 5(3-8) yes 5(3-7)

I,Ch"i‘_f}‘IgeC; (}g;) n090 (45-100) 1090 (50-100) no8(3-8)  no8 (3-8)
1velhoo p=0.061 p=0.003 p=0.005 p =0.020

Post- yes 75 (35-95) yes 72 (30-95) yes 5 (3-8) yes 5 (3-8)
traumatic 8/13(38/62) no75(10-100) no 82.5 (15-100) no 8 (3-8) no 8 (4-8)
epilepsy p=0.743 p=0.360 p=0.046 p=0.016

Non-parametric test independent samples, Mann-Whitney U was used for comparison of continuous variables.

3.1.2. Functional Outcome and Overall Health at 1-Year and 7-Year Follow-Up

Health on EQ5D-VAS and functional outcome on GOSE for all the participants were
rated high both 1 year after trauma and after 7 years (Table 2). Functional outcome 1 year
after trauma was median 7 (GOSE 3-8), i.e., “lower good recovery with minor physical
or mental deficit” and unchanged at 7-year follow-up (Table 2). A significant difference
was found between women and men regarding functional outcome: women had lower
scores both at 1-year (p = 0.046) and 7-year (p = 0.046) follow-up. There was a significant
positive correlation between functional outcome and overall health at 1-year (r = 0.513
p =0.017) and 7-year follow-up (r = 0.614 p = 0.003), which indicates that higher functional
outcome is related to better overall health (Table 3). Participants that scored severe disability
(GOSE 3-4) scored significantly lower for health (p = 0.013) compared with persons with
moderate and good recovery (GOSE 5-8). There was no significant difference in health
scores for persons with moderate disability (GOSE 5-6) compared with persons with good
recovery (GOSE 7-8) (p = 0.078).

3.1.3. Changed Livelihood, Post-Traumatic Epilepsy, Mental Fatigue, Functional Outcome
and Overall Health at 1-Year and 7-Year Follow-Up

Changed livelihood, such as ongoing vocational rehabilitation, adapted work or sick
leave because of STBI, was relevant for five men and five women at 7-year follow-up. These
persons scored a significant deterioration in health (p = 0.003) compared with persons with
unchanged livelihood (Table 4). Eight persons had medication for post-traumatic epilepsy
at 7-year follow-up (Table 1). They scored significantly lower on functional outcome, GOSE
at 1-year (p = 0.046) and 7-year follow-up (p = 0.016) compared with the other participants
with STBI (Table 4). Mental fatigue was reported by 40% of the participants. Persons with
moderate and severe mental fatigue at 7-year follow-up had a low functional outcome
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(GOSE 3-5). A significant negative correlation (r = —0.843, p < 0.01) at 7-year follow-up
was found between mental fatigue and health, indicating that higher mental fatigue was
related to poor health (Table 3).

3.1.4. Anxiety, Depression and Overall Health at 1-Year and 7-Year Follow-Up

A majority of the participants (17/21) scored <8 on HAD, indicating no anxiety or
depression at both follow-ups. There was a significant negative correlation between self-
reported overall health and anxiety and depression both at 1-year follow-up—anxiety
(r=-0.539, p = 0.017), and depression (r = —0.466, p = 0.044), and at 7-year follow-up—
anxiety (r = —0.500, p = 0.025), and depression (r = —0.790, p < 0.001). Thus, no anxiety or
depression indicates high perceived health.

3.2. Qualitative Results

The qualitative results were presented as two categories, each with three subcategories.
The first category was characterised by adaptation for well-being, and the second by the
transformation process to well-being (Table 5).

Table 5. Perceptions 7 years after STBL

Categories Subcategories

Having the ability to adapt
Adaptation for well-being The difficulties of adaptation
Reasonable goals as a way to adapt

New challenges
The transformation process to well-being Awareness of disability
Living with a disability

3.2.1. Adaptation for Well-Being

Adaptation for well-being based on personal feelings is characterised by having the
ability to adapt, being able to address the difficulties of adaptation, and setting reason-
able goals.

Having the Ability to Adapt

Having a variety of strategies such as a positive outlook on life, being able to use
past experiences, having the ability to use compensatory strategies, having a pragmatic
lifestyle, going ahead and having a family, was described as being helpful for adaptation
and well-being. There were small things that made daily life difficult, but they were
accepted. Participants described being aware that life goes up and down and bearing
in mind that a damaged brain finds new ways, and they also referred to themselves as
being lucky. Participants described disabilities such as balance problems, hearing loss,
becoming blind in one eye, mental fatigue, post-traumatic epilepsy, irritability, pain and
impaired memory even though they reported good recovery. Frequently, this only came up
in passing at the end of the interviews or in response to a direct question, even though they
had described their recovery as being good.

“The injuries I have are permanent and it will probably be like this for ever” ... ... I'm
learning to live with it,” ... ... “I'm the sort of person who chooses to be happy about
what is good instead of being sad about what is not good so I am always positive” . ..
... "We enjoy the place where we live and do things that we usually do so we say, enjoy
your life, this is quality of life. So in the future, we will continue to feel good and take
care of each other. You can always find solutions to things. I don’t have much to complain
about—I can walk, I can eat, I can dress myself, so what’s the problem? So compared
with many others” ... ... “So it’s just a matter of choosing how to act” ... ... “I do
not attempt more difficult things than I can manage quite easily.” (Female, 36 years)
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The Difficulties of Adaptation

The participants described difficulties in understanding the extent of their STBI as
being something life-threatening. They had no real experience of what had happened due
to the initial weeks of amnesia and neuro-intensive care. Comparing how life was before
STBI and how it had become afterwards impeded adaptation and well-being. Adaptation
was a continuous, ongoing process for those with severe impairments. Existential changes
were described, how their life had been turned upside down, how a new perspective had
led to new decisions and compelling reasons to change lifestyle due to STBI with long-term
disabilities and new experiences. Denying disabilities, feelings of guilt, shame, loneliness,
isolation and avoidant behaviour were described as being obstacles which they had to
overcome and which had affected their adaptation and well-being.

“Yes. Umm, yes, I'm getting more and more depressed, I have become more depressed
since this happened because it is always at the back of my mind, my head ruined so much
for me. Otherwise I haven't noticed any other changes after my injury. I guess my
memory can be a bit poor sometimes. So these days, I generally have a feeling of sadness.
I have almost lost the joy of living, my life feels like that today.” (Male, 27 years)

Reasonable Goals as a Way to Adapt

The participants described an ability to find new paths for themselves or for others.
The ability to adapt is dependent on reasonable goals being set and that they are feasible.
For most of the participants, their overall goal was to achieve independence and meaningful
everyday life. Taking care of the family, achieving good home conditions, having mean-
ingful leisure time in accordance with the new conditions, and economic independence
were all important factors. Because they had been through life-threatening trauma, another
successful way to move forward was to avoid drugs, alcohol and a new head injury, to
invest in security and in that way reach their set goals. Participants with major disabilities
described how their social situation, including their family, social network, social care
interventions, housing and rehabilitation, was a prerequisite for independence and suitable
goals to be achieved for well-being.

“Yes, I was so much younger when this happened; it's completely different today. I'm not
so keen on alcohol and partying and stuff like that. I'm completely different. I'm much
more mature today with a family and my work ... ... ... So my future is to take care of
the kids (laughs) and take care of my own little family.” (Male, 31 years)

3.2.2. The Transformation Process to Well-Being

The participants described a transformation process with new challenges over the
years: becoming aware of their disability, finding new ways in life, learning to live with a
disability and then achieving well-being.

New Challenges

The participants described that returning to ordinary everyday life and achieving
well-being had been a challenge over the years. Some participants said this had taken a
short time, while others said it is a lifelong task, throughout the process of transformation
with disabilities. Some of them described that they had left or tried to leave the incident
behind them because they wanted life to move forward and STBI had been emotionally
stressful. Remaining disabilities were described as a challenge and were mentioned even
though some of them had described themselves initially as being completely restored. Role
changes in families and in working life, difficulties in leisure time, and maintaining social
relationships were described as new challenges that affected well-being. Participants with
continuing severe disabilities described how daily life in itself was a challenge, how they
were dependent on others, and, in many cases, did not have a meaningful everyday life.
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“But just remembering things! That's the worst! I figure it out in the end. I usually do
and when I have to tell someone something, it may take several hours for me to figure
things out, but I do.” (Female, 55 years)

Awareness of Disability

The participants described they began the process of acceptance when they became
aware of their disability instead of ignoring or not noticing it. After becoming aware, the
participants described their expectations and hopes regarding improvement, a wish to
go further in order to achieve well-being. No one had asked for emotional or cognitive
rehabilitation, and they described that the rehabilitation they had been given had focused
on physiotherapy. Now, 7 years later, it was disappointing that they had to be, as they put it,
responsible for their own rehabilitation. In their opinion, more support and rehabilitation
were needed in order for them to improve further and achieve well-being.

“Yes, at the start, during the first year, I assumed I would be able to recover but 7 years
later, I have realised that I will not return to the same level where I once was. I know that.
Iam fully aware of that.” (Female, 36 years)

Living with a Disability

Living with a disability was described as being able to cope, do things differently,
avoid obstacles and overcome challenges. Continuing living with a severe disability was
described as frustrating, causing loneliness in everyday life, exclusion from work, social
networks, leisure activities and sometimes also from the family. Striving to become more
independent and to take personal responsibility was described to make it easier to accept a
disability and accept changes in life and achieve well-being.

.

...... I can 't talk as I would like to ... nothing. Nothing. I'm so damn lonely. ...
Yes, tears sometimes come when it’s a little hard. Yes, but it’s just a matter of accepting
that this is how it is”. (Male, 57 years)

3.3. Merged Results and Interpretation

The qualitative and quantitative results complement each other since the qualitative
results are more explanatory than the quantitative results and cover other aspects. One way
in which they differed was that the qualitative results showed an ongoing process during
the years following an STBI injury, while the quantitative results showed the impact on
health status at certain points in time (after 1 year and 7 years).

Participants described a process of transformation and adaptation, from being a
severely injured person with STBI to striving to become an “ordinary” person with a sense
of well-being, ending up either with or without a disability in a long-term perspective.
Their lives were still impacted to a greater or lesser extent 7 years later by the fact they were
a person with STBI. However, a good recovery, high functional outcome and overall good
health were relatively unchanged between 1-year and 7-year follow-up. Well-being was
described as a recovered or changed life situation that had been accepted. The family was
described as being important for transformation, adaptation and well-being. Living with
STBI had created opportunities for existential changes and positive outcomes, for example,
that over the years, alcohol and drug abuse had ceased. Refraining from comparing their
life now with how it was before the injury, having a meaningful everyday life, a positive
outlook on life, and the ability to use compensatory strategies, such as making use of
previous experiences of challenging events, were helpful for adaptation and well-being.
These experiences and the process itself could not have been captured through any of the
surveys conducted at a given point in time to measure health or functional outcome.

Changed livelihood because of STBI continued to affect health and well-being after
7 years. For persons with a severe disability, adaptation was a continuous and ongoing
process and health and well-being were low. Severe disability implied impairment in all
daily activities. Over the years, health and well-being decreased as isolation and loneliness
increased.
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For persons with moderate disability, workability and social and leisure activities
were reduced. Their self-estimated health was on the same level as persons with good
recovery, but they described poorer well-being. Hope for progress, being able to cope with
an adapted job or find new leisure activities could compensate and improve well-being.

Good recovery was reported for just over half of the participants. High functional
outcome, self-reported health and perceived well-being were found even though some of
the persons still suffered from disabilities. Disabilities was not described in the interview as
being a crucial factor that determined their well-being. They had moved on in life, looking
for the future and put the STBI behind them. Even after 7 years, the initial disability that
had changed family dynamics was still affecting their well-being and they reported that
close relatives pointed out minor personality changes even though they felt completely
recovered. Participants who now had a new partner in their life described how the new
partner was not able to compare things with how they had been before and that was a relief.

Having an STBI caused by high energy trauma was not related to functional outcome
or overall health but for the majority of those affected (6/8), low well-being was reported
because it affected their ability to work, their social life and leisure time negatively. Women
(6/7) were affected by high energy trauma and scored lower on functional outcome and
perceived poorer well-being than men but there was no difference between women and
men concerning overall health. Despite some difficulties, there were women who had
become a mother but needed the support of loved ones to make daily life with children
work. A lack of independence and not being able to work were obstacles that affected
well-being negatively.

An earlier brain injury that had required hospitalisation was related to a low degree
of overall health and perception of well-being. For persons with post-traumatic epilepsy,
the functional outcome was also significantly lower compared with those who did not
suffer from epilepsy. Post-traumatic epilepsy also affected well-being but not reported
overall health. A few persons reported anxiety and depression and scored lower health,
but nevertheless, they had a sense of well-being. Persons with moderate and severe mental
fatigue had a low functional outcome and low overall health and none of them perceived
well-being or were back in work.

STBI still affects the person’s life to a greater or lesser extent several years after injury.
Good recovery and overall good health are reported and also better well-being from
interviews due to acceptance of a recovered or changed life situation.

4. Discussion

By using a mixed method, we were able to examine an overall perspective of health
and well-being for persons who had suffered STBI up to seven years earlier. We found that
STBI was still affecting their lives to a greater or lesser extent even though good functional
outcomes and overall good health were reported. However, participants reported improved
well-being due to recovery or acceptance of their changed situation.

The merged results show that a meaningful everyday life, a positive outlook on life,
an ability to use compensatory strategies, such as previous experiences of challenging
events, were all helpful for adaptation and well-being. These aspects were not assessed
by any of the instruments used to measure health or functional outcome. The injured
persons described that focusing on overall health and well-being instead of their disability,
even with a remaining impairment, was one way of adapting to the new situation. The
present study also found that a pragmatic lifestyle, keeping up with the family and having a
meaningful everyday life were ways to overcome challenges in the transformation process
for adaptation and well-being after STBL. Achieving health and well-being is connected to
what each person considers to be acceptable as a normal everyday life and over the years,
new perspectives have emerged.

In this study, several participants mentioned an ongoing disability even though they
reported good recovery, health and well-being. This supports that it is not the absence of
disease or disability that defines health [10] and that long-term follow-up of unidentified
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disabilities can be valuable. This was also described in an earlier study when full recovery
was reported by persons with TBI after 10 years or more, even though they experienced
persistent problems that affected their daily lives [56].

The only exclusion criterion at baseline was death within three weeks. One established
weakness of many functional outcome instruments and health scales used in TBI studies
is that if there is a pre-existing problem, such as a previous brain injury, drug or alcohol
abuse, or psychiatric disorder, it is not possible to take it into account or whether there is
a need for guidance when completing the questionnaire [57]. As our merged results take
both self-reported health and perceived well-being into account, it is possible to see that it
does not only reflect the results but also how pre-existing problems affect the situation.

The merged results show that for the participants with a severe disability, i.e., impair-
ment in all daily activities, adaptation was a continuous, ongoing process and health and
well-being were low. Over the years, health and well-being decreased as isolation and
loneliness increased. Friends withdrew and sometimes their family members too, even if
the family was reported to be helpful for adaptation and well-being. In other studies, STBI
persons with more severe residual conditions described difficulties adapting to the new sit-
uation and highlighted the importance of having a family, close relationships and access to
service and rehabilitation [58] and that feeling self-worth and maintaining self-confidence
are important for well-being [59]. Severe disability is known to be related to dissatisfaction
with health [28]. In a recent study of persons with STBI, it was shown how rehabilitation
could help to adapt friendships and support earlier relationships for the injured person
several years after the injury [60].

Participants with moderate disability had the same level of health scores as participants
with good recovery but described poorer well-being because of reduced work abilities
and social and leisure activities. Changed livelihood affected the health and well-being
of almost half of the participants in this study. The categorisation of persons with TBI as
either working or unemployed does not provide a complete picture since many people
who work fewer hours than they did before the TBI are less satisfied and fail to sustain
work [61]. Losing their economic independence was an obstacle and had a negative impact
on well-being, especially for the women in this study. The participants in this study were
in their most productive years; many of them were on sick leave because of STBI and
some of them still had ongoing vocational rehabilitation. There is an obvious need for an
intervention programme that is adapted to working life [14].

In this study, participants with known alcohol and drug abuse before injury had ceased
all such abuse after 7 years, but none of these persons described any meaningful daily
activity, thus service and support were still needed for health and well-being. In our study,
the women were 10 years younger than the men. For several of them, their STBI had been
caused by high energy trauma and they had lower functional outcomes than men and
poorer well-being but acceptable overall health. With the exception of the age factor, our
study is in line with a recent multi-centre study which found that women reported more
severe outcomes, depending on TBI severity and older age [24]. A recent prediction study
reported that women, persons who were unemployed before injury and persons with more
severe TBI at 10-year follow-up had lower HRQL, suggesting that these persons should
perhaps be targeted for regular follow-up [62]. However, there were only seven female
participants in our study, and, therefore, it is not possible to draw any major conclusions
regarding whether being a woman has any significance for the outcome.

The merged results showed that there was hope for progress for persons with moderate
disability, to cope with work or to find new activities that could be a form of compensation
and improve their well-being. Low occupational activity 10 years after TBI gives a low
rating for psychosocial function [22], and in our study, we found the same for well-being.
Both low life satisfaction and poorer well-being highlight the need for interventions that
will promote a meaningfully productive life after TBI [23]. It was found that for up to 15
years post-injury, TBI patients experienced poorer general health, social isolation, and fewer
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opportunities to work compared with matched persons [63]. This is further confirmation
that long-term follow-up after TBI should be considered.

Some of the participants with good recovery mentioned in passing some remaining
disabilities. They had moved on in life, put the STBI behind them, reported a sense of
well-being and were looking to the future. Negative and stigmatizing reactions from the
environment because of earlier STBI were described in another study [64].

Persons with previous brain injury and those with post-traumatic epilepsy were
affected with regard to both health and well-being and a poorer functional outcome for
those with post-traumatic epilepsy. In an earlier study of persons with STBI, at 10-year
follow-up, the frequency of epilepsy was nearly the same as in this study, but their scores
for depression were six times higher [14]. In our study, only a few participants reported
anxiety and depression at both follow-ups. However, the few who reported anxiety and
depression scored lower health but nevertheless perceived well-being. In another follow-
up study of survivors, 5-7 years after TBI, anxiety, depression and low self-esteem had
stronger associations with persistent and new disabilities than initial severity or cognitive
impairment [65]. It is, therefore, relevant to investigate these problems again a long
time after the injury [65]. Persons with high scores on the mental fatigue scale had low
functional outcomes and low overall health. None of them were back in work, which is in
accordance with previous research that showed that higher mental fatigue was linked to
low workability and employment [66]. These findings were of importance to consider and
highlight the need for follow-up for persons even a long time after STBI since they could
benefit from treatment and rehabilitation, including interventions for fatigue.

Strengths and Limitations

A mixed method study enables new insights to be gained concerning a heterogeneous
group such as persons with STBI. The lack of depth of the information that can be gained
through surveys can be compensated for through interviews. Our results show how useful
it is to combine qualitative and quantitative methods whereby one gains another level
of understanding where, metaphorically speaking, “one plus one become three”. It is
important to gain this “insider” perspective, using qualitative data and being able to
understand “what it is like,” realizing that both vulnerability and well-being can co-exist
after STBI, thereby gaining a wider perspective [67]. In an earlier study, it was reported
that the evaluation of the outcome of rehabilitation requires both subjective and objective
outcome measures. In our study, well-being as a subjective outcome can be described due
to adaptation to the new situation and personal factors [39].

The strengths of this study are that it was a prospective cohort study comprising a
near-total regional cohort population over a period of two years of persons of working
age with STBI admitted to a neuro-trauma centre. The first author (M.S.) investigated all
the registered cases at 1-year and 7-year follow-up and ensured that data were precisely
and completely documented, minimising the amount of missing data and ensuring it was
possible for most persons to be included. Exclusion at baseline was persons who did not
survive after 3 weeks. The interviews were conducted by the last author (B.-L.S.) together
with the first author (M.S.), mostly in the homes of the injured persons, which represented
a safe and well-known environment. The first author was well-known to the participants,
which helped to make the interview situation comfortable. There was a pre-understanding
among the authors, i.e., medical knowledge of STBI rehabilitation (M.S., B.-M.S.), but the
last author (B.-1.S.) was unaware of the illness history of each person, thereby limiting the
risk for bias.

One limitation of the study was that it was not possible to follow up on all survivors.
This study included patients from a near-total regional cohort population (1 = 37) of STBI
2010-2011 from the earlier Probrain study, and at follow-up, there were 28 survivors.
A total of 21 of these answered questionnaires, which was a rather small number for
statistical analyses. However, they all participated in interviews, which was then assessed
as a relatively large number. With the mixed method approach using both quantitative
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and qualitative, the number of participants was considered sufficient. Since the age of
the participants may reflect the inclusion criteria of persons of working-age, this could
probably explain the results of a good recovery. However, the heterogeneity of the age
(27-70 years old) of the participants made it difficult to draw any conclusions on differences
due to specific age groups.

5. Conclusions

The life of a person who has suffered STBI is still affected to a lesser or greater degree
several years after injury due to acceptance of a recovered or changed life situation. Further
studies are needed on how the health and well-being of all persons with STBI can be
improved from a long-term perspective.
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Abstract: Fatigue is a common symptom after traumatic brain injuries (TBI) and a crucial target
of rehabilitation. The subjective and multifactorial nature of fatigue necessitates a biopsychosocial
approach in understanding the mechanisms involved in its development. The aim of this study
is to provide a comprehensive exploration of factors relevant to identification and rehabilitation
of fatigue following TBI. Ninety-six patients with TBI and confirmed intracranial injuries were
assessed on average 200 days post-injury with regard to injury-related factors, several patient-
reported outcome measures (PROMS) of fatigue, neuropsychological measures, and PROMS of
implicated biopsychosocial mechanisms. Factor analytic approaches yielded three underlying factors,
termed Psychosocial Robustness, Somatic Vulnerability and Injury Severity. All three dimensions
were significantly associated with fatigue in multiple regression analyses and explained 44.2% of
variance in fatigue. Post hoc analyses examined univariate contributions of the associations between
the factors and fatigue to illuminate the relative contributions of each biopsychosocial variable.
Implications for clinical practice and future research are discussed.

Keywords: fatigue; rehabilitation; traumatic brain injury; neuropsychological function; PROMS

1. Introduction

Fatigue is a common symptom following traumatic brain injury (TBI) [1], with poten-
tially severe impact on participation and quality of life [2], even when controlling for injury
severity [3]. TBI is defined as “an alteration in brain function, or other evidence of brain
pathology, caused by an external force” [4]. TBI is associated with increased mortality [5],
and survivors may suffer from severe functional impairment, of which fatigue is often
reported as a persistent problem in sub-acute and chronic phases following injury [6].
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Fatigue is often defined as “an awareness of a decreased capacity for physical or mental
activity, due to a perceived imbalance in the availability, utilization or restoration of energy
that is needed to perform activities” [7]. A large number of heterogenous patient-reported
outcome measures (PROMS) have been developed to evaluate subjectively experienced
severity, characteristics and consequences of fatigue [8]. PROMS are, however, vulnerable
to an assortment of potential biases [9], and there is currently no consensus for a single gold
standard measure. A recent study evaluated the content overlap between items included in
various fatigue PROMS often used in patients with stroke [10], showing that items from
different PROMS may measure severity, characteristics, management or consequences
of fatigue to varying degrees. Items from the Fatigue Severity Scale (FSS) [11], which is
commonly used in patients with TBI, pertain primarily to the perceived consequences of
fatigue. For a comprehensive measurement of fatigue, it is therefore necessary to expand
the measurement using other PROMS and to establish whether fatigue can be construed as
a unidimensional phenomenon across measures.

Conceptual models for the development and maintenance of fatigue after TBI and in
other neurological disorders emphasize the heterogeneity in associated factors, spanning
from premorbid characteristics, through primary injury-related factors, to secondary ex-
acerbating factors [1,8]. The complex nature of fatigue and the abundance of implicated
biopsychosocial factors necessitates an investigation of potential unifying mechanisms
underlying the relationships between fatigue and associated constructs.

1.1. Mechanisms Associated with Fatigue

Demographic factors play an uncertain role in fatigue following TBI. Earlier stud-
ies have shown minimal or nonsignificant associations between fatigue, age and female
gender [1,12-14], and a recent larger cohort study showed small but positive associations be-
tween fatigue, younger age, and female gender through the first six months post-injury [15].
This study further demonstrated an interaction between age and fatigue trajectory, with
patients above 48 years of age reporting increasing, and younger patients decreasing, rates
over the first 6 months. Of interest, injury severity does not seem to be consistently related
to fatigue [1], with the caveat that most studies include a majority of patients with mild
TBI. Cognitive deficits such as slowed information processing and attentional deficits have
however been shown to be associated with increased levels of fatigue [16,17]. The coping
hypothesis put forward by van Zomeren et al. [18] is one plausible explanation, in that
cognitive deficits might result in increased energy expenditure during mental and physical
exertion, which in turn may contribute to fatigue.

Beyond the direct effect of cognitive and other injury-related factors, an abundance of
biopsychosocial mechanisms are implicated in onset and maintenance of fatigue. A con-
ceptual model by Mollayeva et al. [1] emphasized the role of both TBI-specific as well as
generic, non-injury-related mechanisms. A recent review [19] likewise established that
there are several common risk factors for fatigue across neurological disorders, such as pre-
and comorbid psychiatric symptoms, pain, sleep problems, and genetics.

Pain commonly co-occurs with fatigue after TBI [20,21] and is implicated as a central
mechanism in fatigue across etiologies [22]. Beaulieu-Bonneau and Ouellet [23] found that
pain was associated with fatigue 4 and 8 but not 12 months post TBI, indicating that this
relationship may vary as an effect of time since injury.

Psychological distress (i.e., symptoms of depression and anxiety) is also related to
fatigue following TBI [24-28]. While fatigue may by itself be a depressive symptom, fatigue
may occur in isolation from depression in TBI and acquired brain injury [26], suggesting
that the two are related, but distinguishable. Beaulieu-Bonneau and Ouellet [23] found
depression to be associated with fatigue at 4, 8 and 12 months post-injury, indicating that
these symptoms are intertwined over time. Symptoms of anxiety have also been linked
with fatigue in isolation, although anxiety and depression frequently co-occur [27,29].

In addition to symptoms that may vary over time, people differ in their stable prone-
ness for negative affect. Trait neuroticism as a five-factor personality trait has been ex-
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tensively implicated as a possible precipitating mechanism in relation to fatigue in other
populations, in epidemiological studies [30-33] and in mild TBI [34]. Merz et al. [34] also
found negative associations between fatigue and trait agreeableness, conscientiousness and
extraversion in patients with mild TBI. The role of neuroticism and other personality traits
have, however, not been examined in relation to fatigue following more severe TBI. Trait
optimism, furthermore, has been linked to better cognitive functioning after TBI [35], but
has, to the best of our knowledge, not been examined in relation to post-TBI fatigue.

Daytime sleepiness and insomnia have been extensively studied in relation to fatigue
following TBI [27,36,37]. For instance, Cantor et al. [14] demonstrated that fatigue and
insomnia frequently co-occur, but that post-TBI fatigue may also occur without insomnia.
Insomnia without post-TBI fatigue, however, was rare. As expected, daytime sleepiness
was reported more frequently in patients with fatigue.

Motivational propensities for reward and punishment might additionally contribute
to the development of fatigue. Behavioral inhibition (i.e., a tendency to be motivated by
avoidance of unpleasant stimuli) and behavioral activation (i.e., a tendency to be motivated
by the attainment of pleasure and reward) systems (BIS/BAS) were initially described by
Carver and White [38]. A greater propensity for being motivated by avoidance of aversive
stimuli and lower degree of reward responsiveness has been linked to fatigue in, e.g.,
multiple sclerosis [39]. The impact of BIS/BAS-propensities on fatigue has not, to the best
of our knowledge, been examined in TBI.

Feelings of loneliness and isolation predict later development of both fatigue, pain
and depression in non-TBI populations [40]. While loneliness has not been examined
specifically as a risk factor for fatigue after TBI, loneliness is a common issue for people
living with the chronic effects of TBI [41], leaving this factor of interest to explore.

Psychosocial resilience has been shown to predict increased participation following
mild-severe TBI [42], and to predict longitudinal decreases in fatigue following mild TBI [43]
but has not been studied extensively with regard to post-TBI fatigue.

1.2. Clinical Complexity

In summary, fatigue following TBI has a demonstrable impact on quality of life and
functional recovery, and an abundance of mechanisms could potentially be implicated in
the precipitation, initiation and maintenance of fatigue following TBI. The factors involved
may act in isolation, their effects may be summed, and they may interact with each other
in dynamic ways. An obstacle in studies involving vulnerability and protective factors is
that inferences drawn from models incorporating only a few factors may not provide a
comprehensive understanding of possible underlying constructs. A clearer picture of the
underlying clustering of vulnerability and protective factors, however, may inform further
research in selection of the most essential constructs in fatigue models, and inform clinical
decision making.

1.3. Study Aims

The primary aim of this study was to enhance our theoretical understanding of the
relationship between fatigue and injury-related, cognitive and self-reported biopsychosocial
factors. A factor analytic approach was used to (1) examine if fatigue could be construed
as one single outcome across several measures, and (2) examine potential underlying
dimensionality of several injury-related, cognitive and psychosocial measures commonly
associated with fatigue. Finally, we aimed to (3) explore the relevance of these dimensions
to fatigue 6 months after TBI.

2. Materials and Methods
2.1. Recruitment

The study includes the first wave from a prospective observational study of patients
with TBI conducted from 2018-2021. Included patients were injured between January 2018
and April 2020 and admitted to the Neurosurgery department at Oslo University Hospital
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(OUH). OUH is the only Level I trauma center with neurosurgical services in the south-
eastern region of Norway with a population base of more than half of the Norwegian
population (i.e., 2.9 million).

Injury characteristics and clinical data from the acute hospital stay were retrieved
from the Oslo TBI Registry—Neurosurgery, a quality database at OUH [44]. The remaining
variables were measured approximately 6 months post-injury. Inclusion criteria were
patients between 18-65 years of age, admitted with TBI (ICD-10 diagnoses 506.1-506.9),
herein defined as patients presenting with intracranial injury (as confirmed by computed
tomography (CT) or magnetic resonance imaging (MRI)) during the acute phase, and who
have survived until six months post-injury. Exclusion criteria were pre- and comorbid
diagnoses of severe mental illness or neurological disorders, ongoing substance or alcohol
abuse, non-fluency in Norwegian or English, and severe functional impairment hindering
completion of the study protocol (i.e., disorders of consciousness, persistent severe anosog-
nosia and severe motor deficits). Patients were identified prospectively after admission to
the Neurosurgical department at OUH. Patients were recruited through clinical follow-up
consultations at Sunnaas Rehabilitation Hospital and the Department of Physical Medicine
and Rehabilitation at OUH. Patients not followed up at these institutions received an
invitation to participate by mail.

2.2. Injury Characteristics

Pre-injury physical health status was scored using the American Society of Anesthesi-
ologists’ physical status classification (ASA-PS), with scores ranging from 1 to 6 depending
on the absence or presence of various severities of systemic disease premorbid to injury [45],
with increasing scores indicating more severe disease.

Several indicators of injury severity were included. Lowest Glasgow Coma Scale (GSC)
score ranged from 3-15 registered at injury site, or admission to hospital pre-intubation
was registered, as well as GCS upon discharge from the acute hospital. Rotterdam CT
score is a prognostic classification of traumatic brain injuries scored on the basis of grade
of compression of the basal cisterns, the presence of a midline shift, epidural mass lesion,
and intraventricular blood or tSAH [46], with higher scores indicating more severe injuries.
The Head Abbreviated Injury Scale (AIS_head) version 1998 [47] was used to describe the
anatomical severity of injury. AIS classifies injuries to various body regions ranging from
minor (1) to fatal (6). We dichotomized AIS_head scores into AIS < 4 (less severe) and
AIS > 4 (very severe injury) for descriptive analyses but used the ordinal scale scores in
subsequent analyses. Finally, discharge destination from the acute hospital was registered.
For this study, a dichotomous dummy variable was generated for those who were referred
through a direct pathway into rehabilitation units.

2.3. Measures
2.3.1. Fatigue

The Fatigue Severity Scale (FSS) [11] contains 9 items and asks the participants to rate
the degree of interference from fatigue in various functional domains on a Likert scale from
1to 7, with higher scores indicating higher degree of fatigue interference. Norwegian norms
adjusted for age, gender and education are available [48]. The FSS has good psychometric
qualities [48].

Chalder Fatigue Scale (CFQ) [49], has been applied primarily in research into chronic
fatigue syndrome (CFS) and myalgic encephalomyelitis (ME), but also in neurological
populations such as stroke [50]. Patients are asked to rate 11 items pertaining to physical
and cognitive/mental symptoms of fatigue within the last month. The CFQ uses a four-
point response scale where 0 = “less than usual”, 1 = “no more than usual”, 2 = “more than
usual” and 3 = “much more than usual”. Normative data from the general population exist,
grouped by age and gender [51].

The fatigue subscale of Giessen Subjective Complaints List (GSCL) [52] has been used
within psychosomatic and epidemiological studies. The fatigue subscale includes 6 items,
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rating the presence of fatigue symptoms in general on a five-point scale from 0 = “not at
all” to 4 = “strongly”.

Finally, one item from the Rivermead Post-Concussion Symptoms Questionnaire
(RPQ) [53] asks the participants to rate the presence of fatigue on a scale from 0 to 4, where
0 = “not a problem”, 1 = “no longer a problem”, 2 = “a mild problem”, 3 = “a moderate
problem”, and 4 = “a severe problem”. This single item is often used to assess fatigue in
patients with concussion and TBI in clinical settings, and a recent multicenter TBI study
employed it as a primary outcome measure of fatigue [15].

2.3.2. Neuropsychological Tests

Cognitive functioning was assessed with the following neuropsychological measures:

The Matrix Reasoning and Similarities subtests from Wechsler’s Abbreviated Scale of
Intelligence (WASI) [54] were included as measures of abstract reasoning abilities. Auditory
attention and working memory were assessed with Digit Span from Wechsler’s Adult
Intelligence Scale IV (WAIS-IV) [55]. Psychomotor speed was assessed with Trail Making
Test (TMT) subtests 2-3 and Color-Word Interference Test (CWIT) subtests 1-2 from Delis—
Kaplan Executive Function System (D-KEFS) [56]. Subtest 4 from the TMT and subtests
3—4 from the CWIT furthermore provide measures of executive function/mental flexibility.
The Conners Continuous Performance Test III (CPT-III) [57] was included as a measure of
sustained and focused attention. The change in coefficient of variation (CoV), a measure of
increase in intraindividual variability in reaction times from the first to the second half of
the test, was computed. CoV is calculated by dividing the standard deviation of reaction
times (RT) by the average RT within the individual [58], and the measure of change in CoV
was calculated by subtracting the CoV for the first three blocks from the last three blocks
(CoV block change).

2.3.3. Secondary PROMS

Psychological distress over the last two weeks was measured using a 10-item short
version of Hopkins Symptom Checklist [59,60], with subscales for (1) depressive and (2)
anxiety symptoms.

Five-factor personality traits were measured using the NEO Five Factor Inventory 3
(NEO-FFI-3) [61], which provides gender-corrected normative scores on trait neuroticism,
conscientiousness, extroversion, agreeableness and openness to experience. The inventory
contains 60 items, with 12 items pertaining to each personality trait.

Behavioral inhibition and activation tendencies were measured using The Behavioral
Inhibition System/Behavioral Activation System (BIS/BAS) Scale [38], which contains
one subscale for BIS, and three subscales for the BAS, namely (1) reward responsiveness,
(2) drive, and (3) fun seeking.

Loneliness was measured using three items from the UCLA Loneliness Scale,
Version 3 [62].

Trait optimism was measured with six items from the optimism subscale of the Life
Orientation Test Revised (LOT-R) [63].

Resilience was measured with the Resilience Scale for Adults (RSA) [64], with subscales
for facets of resilience, namely (1) planned future, (2) social competence, (3) family cohesion,
(4) perception of self, (5) social resources, and (6) structured style.

Somatic symptom burden was assessed with subscales from Giessen Subjective Com-
plaints List (GSCL) [52], regarding the presence of (1) gastrointestinal symptoms, (2) mus-
culoskeletal symptoms, and (3) cardiovascular symptoms. Pain localization was assessed
using a pain drawing [65], with higher scores indicating generalized pain dispersed across
several bodily regions. Pain severity across the last two weeks was assessed with Numerical
Rating Scales (0-10, where 10 indicates most severe pain) [66], asking the participants to
rate (1) the lowest pain severity, (2) the highest pain severity, (3) the average pain severity,
and (4) the current pain severity.
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Daytime sleepiness was measured with the Epworth Sleepiness Scale [67], which asks
respondents to rate the probability of falling asleep throughout a range of daily activities.
Subjective sleep deficits were measured with the Insomnia Severity Index [68], which rates
the presence of difficulties with falling asleep, staying asleep, early awakening, and the
functional impact of sleep problems.

2.3.4. Functional Outcome

Global functional impairment upon discharge from the acute hospital stay was esti-
mated with the five-level Glasgow Outcome Scale (GOS) [69], while functional outcome
6 months post-injury was assessed with the eight-level Glasgow Outcome Scale Extended
(GOSE) [70], which categorizes patients based on their degree of return to work, vocational
and leisure activities, social and emotional symptoms and a variety of other persistent
complaints following injury. Lower scores indicate greater functional impairment.

2.4. Analyses

All analyses were conducted in SPSS, version 27 [71]. Preliminary Pearson correlation
analyses were conducted to evaluate bivariate relations between the various measures of
fatigue, sociodemographic variables, injury-related factors, neuropsychological measures
and self-reported psychosocial constructs.

2.4.1. Dimension Reduction

In order to ascertain a fatigue factor possibly reflecting a unidimensional phenomenon
in our TBI sample, a factor analysis was conducted on FSS, CFQ, the fatigue subscale from
GSCL, and the fatigue item from RPQ. Items pertaining specifically to cognitive complaints
(CFQ items 8-11 and GSCL item 15) and daytime sleepiness (CFQ item 3 and GSCL item
4 and 14) were excluded from these analyses to avoid item overlap between fatigue and
independent variables.

Furthermore, an exploratory factor analysis was conducted on all variables (PROMS,
neuropsychological and injury-related) with significant (p < 0.05) bivariate associations
with either one or several of the fatigue measures. Due to the exploratory aim of the
study, variables approaching significance (i.e., p < 0.08) were also included. Factors with
eigenvalues above 1 were first generated in line with the Kaiser Guttman criterium. A scree
plot was generated and inspected according to Cattell’s criterium [72]. Parallel analyses
were performed to generate significant eigenvalues for factor retention [73], which has
been shown to be a more consistently accurate method for factor retention decisions [74].
Oblimin oblique rotation was conducted to allow factors to correlate. Saliency of factor
loadings was evaluated for significance (p < 0.05) according to the formula proposed by
Norman and Streiner (2014), providing a cut-off for salient loadings at 0.40. Variables not
loading significantly on any of the factors were removed, and the analyses were repeated
without them. In the case of cross-loading variables, variables were selected on the basis
of the strength of their loadings, as well as their conceptual alignment with the factor on
the whole. New factor analyses were then conducted for each factor, including only those
variables saliently loading on the factor. Factor scores were generated through regression.

Factor reliability was assessed for all resulting factors, through the calculation of
Cronbach’s alpha with standardized variables, with negatively loading variables reversed.
Alpha values of 0.70 or higher were deemed acceptable, and values of 0.90 or higher were
considered excellent.

2.4.2. Multiple Regression

In order to evaluate the relations between fatigue and the factors derived from the pre-
vious step, the fatigue factor was regressed on the factor scores from associated constructs.
Variables were entered into the linear regression model blockwise. Sociodemographic
variables were entered first, with age (centered around the sample mean of 45), educational
attainment (centered around the sample mean of 13 years), and gender (female) as baseline
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covariates. The factors from the previous step were then added to examine if they con-
tributed significantly to the model. Changes in F-scores were evaluated for significance
in model improvement across each block. Bootstrapping was conducted to evaluate the
robustness of the regression coefficients, and a 95% confidence interval (CI) was produced
based on 2000 random draws from the sample. The results from linear regression analyses
are reported with unstandardized regression coefficients (B) with bootstrapped standard
errors (SE), 95% confidence intervals (CI), standardized regression coefficients (3) and
explained variance (adjusted R?).

Partial regression plots were generated to evaluate the impact of potential outliers.
Residual plots were also inspected to evaluate deviance from assumptions of normality,
homoscedasticity and linearity. Residual scores were finally checked for associations with
variables not included in previous factor analyses, to evaluate potential residual effects not
captured by this model. Post hoc analyses were then conducted to evaluate the potential
additional explanatory value of these variables. Finally, univariate regression analyses were
conducted post hoc to evaluate the associations between individual variables contained
within each factor, and the fatigue factor.

3. Results
3.1. Sample Characteristics

A total of 96 patients were included. See Figure 1 for an overview of the exclusion and
inclusion process.

N =247
Patients admitted to Neurosurgical
Department at OUS Ulleval N
Jan 2018 - April 2020 Severe Comorbid

Mental or Neurological
lliness
N=60 N=18
Excluded Language
N=11
Severe Functional

Impairment at Baseline
N =187 (6 months post-injury)
Eligible to Participate

N=23

Not Reached
N=52

Declined

N=7
Consented, but did

N=103 not show

Consented to Participation

N=2
Dropout Before
Completion of
l Baseline

N=96
Complete Assessment
6 months post-injury

Figure 1. Flow chart of the inclusion and exclusion process. From a sample of 187 eligible patients,
103 participants (55%) consented to participate, and 96 ended up with a complete dataset.

The average age was 45.3 (SD = 13.9), with a mean educational attainment of 13.5 years
(SD = 2.3). The sample consisted of 77 (80.2%) males and 19 (19.8%) females.

On the ASA-PS, 69 patients (71.9%) were classified as healthy prior to injury, 19 (19.8%)
as having moderate organic disease not impairing function, and eight patients (8.3%) as
having severe organic disease.
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The sample mean of GCS registered at injury site or at admission to the hospital
pre-intubation was 10.7 (SD = 3.6), while GCS registered upon discharge from the acute
hospital was 14.4 (SD = 0.9). The sample mean Rotterdam CT score was 2.8 (SD = 0.9).
Using the dichotomized AIS_head classification, 18 patients (18.8%) were classified within
the less severe category, and 78 (81.3%) within the very severe category. Upon discharge
from the acute hospital, GOS ratings based on medical records classified 39 patients (40.6%)
with moderate disability, 56 (58.3%) with severe disability, and one patient (1.1%) as being
in a vegetative state.

Fifteen patients (15.6%) were discharged directly to their homes, 32 (33.3%) to a local
hospital, and 49 (51%) were referred to a rehabilitation unit.

The study assessment was conducted on average 205 days (SD = 28) since injury.

3.2. Fatigue PROMS

The FSS demonstrated good internal consistency (« = 0.91). The average score was 3.7,
corresponding to a demographically corrected T-score of 48.8 (SD = 11.9).

CFQ demonstrated good internal consistency (« = 0.89). The mean sum score for
the total scale was 16.2, corresponding to a demographically corrected T-score of 60.8
(SD = 14.2), with comparable results on the mental/cognitive and physical subscales. Items
1 and 2 on the CFQ ask the patients to rate whether they experience increased tiredness or
an increased need for rest within the last month compared to their habitual function, and
58 (60.4%) and 59 (61.5%) patients, respectively, endorsed the presence of these problems
as compared to their habitual function.

The GSCL subscale demonstrated good internal consistency (« = 0.89). On the GSCL
fatigue subscale, the mean score was approximately 1 (SD = 0.9), corresponding to the
response category “somewhat a problem”.

On the RPQ fatigue item, 47 patients (49%) reported at least mild problems with
fatigue, and 27 (28.1%) reported moderate-severe problems. For an overview over bivariate
correlations between fatigue PROMS, see the Supplementary Materials (Table S1).

3.3. Fatigue and Associated Factors

Overall, fatigue as measured with several PROMS was consistently associated with
several biopsychosocial PROMS and functional outcome, while the associative patterns
were less consistent for injury-related and neuropsychological variables. There were no
bivariate associations between demographic variables (age, gender, education) and any
of the fatigue measures. The Head Abbreviated Injury Scale (AIS_head), length of acute
hospital stay, GOS at discharge from acute hospital, and having a direct pathway to
rehabilitation were associated with higher Physical Fatigue on CFQ. GCS at discharge
trended toward significance (p < 0.08) in its relationship with the Physical Fatigue subscale
from CFQ. No other measure of fatigue was significantly associated with variables from
the acute phase.

Fatigue scores (FSS, CFQ, GSCL and RPQ) were positively associated with depression,
anxiety, trait neuroticism, daytime sleepiness, insomnia, behavioral inhibition (BIS), all mea-
sures of pain, loneliness, and somatic (musculoskeletal / gastrointestinal / cardiovascular)
symptom burden, albeit with some variation across measures. Trait openness was positively
associated with the RPQ fatigue item only.

Fatigue was negatively associated with two resilience subscales (perception of self and
planned future) on most fatigue PROMS, and trending toward significance (p < 0.08) for
trait optimism in association with the FSS. Trait extraversion was negatively associated
with the GSCL fatigue subscale only, and trait conscientiousness was trending toward
significance (p < 0.08) for a negative association with the FSS.

Fatigue was negatively associated with performance on the CWIT 4—Switching Con-
dition (a measure of mental flexibility) for the FSS and CFQ, and FSS was negatively
associated with performance on measure of intraindividual stability of sustained reaction
times on the CPT-III. The mental fatigue subscale on the CFQ was negatively associated
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with performance on several neuropsychological measures. However, this subscale probes
about subjective cognitive complaints such as memory and word-finding difficulties, and
these associations are not taken into account in the following analyses.

All measures of fatigue were negatively associated with functional outcome 6 months
post-injury as measured by GOSE.

For a complete overview of bivariate associations between fatigue and included
variables, see the Supplementary Materials (Tables 52-54).

3.4. Dimension Reduction

In the factor analysis of the items from the included fatigue outcome measures, three
factors were initially generated with an eigenvalue above 1. Both an inspection of the scree
plot and parallel analysis of critical threshold for significant eigenvalues provided support
for a one-component solution. Items 1 and 2 from the FSS were excluded following the
primary factor analysis due to non-salient loadings on the generated factor. All remaining
items loaded saliently on the single component (see Table 1). The factor demonstrated
excellent reliability (Cronbach’s alpha = 0.95) and thus provided an opportunity to examine
relationships between the other variables and one single and robust fatigue measure.

Table 1. Factor loadings of items from fatigue measures. All items load saliently on the component at
significance level of p < 0.05, i.e., loadings above 0.40.

Fatigue
Component

FSS Item 3 0.80
FSS Item 4 0.44
FSS Item 5 0.76
FSS Item 6 0.73
FSS Item 7 0.80
FSS Item 8 0.78
FSS Item 9 0.82
CFQ Item 1 0.81
CFQ Item 2 0.70
CFQ Item 4 0.63
CFQ Item 5 0.80
CFQ Item 6 0.56
CFQ Item 7 0.54
GSCL Item 1 0.61
GSCL Item 12 0.85
GSCL Item 17 0.69
RPQ Item 6 0.81
Extraction Sum of Squared Loadings 8.9

(% of variance) (52.4%)
Cronbach’s alpha 0.95

For the factor analysis of all associated constructs, seven components were initially
generated with an eigenvalue above 1. While the inspection of the scree plot of eigenvalues
might suggest retention of either three or four components according to Cattell’s criterium,
the thresholds from the parallel analysis supported the retention of only the first three
components. The component matrix was obliquely rotated using Oblimin rotation, which
allows for correlated components. The neuropsychological measures (CWIT-4 and CPT-III
CoV Block Change) and trait openness did not load saliently on any of the three factors,
and the analysis was repeated without these variables included.

Based on the salient positive loadings from resilience subscales, trait optimism, trait
extraversion and trait conscientiousness on Factor 1, this component was designated as
a Psychosocial Robustness factor. Factor 1 also has salient negative loadings from trait
neuroticism, behavioral inhibition, symptoms of depression and anxiety, loneliness, and
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gastrointestinal and cardiovascular symptoms, confirming that robustness is a combination
of presence of positive protective factors, but is also an absence of risk factors. Factor 2
had salient loadings from all measures of pain, somatic symptom burden (musculoskeletal,
cardiovascular and gastrointestinal), daytime sleepiness, subjective sleep complaints, as
well as symptoms of depression and anxiety. This factor was thus designated as a somatic
vulnerability factor. Factor 3 had salient loadings from all five variables from the acute
phase, with negative loadings from GCS and GOS at discharge from the acute hospital, and
positive loadings from length of ICU stay, AIS_head and a direct pathway to rehabilitation.
This factor was designated as an injury severity factor.

New factor analyses were conducted, one for each factor. Anxiety and depression
were cross-loaded on factors 1 and 2 and were selected for inclusion in the psychosocial ro-
bustness factor due to stronger loadings. Likewise, the GSCL subscales for gastrointestinal
and cardiovascular symptoms were cross-loaded on factors 1 and 2 and were selected for
inclusion in the somatic vulnerability factor due to higher loadings and more conceptual
overlap. The final factor analyses supported the unidimensionality of the three factors, and
the factors demonstrated good to adequate factor reliability. See Table 2 for final factor
loadings and reliability indicators.

Table 2. Factor loadings for the final unidimensional factor analyses of self-reported independent
variables (N = 96). Squared loadings and explained variance therefore refer to only those variables
included in each of the three factor analyses. For an overview of the primary factor analyses, see the
Supplementary Materials (Table S5).

Factors
Psychosocial Robustness Somatic Vulnerability Injury Severity
Behavioral Inhibition —0.55
Trait Neuroticism —0.90
Trait Extraversion 0.63
Trait Conscientiousness 0.56
Trait Optimism 0.69
Loneliness -0.70
Anxiety Symptoms —0.64
Depressive Symptoms —0.76
Resilience-Perception of Self 0.84
Resilience-Planned Future 0.64
Daytime Sleepiness 0.48
Insomnia Severity Index 0.48
Pain-Affected Regions 0.74
Strongest Pain 0.84
Weakest Pain 0.64
Average Pain 0.88
Current Pain 0.73
Gastrointestinal Symptoms 0.61
Musculoskeletal Symptoms 0.84
Cardiovascular Symptoms 0.53
AIS_head 0.58
Length of ICU Stay (days) 0.58
GCS at Discharge —0.67
GOS at Discharge —0.77
Direct Pathway to Rehabilitation 0.71
Extraction Sums of Squared Loadings 49 48 22
(% of variance in included variables) (49.0%) (48.0%) (44.4%)
Cronbach’s alpha 0.91 0.89 0.80
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3.5. Multiple Regression

Results from the blockwise multiple linear regression of fatigue in the sample with
complete data are shown in Table 3. Age, education and gender had no significant associa-
tions with the fatigue factor (Model 1), and the model explains a non-significant amount of
variance in fatigue. The injury severity factor did not in isolation contribute significantly to
the model in the second regression block.

Table 3. Blockwise multiple linear regression (N = 96). Unstandardized (B) and standardized coeffi-
cients (B) are reported. Adjusted R? shows the model-explained variance, and the F change-statistic
is a test of the improvement from the previous model. Standard errors (SE) shown are calculated
from bootstrapping. The final column shows the 95% confidence interval for the unstandardized
coefficients (B) in Model 3. ™ not significant, * p < 0.05, *** p < 0.001.

Model 1 Model 2 Model 3 95% CI
B B (SE) B B (SE) B B (SE) Lower Upper
Constant —0.08 (0.14) —0.08 (0.11) —0.08 (0.09) (—0.25 0.09)
Age (Centered) 0.01 0.00 (0.01) 0.00 0.00 (0.01) —0.01 —0.00 (0.01) (—0.01 0.01)
Education (Centered) 0.00 0.00 (0.04) 0.01 0.00 (0.01) 0.10 0.05 (0.04) (—0.02 0.13)
Female 0.17 0.41 (0.26) 0.17 0.40 (0.27) 0.12 0.29 (0.18) (—0.08 0.65)
Injury Severity 0.13 0.14 (0.11) 0.16 * 0.18 (0.08) (0.01 0.34)
Psychosocial Robustness —-0.17* —0.17 (0.09) (—0.34 —0.01)
Somatic Vulnerability 0.59 *** 0.60 (0.08) (0.46 75)
Adjusted R? 0.001 0.001 0.442
F Change 0.89 s 1.65M 36.8 ***

In Model 3, psychosocial robustness was significantly negatively associated with
fatigue, and somatic vulnerability showed a strong positive association with fatigue. The
injury severity factor entered in the previous block now showed a barely statistically
significant effect. While the effects for the psychosocial robustness factor and the injury
severity factor were significant, the confidence intervals bootstrapped for their coefficients
border on zero, and as such, demonstrate less robust effects than the somatic vulnerability
factor. This final model explains 44.2% of the variance in the fatigue factor.

3.6. Post Hoc Analyses

Due to the non-inclusion of the neuropsychological measures in the factors derived
from earlier steps, correlations between the residuals of the regression analysis and the
neuropsychological measures were inspected. The residual from the final regression model
was negatively associated with mental flexibility (CWIT-4, n = 90, r = —0.27) and sustained
attention (CPT-III CoV block change, n = 95, r = —0.20). For exploratory purposes, a com-
posite score of these two measures was added in a final block in the blockwise regression
(n = 89). The results overlapped considerably with those from the primary regression
model. The addition of the neuropsychological composite variable in the final block led to
a significant increase in explained variance up to 51.6%. However, the neuropsychological
composite score was negatively associated with the injury severity factor (n = 89, r = —0.23),
and its inclusion suppressed the association of the injury severity factor below significance
(see Table S6 in the Supplementary Materials).

Finally, the relative importance of each variable loading upon the three factors was
explored in univariate regression models, with the fatigue factor as the dependent variable.
For univariate regression coefficients and explained variance, see Tables S7-S9 in the
Supplementary Materials. The anxiety, depression and the resilience subscale, planned
future, had the strongest univariate impact on fatigue in the psychosocial robustness factor.
In the somatic vulnerability factor, all variables explained a significant amount of variance
in fatigue, but the GSCL musculoskeletal symptoms subscale demonstrated the strongest
positive association. Finally, for the injury severity factor, effects were in general weak,
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and only the Direct Pathway to Rehabilitation and AIS_head demonstrated significant
univariate associations with fatigue.

4. Discussion

The present study aimed to explore dimensions underlying various biopsychosocial
constructs commonly associated with fatigue six months following TBI. In line with the
notion of fatigue as being influenced by both injury-specific and general risk factors, this
study examined the relationship between a multitude of variables that have previously
been associated with fatigue after TBI, and several fatigue outcome measures. The results
highlight that three underlying factors related to psychosocial robustness, somatic vulner-
ability and injury severity can be identified, providing a clearer picture of the somewhat
fragmented literature on protective and risk factors for post-TBI fatigue.

4.1. Unidimensionality of Post-TBI Fatigue

Regarding fatigue levels, our findings confirm variations between measures. On the
FSS, the patients reported similar levels of fatigue interference as those seen in the general
population [48]. On the CFQ, however, the sample reported fatigue symptoms approxi-
mately one standard deviation above the normative average [51], and on specific items, 60%
reported increases in tiredness and their need for rest. Our findings support the notion that
the majority of patients with TBI experience increased levels of fatigue, while many, despite
their symptoms, report little to no interference from fatigue during the first 6 months. This
aligns with the findings by Kjeverud et al. [38] in stroke patients, which were interpreted
as a dissociation between fatigue severity and fatigue interference. Some patients may
experience more fatigue following injury but are able to compensate successfully such that
it does not interfere with the roles and activities pertinent to their daily life. Additionally,
many patients were still on sick leave at the time of measurement, which could contribute
to a low degree of functional interference due to decreased environmental demands.

Despite these variations, the items from the included fatigue PROMS demonstrated
good reliability and considerable unidimensionality in our factor analytic approach, indi-
cating that the measures seem to measure a uniform concept. The single fatigue item from
the RPQ also demonstrated good correspondence with the other measures, which support
the utility of this single item in clinical practice, and items from the GSCL fatigue subscale
also aligned well along the unidimensional fatigue factor. Items 1 and 2 from the FSS did
not load saliently on the fatigue factor, in line with previous studies of the FSS in patients
with, e.g., stroke [75], and were thus not included.

4.2. Biopsychosocial Dimensions-Relevance for Fatigue

Through factor analyses, we evaluated overlap and underlying dimensionality among
self-reported PROMS of biopsychosocial constructs often associated with fatigue. Two
salient factors were extracted, which we termed psychosocial robustness and somatic
vulnerability. These factors showed some overlap with regard to anxiety and depression,
as well as gastrointestinal and cardiovascular symptoms, showing that there are some
commonalities between them despite the parsimonious structure selected. A third factor
was found, termed as an injury severity factor based on strong loadings from injury-related
severity indices from an acute hospital stay. In the subsequent multivariate regression
analyses, somatic vulnerability, psychosocial robustness and injury severity factors all
demonstrated significant associations with fatigue, explaining 44.2% of variance in fatigue
6 months after TBI.

Somatic vulnerability demonstrated a particularly strong and robust association with
fatigue, in line with the literature linking pain and fatigue as central comorbidities [22,76],
and earlier studies in the TBI population [23,25]. This factor explained 39% of the variance
in fatigue in isolation, in essence contributing most of the explained variance in the mul-
tivariate regression models. Subsequent univariate post hoc regression analyses showed
that all the variables underlying this dimension contributed significantly to the association
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between somatic vulnerability and fatigue. Notably, the GSCL subscale for musculoskeletal
symptoms explained more variance in fatigue than the somatic vulnerability factor in
large, indicating that nonspecific musculoskeletal pains are particularly crucial markers for
somatic vulnerability and the factor’s association with fatigue in this sample.

The association between psychosocial robustness and fatigue supports earlier findings
linking resilience with less fatigue after TBI [77]. Trait extraversion, conscientiousness and
optimism seemed to align with resilience factors in this protective dimension, while trait
neuroticism, loneliness, behavioral inhibition and psychological distress were placed on
the opposite side of this dimension, confirming that absence of negative emotionality is
a prominent feature of psychosocial robustness. Associations between high neuroticism,
low extraversion and low conscientiousness and fatigue have been demonstrated in mild
TBI [34] and other populations [78]; thus, these findings are in line with previous findings.
While trait extraversion, trait conscientiousness and trait optimism did load heavily on
this protective dimension, they were not significantly associated with fatigue 6 months
post-injury in isolation. Conversely, measures of state and trait negative affectivity (state
depression and anxiety, and trait neuroticism to a lesser degree) and resilience (planned
future, and to a lesser degree perception of self) were essential to the relevance of psychoso-
cial robustness for fatigue in our sample. The resilience subscale for planned future pertains
to the perception of the future as manageable and predictable through goal-directedness
and structure, while the subscale for perception of self relates to self-efficacy and potential
for growth through adversity. These constructs thus align well as opposites to anxiety
and depression.

The association between fatigue and injury severity became significant when con-
trolling for psychosocial robustness and somatic vulnerability. Among the underlying
injury-related variables, only the direct pathway to rehabilitation and the AIS_head demon-
strated significant univariate associations with fatigue in post hoc regression analyses,
indicating that anatomical brain injury severity combined with early functional status
are particularly relevant. Post hoc analyses furthermore demonstrated that a measure of
mental flexibility suppressed the association between the injury severity factor and fatigue,
indicating that the injury severity factor from the acute phase and the resulting cognitive
deficits in mental flexibility after six months overlap in their contributions to fatigue.

A visual representation of the findings is provided in Figure 2.

4.3. Implications for Rehabilitation

The fact that fatigue was strongly associated with functional status 6 months post-
injury is in line with earlier findings. The results illustrate that fatigue is associated with
everyday functioning and point to the importance of addressing fatigue in rehabilitation [2].
While fatigue is a severe problem for many patients with TBI, there is nevertheless con-
siderable heterogeneity, with some patients reporting little to no fatigue interference in
everyday life. Understanding which patients are at risk of developing persistent fatigue
and functional interference from fatigue, and why, is crucial in improving our care for this
patient group.

While more severe injuries are accompanied by greater sensory-motor and cognitive
deficits, and accordingly might necessitate greater compensatory efforts in returning to
mental and cognitive activities, initial injury severity indices were inconsistently associated
with fatigue in our study. Our findings showed that some brain injury severity indices
and having a direct pathway to rehabilitation were weakly associated with fatigue. The
latter finding may likely be interpreted as a proxy for functional status, as patients with
severe symptoms were more likely to be transferred to rehabilitation, irrespective of injury
severity measures. The injury severity factor was only associated with fatigue when
controlling for robustness and vulnerability, confirming that other risk factors for fatigue
are intertwined with injury severity initially, but can be disentangled when adjusted for.
For instance, patients with relatively mild injuries, but who suffer from co- or premorbid
pain or depression, may be at high risk for fatigue despite mild injuries. While having
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a high degree of somatic vulnerability and low degree of psychosocial robustness might
contribute to an increased risk of fatigue in isolation, injury characteristics serve as an
independent risk as well, although these associations are less robust.

Figure 2. A visual representation of the findings from our study. Note that cognitive function is
marked by a dotted box, so as to illustrate that these effects were found in post hoc analyses with a
slightly smaller sample due to missing data. Double-sided arrows imply within-time associations,
while one-sided arrows imply unidirectional influences. Green arrows imply positive correlations,
and red arrows imply negative correlations. Parentheses signify variables with significant loadings
on the factor, but with no significant contribution to fatigue when inspected in isolation.

Our findings also underline the importance of the contribution of various biopsy-
chosocial protective and vulnerability factors. Somatic symptom burden and especially
pain emerge as important associated factors with fatigue following TBI, which should be
considered as central targets for rehabilitation. The exact nature of the relationship between
fatigue and pain cannot be deduced based on our cross-sectional design, but until further
longitudinal research sheds more light on these relationships, the possibility of temporal
and bidirectional influences should be considered. Rehabilitation efforts addressing fatigue
should therefore also address concurrent risk factors for fatigue. This can be achieved
through holistic rehabilitation programs. New methods such as virtual reality have shown
promising results in the treatment of pain, emotional symptoms, and fatigue, and should
be explored [79,80].

This study furthermore demonstrates the importance of taking into account protective
factors which might buffer against fatigue. Aspects of resilience such as perceiving the
future as manageable and predictable, and self-efficacy in the face of adversity, were
negatively associated with fatigue. On the opposite side of the same dimension, lower
levels of loneliness and negative effects are positively associated with fatigue. The findings
indicate that rehabilitation efforts aimed at helping patients re-establish a coherent sense
of self and their future, and to reconnect with social resources, might lessen their risk of
fatigue in the early stages of rehabilitation. This latter point was supported in a recent
qualitative study [81], in which the use of social support was identified as a promising
treatment angle for breaking vicious cycles for perpetuation and exacerbation of fatigue
after brain injury.
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4.4. Limitations

This study examined cross-sectional associations between fatigue and related con-
structs but did not allow for inferences regarding directional influences. Furthermore,
while dimensions derived from factor analyses provide a parsimonious structure to the
relations between various predictors of fatigue, one cannot eliminate possible within- and
between-factor dynamics, such as premorbid trait neuroticism influencing the post-injury
development of anxiety and depression, which could again influence fatigue. Our post hoc
analyses furthermore demonstrated that the variable loading on each factor contributed to
different degrees of fatigue when viewed in isolation. Finally, our study has a relatively
modest sample size, and generalizations of the results to other cohorts should be made
with caution. Of 450 patients with intracranial injury admitted to the Neurosurgery de-
partment in the study period, we assessed 55% for eligibility and included 21.3% of the
total population. The mean age and the gender ratio included are in line with the TBI
population included in the quality database [44]. However, our sample is weighted toward
moderate and severe injuries (77%) compared with those included in the quality database
(57%). Thus, the results may not be generalizable to those with milder intracranial injuries.

Ideally, a somewhat larger sample would have to be investigated to provide better
estimates of essential parameters (particularly factor loadings and regression coefficients)
in the population in question. However, while the parameter estimates could be more
accurate, and small sample sizes tend to increase the liability to Type II errors, and we see
no reason to doubt the general pattern of findings from the study.

5. Conclusions

Through the exploration of factors associated with fatigue following TBI, this study
has demonstrated that factors related to fatigue after TBI might be described along three
dimensions, i.e., psychosocial robustness, somatic vulnerability and injury-related fac-
tors. Within these factors, somatic symptom burden (especially pain), depression, anxiety,
positive perceived prospects for the future, loneliness daytime sleepiness, subjective in-
somnia, anatomical severity of injury and being referred directly to rehabilitation services
all demonstrated relevance for fatigue 6 months post-injury. These factors, while having
varying importance, illustrate the breadth of biopsychosocial underpinnings for fatigue
following TBI.

The findings illuminate potential tangible treatment targets in rehabilitation of fatigue
after TBI and may guide future research aimed at establishing evidence-based treatment
options. More research is needed to understand potential dynamic interactions between
fatigue and the associated vulnerability and protective factors, and to understand how
these may develop over time.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jem11061733/s1, Table S1: Bivariate correlations between PROMS
of fatigue. Table S2: Bivariate associations between fatigue PROMS, sociodemographic variables and
injury-related factors. Table S3: Bivariate correlations between fatigue PROMS and neuropsycho-
logical measures. Table S4: Bivariate correlations between fatigue PROMS and PROMS of related
constructs. Table S5: Structure matrix with variable loadings for the primay factor analysis after
oblique rotation (Oblimin), with factor correlations. Table S6: Post-Hoc Blockwise multiple regression.
Table S7: Coefficients and explained variance in the fatigue factor (outcome variable) from univariate
regression models with the Psychosocial Robustness factor and the individual variables loading onto
this factor. Table S8: Coefficients and explained variance in the fatigue factor (outcome variable)
from univariate regression models with the Somatic Vulnerability factor and the individual variables
loading onto this factor. Table S9: Coefficients and explained variance in the fatigue factor (out-
come variable) from univariate regression models with the Injury Severity factor and the individual
variables loading onto this factor, as well as the neuropsychological measures and their composite.
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Abstract: The objective was to investigate the relationship between early global cognitive functioning
using the Barrow Neurological Institute Screen for Higher Cerebral Functions (BNIS) and cognitive
flexibility (Trail Making Test (TMT), TMT B-A), with long-term outcome assessed by the Mayo-
Portland Adaptability Index (MPAI-4) in severe traumatic brain injury (sTBI) controlling for the
influence of cognitive reserve, age, and injury severity. Of 114 patients aged 18-65 with acute Glasgow
Coma Scale 3-8, 41 patients were able to complete (BNIS) at 3 months after injury and MPAI-4 5-8
years after injury. Of these, 33 patients also completed TMT at 3 months. Global cognition and
cognitive flexibility correlated significantly with long-term outcome measured with MPAI-4 total
score (rgnis = 0.315; rryr = 0.355). Global cognition correlated significantly with the participation
subscale (r = 0.388), while cognitive flexibility correlated with the adjustment (r = 0.364) and ability
(r = 0.364) subscales. Adjusting for cognitive reserve and acute injury severity did not alter these
relationships. The effect size for education on BNIS and TMT scores was large (d ~ 0.85). Early
screenings with BNIS and TMT are related to long-term outcome after sTBI and seem to measure
complementary aspects of outcome. As early as 3 months after sTBI, educational level influences the
scores on neuropsychological screening instruments.

Keywords: traumatic brain injury; cognition; neuropsychology; patient outcome assessment; execu-
tive function; education; prognosis

1. Introduction

Traumatic brain injury (TBI) is a major cause of lifelong disability in young adults [1,2].
The most severe form of TBI (sTBI) is characterized by great variance in outcome, from
death to favorable outcome [3]. Predictors of long-term outcome for individual patients
is uncertain, but long-term follow-up studies suggest that a combination of demographic,
injury-related, and cognitive factors contribute [4-7]. Cognitive deficits are common follow-
ing sTBI and affect work, leisure, and daily living activities [8]. Measuring cognitive deficits
using a full neuropsychological assessment is time-consuming, and in the early stages
after sTBI, it might not be feasible due to physical injuries and patients’ lack of stamina. A
shorter screening of cognitive functions might therefore be preferable, but it needs to be
ensured that shorter screenings capture cognitive functions important for outcome.
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One easily administered cognitive screening instrument is the Barrow Neurological
Institute Screen for Higher Cerebral Functions (BNIS [9]). Previous studies have shown that
BNIS is related to outcome after sTBI measured with the Glasgow Outcome Scale-Extended
(GOSE) [7,10]. Since TBI may affect many areas of functioning as well as community
integration and emotional adjustment, it would be of value to measure outcome with more
detailed outcome scales. The Mayo-Portland Adaptability Index (MPAI-4 [11]) has been
developed specifically to measure these aspects of outcome after brain injury and has been
demonstrated to be a valid and reliable instrument [12,13]. To our knowledge, no studies
have been published relating BNIS to more detailed measures of long-term outcome after
sTBI. Additionally, BNIS does not include any specific measures of executive functions.
Given that deficits in executive functions are related to functional outcome after TBI, a brief
executive test, such as Trail Making Test (TMT [12]), could be used in order to complement
BNIS [14,15].

Age and acute injury severity consistently play a part in outcomes after sTBI [16].
Additionally, cognitive reserve, usually approximated by educational level, has been
found to influence both the score on neuropsychological tests, including BNIS, and the
outcome after sTBI [10,12,16,17]. However, a relationship between cognitive reserve and
a test score does not automatically imply a relationship between test score and recovery.
When investigating the relationship between cognitive screening and functional outcome
after sTBI, it is therefore important to take age, injury severity, and cognitive reserve into
consideration. Following sTBI even though most improvement is believed to take place
within the first year, changes in functional outcome, both improvements and deterioration,
can continue for several years. Given that TBI often affects young individuals, who are
expected to live for decades with their injury, it is important to conduct studies with a longer
follow-up interval [18]. In the Swedish health care system, 3 months after injury most
patients are still undergoing inpatient rehabilitation. It is at this time point that discussion
about likely long-term outcomes often becomes relevant for patients and relatives as they
start to plan for life after hospital care. A better understanding of factors contributing to
long-term outcomes would be of use to patients, relatives, and health-care staff in planning
for continued rehabilitation and support services.

In the present study, the primary aim was to investigate the relationship between
findings from early cognitive screening, using BNIS and TMT, and long-term (5-8 year)
outcome assessed with MPAI-4 in sTBI. A secondary aim was to investigate whether
cognitive reserve, as approximated by educational level, age, and acute injury severity,
influences this relationship.

2. Materials and Methods

This study is a 5-8-year prospective longitudinal observational study of patients in-
cluded in the multicenter research project “Probrain”. Probrain recruited patients (n = 114)
during initial neurosurgical care from five neurosurgical intensive care units in Sweden
and one in Iceland from January 2010 to December 2011. Follow-up was performed at the
Swedish units from September 2016 to September 2018. Inclusion criteria for the Probrain
study were as follows:

1. Severe nonpenetrating, TBI, with a lowest nonsedated Glasgow Coma Scale (GCS) [19]
score of 3-8 in the first 24 h after injury;
2. Ageatinjury: 18-65 years;
3. Injury requiring neurosurgical intensive care or collaborative care with a neurosurgeon
in another intensive care unit.
Exclusion criterion was death within 3 weeks of injury. For detailed methodological
information, please see earlier published studies [10].
Inclusion for patients in this study was a completed BNIS assessment at 3 months after
injury and a completed MPAI-4 assessment at follow-up 5-8 years after injury.
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2.1. Participants

In the long-term follow-up, 63 patients from the five neurotrauma centers from Sweden
participated. Due to logistical reasons, two centers followed up a randomized sample of
patients, resulting in seven patients not being invited to participate in the 5-8-year follow-
up. MPAI-4 was completed by 54 patients, of whom 41 had completed BNIS 3 months after

injury. For more details, see Figure 1.
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Figure 1. Flowchart of the Probrain long-term follow-up study.
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There were no significant differences in age, gender, or educational level between
the 41 patients included in the current study and the 73 excluded patients. However, the
included patients had significantly higher acute GCS scores compared with those excluded.

2.2. Procedure

Patients were evaluated at 3 weeks, 3 months, 1 year, and 5-8 years after injury
(mean of 6.6 years). In the current study, data from the 3-month screening and the 5-
to 8-year follow-up were used. The 3-month time point was chosen as an earlier time
point would result in too few patients being able to complete screening, and a later time
point would be less relevant from a clinical standpoint, as patients are more likely to be
discharged from the hospital at 1 year after injury. Furthermore, a previous article from
the Probrain project found that cognition was rather stable between the 3-month follow-up
and the 1-year follow-up, thus making it redundant to use data from both time points [10].
Assessments took place in the patient’s current care setting or in a local rehabilitation
outpatient department. The 5- to 8-year follow-ups were conducted either in combination
with a visit to the local outpatient department or by post. Data regarding education were
obtained by interviews with patients and/or significant others. Educational level was
dichotomized as high (>12 years) and low (<12 years). At the 3-month screening, patients
were interviewed, and the BNIS was administered, by either a clinical neuropsychologist
or a physician specializing in rehabilitation medicine. GOSE was assessed, and MPAI-4
was administered at the 5- to 8-year follow-up. In case MPAI-4 was administered both in
connection with a visit to the care facilities and by post, the highest score was chosen.

2.3. Instruments
2.3.1. BNIS

The BNIS is a cognitive screening test of global cognitive functioning, encompassing
speech and language function, orientation, attention/concentration, visuospatial and visual
problem solving, memory, affect, and awareness [9]. The test includes a prescreen test with
a maximum score of 9, and patients must achieve at least two points on each of the items
for the assessment to continue. A full BNIS has a maximum score of 50, where higher scores
reflect a higher level of functioning. If the total BNIS score is below 47, further cognitive
investigation is recommended. BNIS takes approximately 15-20 min to complete.

2.3.2. TMT

TMT assesses attention, processing speed, sequencing, mental flexibility, and visual-
motor skills [12]. TMT contains two parts: In part A, numbers are required to be connected
as fast as possible in numerical order. Part B is similar, but now the subject is required to
alternate between numbers and letters, adding a component of executive functioning. The
primary outcome variable is completion time. By calculating the difference between the
completion time of TMT B and TMT A, a measure of cognitive flexibility is produced [20].
TMT has been proven to be sensitive to neurological impairment [12].

2.3.3. MPAI-4

MPAI-4 consists of 30 questions aimed at assessing commonly occurring difficulties
after brain injury. The score ranges from 0 to 111, where a lower score indicates better
recovery. The instrument consists of three subscales: ability index, adjustment index, and
participation index. The ability index measures sensory, motor, and cognitive abilities;
the adjustment index measures mood and interpersonal interaction; and the participation
index measures social contacts, initiation, work/school, and money management. Previous
studies have demonstrated good person reliability (0.92) and item reliability (0.94) [11].
MPAI-4 is linked to the International Classification of Functioning, Disability, and Health
and is an established tool for investigating long-term functional outcome after TBI [21]. The
instrument covers areas of physical, cognitive, emotional, behavioral, and social problems
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that persons with brain injury can encounter and furthermore contains assessments of areas
where problems commonly arise when patients are reintegrated in society [11].

2.3.4. CRASH Model

In order to control for acute injury severity, the acute injury composite (corticosteroid
randomization after significant head injury, CRASH) was used, representing a % risk of
unfavorable outcome at 6 months, as calculated and used in previously published studies
on the Probrain material [22]. The crash composite score includes data collected within
the first 24 h regarding GCS, pupillary reaction, presence of major extracranial injury,
age, country, and five CT-brain features [23]. A higher score indicates a greater risk of
unfavorable outcome.

2.3.5. GOSE

GOSE score spans from 1 (dead) to 8 (upper good recovery). Traditionally, a score in
the range of 14 is considered an unfavorable outcome, and a score in the range of 5-8 is
considered a favorable outcome. The GOSE has good interrater reliability and validity and
is an established measure of global outcome after traumatic brain injury [24]. GOSE was
included as a descriptive variable in order to more fully depict the patient group.

2.4. Analysis

Statistical analyses were computed using the Jamovi statistical software [25]. A sig-
nificance level of 0.05 was used for all statistical tests. Differences in demographic char-
acteristics between groups were analyzed with Student’s f-test for parametric data and a
Mann-Whitney and X2 test for nonparametric data. For measures of effect size, Cohen’s d
was used, where 0.2 is considered a small effect size, 0.5 medium, and 0.8 large. In order to
analyze the relationship between results on neuropsychological screening and outcome
according to MPAI-4, correlation analysis with Spearman’s rho was used. To investigate
the effect of the controlling variables on the relationship between results on neuropsy-
chological tests and outcome, linear regression was used. Since the MPAI-4 subscales are
not independent of each other, linear regression on the total score was not used. Three
linear regressions were computed for BNIS and cognitive flexibility separately, one for
each MPAI-4 subscale score, which was used as the dependent variable, in total six models.
CRASH and educational level were added as independent variables to adjust for age, injury
severity, and cognitive reserve. Age is included in the CRASH model and, therefore, not
entered separately in the linear regression model.

2.5. Ethics

The study was approved by the Regional Ethics Committee of Stockholm (numbers
2009/1644/31/3 and 2016/1465-31/4). The patient gave written informed consent in cases
where he or she had the capacity to do so. In the majority of cases, the patient lacked
capacity, and the patient’s nearest relative gave consent.

3. Results
3.1. Demographics
At 3 months, 74 patients were able to complete BNIS, and out of these, 41 patients also
completed MPAI-4 at the long-term follow-up (Figure 1). Of these 41 patients, 38 had data
on educational level, and 33 of them also had TMT data. MPAI-4 was completed by the
patients themselves in 22 cases and in 13 cases by rehabilitation personnel. For 6 patients,
MPAI-4 was completed both by rehabilitation personnel and the patients themselves. In
these cases, the differences between scores were usually small (median = 2 points).
Descriptive statistics of demographic variables, neuropsychological screening scores,
MPAI-4, and GOSE for the included patients are presented in Table 1. The high education
group was significantly younger than the low education group. No other significant
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differences were found between educational groups, although according to Cohen’s d, there
was a large effect size of educational level on BNIS and TMT scores.

Table 1. Descriptive statistics for all participants, separated by educational level.

Total n = 41 Low Educationn =13  High Educationn =25  Effect Size Cohen’s d
Age* 35.6 (13.7) 465 (11.2) 35.6 (13.7) 0.85
Gender (M/F) 30/11 11/2 17/8
CRASH 73 (55.5-83) 76 (49-80) 66 (56-85) 0.006
BNIIS total score * 42 (35-46) 39 (34-42) 44 (39-47) 0.66
Cogpitive Flexibility 53 (32-82) 68 (32-97) 43 (32-59) 0.85
(TMTB-TMTA)
MPATI-4 total score ** 21 (5-36) 19 (5-40) 22 (3-31) 0.20
MPAI-4 ability ** 7 (2-16) 4(2-13) 6 (2-14) 0.06
MPAI-4 adjustment ** 8 (1-17) 7 (1-18) 8 (1-15) 0.08
MPAI-4 participation * 5 (0-8) 6 (0-12) 4(0-7) 0.30
GOSE ** 7 (5-8) 6 (5-8) 7 (5-8) 0.04
Note: Values are displayed as median and interquartile range (IQR) for nonparametric data and mean and
standard deviation for parametric data (age). TMT missing data are 2 in the low education group and 6 in the
high education group. Mann-Whitney was used for examining differences between the groups, except for age,
where a Student’s t-test was used. * value at 3 months’ follow-up. ** value at 5-8 years’ follow-up.
3.2. Screening Instruments and MPAI-4 in Relation to Demographic Variables
Significant correlations between demographic variables and BNIS score, Cognitive
Flexibility rpts-TmTA), and MPAI-4 can be seen in Table 2. There were no significant gender
differences on any of the measures. In the high education group, seven patients (28%) were
above the cut-off value of 47, indicating no cognitive dysfunction, compared to one patient
(8%) in the low education group.
Table 2. Correlation for neuropsychological tests and MPAI-4 with age and injury-related variables.
BNIS 7 = 41 Cognitive MPAI-4 Total Score MPAI-4 Ability MPAI-4 Adjustment MPAI-4 Participation
- Flexibility rvrs-rmta) 7 = 32 n=41 n=41 n=41 n=41
Age ~033* 0.052 ~0.14 -023 ~0.20 013
GCs 0.041 0.097 0.14 ~0.19 ~0.053 -022
CRASH . . -
with CT —0.007 0.11 -038 ~0.36 ~0.44 -0.26
*=p<0.05,* =p<00L
3.3. Relationships between Neuropsychological Screening and MPAI-4
There were significant correlations between both BNIS and Cognitive
Flexibility ryrp-TmTa) @nd BNIS and total score on MPAI-4 (Table 3). Dividing MPAI-
4 into subscales revealed that it was primarily the participation subscale that was related to
BNIS score, while for Cognitive Flexibilitytyrp-tmta), this correlation was driven by the
adjustment and ability subscales.
Table 3. Correlation between MPAI and neuropsychological screening instruments.
MPAI-4 Total Score MPAI-4 Ability MPAI-4 Adjustment MPAI-4 Participation
BNIS (1 = 42) 032 ~028 ~0.15 ~039*
Cognitive flexibility(rrp-va) (2 = 32) 036* 036* 0.36* 0345

*=p<0.05,5=p=0.06.
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3.4. Regression Analysis

Linear regression was used to assess the independent effect of BNIS and Cognitive
Flexibility rpra-tmTa) On functional outcome. When adjusting for acute injury severity and
educational level (Table 4), linear regression analysis showed that BNIS was significantly
and independently related to outcome according to the participation subscale on MPAI-4;
Cognitive Flexibilitytvrp-rmTa), however, was not. For the MPAI-4 ability and adjustment
subscales, Cognitive Flexibility tvrp-rmTa) but not BNIS was significantly and indepen-
dently related to outcome (Table 4). For the adjustment subscale, acute injury severity was
also independently and significantly related to outcome in the model both with BNIS (esti-
mate = —0.200, p = 0.020) and with Cognitive Flexibility ryrp-Tvmra) (estimate = —0.2246,
p = 0.006). Educational level was not significantly and independently related to outcome in
any of the models.

Table 4. Linear regression investigating the relationship between neuropsychological screening
instruments and MPAI, adjusting for acute injury severity (including age) and educational level.

Unadjusted Adjusted R-Square
Est. 95% CI Est. 95% CI Adjusted Model

MPAI-4 ability BNIS —0.32 —0.72-0.077 —00.26 —0.73-0.20 0.12
Cognitive Flexibilityryrp-tmra) 0.060 ** 0.016-0.10 0.059 * 0.0026-0.11 0.25

MPAI-4 adjustment BNIS —-0.10 —0.50-0.30 —-0.18 —0.66-0.30 0.18
Cognitive Flexibilityrmrp-tmra) 0.068 ** 0.020-0.12 0.076 ** 0.021-0.13 0.41

MPAI-4 participation BNIS —-0.32* —0.59-0.057 —0.41* —0.74--0.074 0.21
Cognitive Flexibility rymrp-tmra) 0.033 * 0.00034-0.067 0.029 —0.012-0.070 0.26

*=p <0.05 * =p <0.01. Separate linear regression models for BNIS and cognitive flexibility for each MPAI-4
outcome scale. In the adjusted models, CRASH and educational level are used as adjusting variables.

When Cognitive Flexibility ryrg-tmta), CRASH, and educational level were included
in the model, the MPAI-4 adjustment subscale model was found to be statistically significant
(F(3,25) = 5.73, p = 0.004). No other models reached statistical significance.

4. Discussion

The present study investigated the relationship between findings from early cognitive
screening using BNIS and TMT and long-term outcome assessed with MPAI-4 in sTBI
by considering whether this is influenced by cognitive reserve, age, and injury severity.
We found that both BNIS and Cognitive Flexibilityryrp-tmta) correlated with long-term
outcome after sTBI measured with a MPAI-4 total score. When considering the MPAI-4
subscales, we found that BNIS correlated with the participation subscale of MPAI-4, while
Cognitive Flexibility rvrs-rmra) mainly correlated with the adjustment and ability subscale.
Adjusting for cognitive reserve and acute injury severity did not significantly alter these
relationships. The results also show, except for the model regarding the adjustment scale
containing the variables Cognitive Flexibility rmtp-rmTa), CRASH, and educational level,
that very little of the variance was explained by these variables. This strongly suggests
that there are other variables, besides results on cognitive screening, age, and acute injury
severity, that influence outcome after sTBL.

Nonetheless, these results suggest that early screening with TMT and BNIS can be
used as a tool to help predict later outcomes for patients with sTBI and that these two tests
seem to measure different aspects of outcome. Scores on BNIS are related to participation,
both independently and when adjusting for confounders. The participation subscale mainly
reflects community integration, including a return to work, and our results are in line with
previous research emphasizing the link between cognition and return to work [26]. Cogni-
tive Flexibility rvrp-tmTa) did not correlate significantly with the participation subscale.

The ability subscale in MPAI-4 measures problems with both motor and cognitive
abilities and did not correlate with the BNIS score, neither on its own nor when adjust-
ing for controlling variables. The ability scale does, however, correlate with Cognitive
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Flexibility rvrp-TmTa)- A possible explanation is that Trail Making requires more motor
skills compared with BNIS, thereby requiring more of the abilities that the ability scale
is measuring. Still, one might have expected a correlation between BNIS and the ability
scale since both measure cognitive abilities. The lack of relationship might be due to the
fact that rating problems with cognitive abilities are not the same as measuring cognitive
function. Prior research has found that subjective measures of cognitive problems have a
stronger relationship with a concurrent emotional state than with objective cognitive test
measures [27]. An alternative explanation is that individuals with better cognitive function
participate more in daily life, according to the correlation between scores on BNIS and the
MPAI participation subscale. Greater participation, for instance, more leisure activities, and
higher rate of employment likely lead to greater cognitive demands and, therefore, possibly
the same amount of experienced cognitive problems in spite of having higher ability.

There was no relationship between BNIS and the MPAI adjustment index, which rates
problems with psychological well-being and social interaction. However, acute severity of
injury (CRASH) and the score for Cognitive Flexibility tyirp-tmra) Were both moderately
related to outcome on the adjustment scale, acute injury severity slightly stronger than
Cognitive Flexibility rvrs-tmra). The relationship between the CRASH index and the MPAIT
adjustment index indicates that CRASH not only can predict mortality but is also related
to functional outcome, as have been seen in previous studies [28]. Impaired executive
functions have also previously been demonstrated to affect functional outcome negatively,
including social functions [14], and difficulties seem to increase with more severe forms
of TBI [29]. Executive function is a broad concept that also encompasses aspects such
as impulse control, emotion regulation, and motivational drive [12]. In this study, only
one aspect of executive function was examined, namely, cognitive flexibility. In order to
learn more about the relationship between executive impairments and outcome on MPAI-4
subscales, a more detailed assessment of the executive function would be needed.

We found that as early as 3 months after sTBI, a large effect, according to Cohen’s d,
could be seen between education groups on both BNIS score and Cognitive
Flexibility rvrp-TvTa)- These results were not statistically significant, however, and proba-
bly due to a lack of power. This finding is in line with previous research, which has pointed
out that the effect of education on cognitive measures is strong even in the early stages after
a brain injury, increasing the possibility of misclassifying patients with longer education
as having lesser consequences of their brain injury [9,10,30,31]. In our study, 28% of the
patients with longer education were classified as having no obvious cognitive impairments
from their brain injury 3 months after sTBI, compared with 8% (one patient) in the low edu-
cation group. In the present study, there was also an age difference between the educational
groups, and some of the difference in BNIS scores might be due to the high education group
being younger, as there was a correlation between BNIS score and age. Taken together, our
findings support the risk of misclassifying patients with longer education as having no
cognitive impairments using BNIS, especially if they are also younger.

In the present study, there was no significant difference on outcome according to
MPAI-4 based on the level of cognitive reserve, which differs from that of previous studies.
However, several previous studies have primarily used cognitive measures as outcome vari-
ables, which are more directly influenced by cognitive reserve [32,33]. Nonetheless, other
studies have found that cognitive reserve also influences long-term functional outcome
after TBI, although these studies have used less detailed outcome assessments [6,34].

Study Limitations and Strengths

The main limitation of the present study is the small sample size. This limits the
conclusions that can be drawn from the data, and the study cannot on its own make definite
assumptions on the relationship between neuropsychological screening and long-term
functional outcome. Even though all patients were followed by their local outpatient
rehabilitation unit, their medical follow-up and rehabilitative efforts varied during the
follow-up period. In order to as fully as possible reflect this group of patients, we were
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restrictive with exclusion criteria; the only one was death or expected death within 3 weeks.
This, however, implies that there was less control of medical comorbidities that may have
occurred during this time period. The inability to control for further life events, both
medical and other, is an inherent flaw in many studies following patients over several years
and also greatly restricts the conclusions that can be made from the data.

Initially, over 100 patients were recruited. When considering the incidence of sTBI
and the size of the population in Sweden and Iceland, this could in comparative terms be
considered a large sample, even though in absolute terms it is small. Given that not all
patients could complete a neuropsychological screening and the expected drop-out rate
over time, obtaining a larger sample size for a long-term follow-up of sTBI in Sweden is
difficult. Drop-out analysis revealed that the only significant difference between included
and excluded patients was that included patients had a less severe brain injury according to
their GCS score, probably related to the fact that patients able to complete BNIS at 3 months
are less severely injured. This highlights another limitation of the study; the results are
only generalizable to patients able to complete BNIS at 3 months. The generalizability is
also limited to Sweden or countries with a similar social welfare system. An additional
weak point is the unusual age difference between the educational groups. However, age
was adjusted in the linear regression analysis. A strength of the study is the prospective
design; the patients were followed from time of injury until the 5- to 8-year follow-up. We
also applied a more nuanced estimate of acute injury severity, using CRASH instead of
GCS, thereby better controlling for this variable.

5. Conclusions

These findings indicate that for patients able to complete screening with BNIS as
well as TMT 3 months after sTBI, these screening instruments are valuable tools that help
estimate patients’ long-term outcome after sSTBI. Nevertheless, given the small sample size,
the results should be interpreted with caution. The instruments measure different aspects
of cognition and seem to relate to different aspects of outcome, thereby complementing
each other well. Both are relatively easily administered tests that do not require extensive
training to use, but consideration should be given to educational level when interpreting
neuropsychological test scores. It would be of value to develop education and age-separated
norms for both BNIS and TMT. As executive functions include a broad range of functions,
it would also be of interest to further explore the impact of various executive impairments
on long-term outcome after sTBL
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Abstract: Age is a risk factor for a host of poor outcomes following traumatic brain injury (TBI),
with some evidence suggesting that age is also a source of excess disability. We tested the extent to
which age moderates the effect of injury severity on functional trajectories over 15 years post injury.
Data from 11,442 participants from the 2020 National Institute of Disability and Independent Living
Rehabiitation Research (NIDILRR) Traumatic Brain Injury Model Systems (TBIMS) National Dataset
were analyzed using linear mixed effects models. Injury severity was operationally defined using
a composite of Glasgow Coma Scale scores, structural imaging findings, and the number of days
with post-trauma amnesia. Functioning was measured using the Glasgow Outcomes Scale-Extended.
Age at injury was the hypothesized moderator. Race, ethnicity, sex, education, and marital status
served as covariates. The results showed a significant confounder-adjusted effect of injury severity
and age of injury on the linear slope in functioning. The age effect was strongest for those with mild
TBI. Thus, the effects of injury severity on functional trajectory were found to be moderated by age.
To optimize outcomes, TBI rehabilitation should be developed specifically for older patients. Age
should also be a major focus in TBI research.

Keywords: brain injury; traumatic; age; functional impairments; recovery trajectory; injury severity

1. Introduction

Age is a risk factor for a host of poor outcomes following traumatic brain injury
(TBI), a major public health problem in the U.S. [1] and globally [2]. Older patients with
TBI have a higher mortality [3,4], worse functional outcomes [5-7], weaker community
reintegration [8], a greater likelihood of re-injury [4], and more emergency department
visits compared to younger ones [9].

In addition to its direct effects on important outcomes, some evidence suggests a
role for age in excess disability [10,11]. This refers to the phenomenon that some patients’
recovery is worse than would be expected given their relatively mild degree of pathology,
whereas others with more severe pathology emerge with better functional outcomes than
anticipated. Thus, TBI patients” functional outcomes may seem disproportionate to their
objective level of pathology. Excess disability is commonly observed and has been studied
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in diverse clinical populations [12,13]. Understanding the factors that account for it has
important clinical implications: A factor that accounts for excess disability should be a focus
of research and, if possible, intervention. Thus, if the effect of injury severity on functioning
depends on the individual’s age at the time of injury, such that an older age is associated
with more negative trajectories, efforts to more effectively tailor rehabilitation to the needs
of older TBI patients with milder injuries could help to improve rehabilitation outcomes.

The existing research provides evidence of considerable excess disability in TBI and
implicates age as a major factor in it. Several studies have reported worse outcomes for
older patients, despite their having milder TBIs. For example, Susman et al. [3] found a
higher mortality in patients 65 or older with milder injuries compared to younger ones.
Marquez de la Plata et al.’s [5] study of age and 5-year functional recovery revealed older
patients to have less severe TBI upon admission but worse functional decline subsequently.
Livingston and associates [14] reported a worse functional status at discharge and less
improvement at one year in TBI patients 60 or older compared with younger ones. In
addition, the poorer functional outcomes began to appear even in patients between 45 and
59 years.

In these studies, poorer outcomes occurred despite patients having a milder TBI
upon admission. The present study extends that research by explicitly testing whether
age moderates the effects of injury severity on recovery trajectories—that is, whether age
interacts with injury severity to affect the trajectory of functioning.

The focus on trajectories of functioning rather than outcomes at single points in time
further distinguishes the present study from previous research. Functional trajectories are
important TBI-related outcomes [15], especially because TBI becomes chronic for many indi-
viduals [16]. Indeed, TBI has been called a chronic and even a dynamic condition [8,17,18].
Functional trajectories address the arc of this recovery experience. For this reason, trajecto-
ries have a particular clinical relevance in research on aging with TBI. Using the National
Institute for Disability, Independent Living, and Rehabilitation Research (NIDILRR) Model
Systems National Dataset [19], the present study calculated the trajectories of functional
recovery [3,5,8] and examined the role of age at time of injury as a possible moderator of
injury severity on these trajectories.

Investigating the role of age in TBI rehabilitation outcomes is especially impor-
tant in light of the aging of the population, the growing prevalence of TBI in the older
age group [20], and their relatively poor outcomes [21]. Dams-O’Connor et al. cited a
20-25 percent increase in U.S. trauma center admissions for TBI among those >75 years,
relative to the general population, between 2007 and 2010 [22]. These trends have led to
a greater recognition of TBI’s importance in the older population [23]. Nevertheless, the
effects of age on TBI recovery are still understudied and clinical guidelines underdevel-
oped [24].

The present study tested the possible moderating effect of age at injury on recovery
trajectories up to 15 years post injury. This is a meaningful length of time to capture the
change in functioning in chronic TBI. In addition to examining the confluence of injury
severity and age of injury on the change in functioning over time, we also tested the
prediction that age and severity of injury would be unique sources of change in functioning
over time in persons with TBL

2. Method
2.1. Participants

The present study utilized data from the NIDILRR Traumatic Brain Injury Model
Systems (TBIMS) National Dataset. Than 17,000 were new cases collected in 2020 data base
that was sufficiently severe to require hospitalization. All had received comprehensive
inpatient rehabilitation services at one of the NIDILRR-funded centers in the United States.
Data were collected in person at the time of injury, with follow-up interviews by telephone
at one, two, and five years post injury and at five years intervals after that. To be eligible,
participants must have experienced an injury-related event (e.g., external mechanical force)
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and met at least one criterion for moderate or severe TBI (post traumatic amnesia lasting
>24 h, abnormal neuroimaging abnormalities, or Glasgow Coma Scale score < 13); been
16 years of age or older at injury; presented to a TBIMS acute care hospital within 72 h of
the injury; received both acute hospital care and comprehensive rehabilitation within the
TBIMS; and been able to provide consent or have a family member or legally authorized
representative who could provide consent. The criteria for inclusion are described more
fully elsewhere [25].

The sample size for the present analysis was 11,442. This secondary analysis was
approved by the Villanova University Institutional Review Board.

2.2. Measures

Injury Severity. Classification of TBI severity (mild, moderate, severe) generally takes
into account five criteria: Glasgow Coma Scale (GCS) scores [26], structural imaging
findings, length of time with loss of consciousness, alternation of consciousness, and
post-trauma amnesia [27]. The TBIMS dataset includes data on GCS score, structural
imaging findings, and amnesia for some participants but no data for loss of consciousness
or alteration of consciousness. Therefore, we used the available criteria to develop an
algorithm to estimate injury severity, as follows: Patients who scored 13-15 on the GCS or
had post-trauma amnesia (PTA) for less than 1 day and had no structural imaging findings
were classified as mild; patients at any level of GCS who did have a positive imaging
finding and had PTA for 2-6 days were classed as moderate; and those who had positive
imaging findings and PTA lasting longer than 7 days or a GCS score less than 9 were
classified as severe.

Functional Impairment. The Glasgow Outcomes Scale-Extended (GOS-E) is a 20-item
disability scale focusing on the major areas of functioning affected by TBI (e.g., traveling
independently; social and leisure activities; disruption in social relationships). It is a self-
report measure administered at each follow-up interview. Wilson et al. [28] developed a
structured interview to improve on the original GOS, extending the rating categories to
eight levels of functional limitations, on which 8 = “no functional limitations.” Deceased is
coded 0. Therefore, higher scores indicate better functioning.

Sociodemographic characteristics. Sex, race, years of education, and marital status were
examined as possible covariates. Race was coded White vs. non-White, and marital status
as married vs. not married (single, divorced, separated, widowed).

2.3. Procedure

Initial interviews were held in the in-patient facilities where patients were treated for
their TBI. Follow-up interviews were conducted by telephone.

Data Analysis. Data were analyzed using SAS 9.4 (SAS Institute, Cary, NC, USA). After
performing descriptive statistics, linear mixed effects models were used to address our
primary aims. First, we fit a series of unconditional growth models using the methods
outlined by Singer and Willet [29] to establish the best curvature of the slope for functioning
over the 15-year post-acute time period. The final model included the following fixed effects:
a linear time effect (represented by years post-injury); a quadratic time effect (represented
by years post-injury squared), which together represent the nonlinear form of the trajectory
of change in functioning; the age of injury (representing the effect of age on functioning
at the beginning of the post-acute phase); the injury severity (representing the effect of
injury severity on functioning at the beginning of the post-acute phase); an age by injury
severity interaction (representing the differential effects of severity on functioning by age
at the beginning of the post-acute phase); an age by linear time and an age by quadratic
time effect (representing the effect of age on the change in functioning over time); and an
age by injury severity by linear time interaction effect and an age by injury severity by
quadratic time interaction effect (representing the confluence of age and injury severity on
the change in functioning over time). We also adjusted for the effects of race, marital status,
education, and sex on the initial status in functioning. Random effects for the intercept

85



J. Clin. Med. 2022, 11, 2477

and the linear slope were included in the model to allow for subject-specific differences in
the initial status for functioning (represented by intercept variance) and the trajectories of
change (represented by the slope variances).

Mixed effects models are an especially advantageous analytic framework for questions
about the predictors of change trajectories because random effects allow one to model
person-specific differences in slopes as the outcome of interest. In addition, mixed models
use maximum likelihood estimation, which allows for the maintenance of all observations
with complete data on the predictor variables in the analysis as long as they have at least
one data point to contribute to the outcome variable. This makes them preferable to
repeated measures ANOVA-methods, which use listwise deletion when a case is missing
any observations on the outcome.

3. Results

Table 1 presents the sociodemographic characteristics of the participants in the study
sample at the time of injury.

Table 1. Sociodemographic characteristics of sample at year 1 post injury (n =11,442).

Mean (SD) Range Percent (n)
Age 40.6 (18.7) 16-88
Sex (% male) 73.6 (8420)
Race (% White) 69.7 (7860)
Hispanic ethnicity (% Hispanic) 10.3 (1177)
Education (number of years) 12.5(2.9) 1-20
Marital status (% married) 33.9 (3972)

SD: Standard deviation.

In reference to the primary aim, the findings revealed a significant confounder-adjusted
effect of age of injury on the linear slope in functioning over the years beyond the post-acute
treatment phase. The effect of age was strongest for those with mild TBI, y = —0.0037,
SE = 0.0004 ¢t = —8.51, p < 0.001. For those with moderate TBI (GCS scores between 9 and 12)
and severe TBI (GCS < 8), the effect of age was less pronounced, y = —0.0028, SE = 0.0005
t=—528p <0.001; and y = —0.0024, SE = 0.0003 f = —6.95 p < 0.001, respectively, showing
that the impact of injury on age is less evident for those with more severe injuries. The
estimated marginal means of functioning over time for age of injury, ranging from 20 years
to 80 years, in 10-year increments are shown in Figure 1, panels A, B, and C for mild,
moderate, and severe injuries, respectively.

The quadratic slope also differed by age of injury in all severity groups, meaning that
the curvature of the trajectory of functioning differed by age. As an inspection of Figure 1
indicates, older age led to a steeper decline in all severity groups. Inspection of the figure
panels indicates that age effects are manifested across the age span, with the trajectory of
recovery sloping downward by age 50 at all severity levels.

The effect was again strongest in the mild group (y = 0.0002, SE = 0.00004 t = 4.52,
p <0.001) and smaller in the moderate and severe TBI groups (y = 0.00011, SE = 0.00005
t=2.27p = 0.024; and v = 0.00010, SE = 0.00003 t = 2.87 p = 0.004), respectively. Table 2
presents confounder-adjusted model estimates, presented in the Singer and Willet format [29].

86



J. Clin. Med. 2022, 11, 2477

GOS-E Score

Severity Group = MILD

Severity Group = MODERATE

Severity Group = SEVERE

)
)

T T T T

T
10 15 0 5 10

0 5
Years following TBI
Age at TBI
20 30 40 50 6 70

Figure 1. Functioning over time for age of injury in 10-year increments from 20 to 80 years, with
the three panels representing mild, moderate, and severe injuries, respectively. TBI: traumatic brain
injury; GOS-E: Glasgow Outcomes Scale-Extended.
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Table 2. Confounder-adjusted mixed-effects model predicting functioning over time.

v (SE)
Fixed effects
Model for initial status at 1 year post-acute injury
Intercept 5.254 (0.076) <0.001
Age at injury —0.015 (0.001) <0.001
Injury severity (mild) 0.691 (0.065) <0.001
Injury severity (moderate) 0.775 (0.069) <0.001
Injury severity (severe) [reference] - -
Age x injury severity (mild) 0.0056 (0.0025) 0.026
Age x injury severity (moderate) 0.00009 (0.0027) 0.972
Age x injury severity (severe) [reference] - -
Covariates
Racial and/or ethnic minority —0.407 (0.032) <0.001
Non-Hispanic white [reference] - -
Female —0.111 (0.033) <0.001
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Table 2. Cont.

Y (SE) 4
Male [reference] - -
Married 0.120 (0.034) <0.001
Nonmarried [reference] - -
Years of education 0.105 (0.005) <0.001
Model for linear slope
Intercept 0.185 (0.013) <0.001
Age x injury severity (mild) —0.0037 (0.0004) <0.001
Age x injury severity (moderate) —0.0028 (0.0005) <0.001
Age x injury severity (severe) —0.0024 (0.0003) <0.001
Model for quadratic slope
Intercept —0.011 (0.0013) <0.001
Age x injury severity (mild) 0.00020 (0.00004) <0.001
Age x injury severity (moderate) 0.00011 (0.00005) 0.024
Age x injury severity (severe) 0.00010 (0.00003) 0.0041
Random effects
Level 1 o2 (SE)
Within-person 0.946 (0.032)
Level 2 72 (SE)
Initial status 1.894 (0.037)
Linear slope 0.0030 (0.00047)

Notes. Total sample size after adjustments for covariate missingness, N = 11,442. SE: Standard error.

The analysis also revealed significant main effects for injury severity and age, as well
as the predicted interaction effect of age injury severity, as noted. When an interaction is
detected using this method, however, a main effect cannot be interpreted independently,
making it difficult to make global statements about the effect of the interacting variables.
Nevertheless, as is clear in the plot, there was little difference between the mild and
moderate groups at baseline regardless of age. If anything, the moderate group might
have had slightly higher GOS-E scores than the mild group, whereas the severe group was
always lower than the other groups at baseline, regardless of age.

4. Discussion

The study findings confirm that the effect of injury severity on functional trajectory is
moderated by age. Thus, the predictive validity of injury severity for functional trajectories
is conditional on the individual’s age at the time of injury, with older people experiencing
worse functional trajectories. This indicates that excess disability (i.e., weak associations
between injury severity and functional outcomes) is heavily attributable to age.

These findings are consistent with previous research documenting age effects on out-
comes at specific points in time. The present study extends those findings to functional
trajectories [3-5,9] as the outcome of interest and confirms the moderation-by-age hypothe-
sis. In addition, the present data confirm the finding that age effects are already manifest in
middle age [14,30]. Thus, the adverse effects of age are not limited to the oldest age groups.

How can we account for the moderating effect of age on functional trajectories? The
steeper downward functional trajectories are likely to reflect normal aging processes or
comorbidities of aging. In the absence of data from a non-TBI population, there is no way
to assess this. In addition, data on comorbidities that may impair functioning were not
available and therefore could not be examined as mediators or moderators. For example,
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the presence of TBI is associated with the development of neurodegenerative disease later
in life [19], which may affect future functional decline. The GOS-E scale measures disability
in independence, social activities, and social relationships. Research on specific areas of
functioning decline measured within the GOS-E in older adults with mild TBI (mTBI) may
provide further insight into where rehabilitation services should be targeted to improve
functioning or prevent decline as they age.

A potential factor in age-associated excess disability may be frailty. This has various
definitions [31], with common components being weakness, slowness, exhaustion, low
activity, and weight loss [32]. Frailty affects fifteen percent of community-dwelling persons
over 65 years of age, with another forty-five percent considered pre-frail [33]. Frailty
influences not only a person’s response to injury but also the response to treatment and
resulting outcomes. Could older adults with mTBI (in addition to those with moderate and
severe) have frailty contributing to falls that lead to more functional decline over time? In
Abdulle and associates’ [34] study of 161 older adults with mild TBI, fewer than a quarter
fully recovered from their injuries. A majority of the frail older adults were left with a
significantly worse disability compared to the non-frail.

Despite its role as a risk factor for poor rehabilitation outcomes, frailty is not always
assessed clinically. Frailty is thought to be reversible, especially among those considered
pre-frail [35]. In adults with TBI, the assessment of frailty at time of injury and continuously
throughout the post-injury phase may be useful in predicting functional decline. Future
research should investigate whether frailty screening and frailty-focused intervention can
mitigate functional decline or excess disability. If so, targeted interventions may improve
frailty and prevent its progression, decreasing excess disability in the TBI population.
Indeed, the International Initiative for Traumatic Brain Injury Research Consortium of
leading health-care professionals has argued for further understanding of the relationship
between frailty and TBI [36].

A caveat when interpreting the relatively steep downward trajectories for older indi-
viduals is that the GOS-E includes several questions about employment. Retirement, more
common among older individuals than younger ones, may produce spuriously low GOS-E
scores for older individuals, suggesting that their functioning is lower than it actually is. A
second caveat is that all individuals with mTBI in the TBIMS sample had received inpatient
rehabilitation services, suggesting that they may have more problems than typical mTBI
patients. Their GOS-E scores may be lower than expected in persons with mTBIL.

Although older individuals overall showed worse functioning over time in all levels
of TBI severity, especially steep declines were observed among those with mTBI. This was
an unexpected finding. Several lines of speculation are possible. First, geriatric patients
with mTBI may have received less inpatient rehabilitation than older ones with moderate
and severe TBI [37]. Since inpatient rehabilitation is important for maximizing recovery,
provider bias against rehabilitation for older individuals should be minimized [38]. This
argues for specialized neurologic rehabilitation services for this subgroup to prevent the
excessive disability that is documented in the present study.

A further consideration is that some comorbidities, especially PTSD and depression,
occur more commonly in mild TBI than in moderate or severe. Clinical depression is more
common after a mild TBI than after moderate or severe in patients of all ages [38,39]. PTSD
is also more common in mTBI than in moderate or severe [40,41]. Such mental health
sequelae of mTBI could contribute to functional decline over time, and their predominance
in mTBI may help account for the worse functional trajectories in that group of older
individuals. Another speculation is that many TBIs in older adults may be misdiagnosed as
milder than they really are, perhaps owing to missed structural imaging findings (i.e., false
negatives). Such missed findings might occur in older individuals because of age-associated
biological changes such as a decrease in brain volume that may mask hemorrhaging in the
brain. Thus, some patients with more severe injuries may be misclassified as mTBI [42].

Clinical Implications. Standard rehabilitation may be less beneficial for older patients
than younger ones due to changes attributable to normal aging and comorbidities common
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in older age. Geriatric rehabilitation for TBI should differ from standard rehabilitation
in specific ways [42—44]. Allowing a longer period of time may accommodate a slower
trajectory of improvement. Rehabilitation may require more repetition and sustained
rehearsal, especially for patients with cognitive impairment. Maintenance rehabilitation
may be needed, geared toward sustaining optimal functioning over time. Activities may be
directed by family caregivers, as well as self-directed.

Falls are also a major issue [9] both because they are a major cause of TBI in older
adults and because of the likelihood of recurring falls. Medications that cause hypotension
or dizziness or are dopaminergic may increase the risk of falling and should be avoided.
Anticoagulant use increases the risk of serious bleeding in falls in older adults with TBI [43].
Poor balance also increases the risk of falls and should be assessed and remediated. Patients’
fear of falling may have serious implications for activity engagement, risk of deconditioning,
and recurring falls. A study by Bandeen-Roche and colleagues [33] revealed that half of
frail older adults in the U.S. had experienced a fall in the previous year. Frailty might
therefore amplify the excess disability seen in TBL

Findings also highlight the needs of those with chronic TBI for some form of rehabilita-
tion. By five years post injury, little rehabilitation is typically being delivered to patients [42].
Those who need continuing help are a neglected population. Rehabilitation treatments that
continue into the chronic phase should be designed, tested, and implemented [45].

Research Implications. The present findings raise the question of why older patients
with TBI fare worse than their injury severity would predict. The high prevalence of
comorbidities in older adults with TBI may account for it. Such comorbidities are a powerful
negative prognostic indicator of recovery, as several studies TBI have shown [46,47]. Kumar
and colleagues’ [48] study of 393 TBI patients with moderate and severe TBI evaluated the
impact of physical, mental, and total health burden on functional and life satisfaction up
to 10 years post injury. Their findings demonstrated the long-term impact of comorbidity
on recovery from injury. Perhaps comorbidity burden or particular comorbidities mediate
the effect of age on functional recovery. The TBI Model Systems Database does not include
data on comorbidities that would allow additional analyses with these variables. Until
mediators of age effects on TBI recovery are identified, it will be difficult to know how
to intervene clinically. Therefore, a promising direction for future research should be the
mediation analyses of comorbidities or other factors that could explain why age affects
TBI outcomes.

5. Conclusions

The growing number of older adults in the population and their increasing repre-
sentation in the TBI population highlight the importance of age as a crucial factor in TBI
outcomes. These trends underscore the need for further attention to age effects on TBI
recovery. This should be a major focus of research and clinical attention in the future.
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Abstract: Traumatic brain injury (TBI) is a heterogeneous condition with long-term consequences for
individuals and families. Goal-oriented rehabilitation is often applied, but there is scarce knowledge
regarding types of goals and goal attainment. This study describes goal attainment in persons in the
chronic phase of TBI who have received an individualized, SMART goal-oriented and home-based
intervention, compares goal attainment in different functional domains, and examines indicators
of goal attainment. Goal attainment scaling (GAS) was recorded in the intervention group (n = 59)
at the final session. The goal attainment was high, with 93.3% increased goal attainment across all
goals at the final session. The level of goal attainment was comparable across domains (cognitive,
physical /somatic, emotional, social). Gender, anxiety symptoms, self-reported executive dysfunction,
and therapy expectations were indicators of goal attainment. These results indicate a potential for
the high level of goal attainment in the chronic phase of TBI. Tailoring of rehabilitation to address
individual needs for home-dwelling persons with TBI in the chronic phase represents an important
area of future research.

Keywords: traumatic brain injury; goal-oriented rehabilitation; home-based rehabilitation; community-based
rehabilitation; SMART; goal attainment scaling (GAS)

1. Introduction

Traumatic brain injury (TBI) is a costly condition with long-lasting impact for many
individuals [1-3]. Persons who suffer a TBI might experience a variety of consequences,
including difficulties with physical, cognitive, emotional, behavioral, vocational, and social
functioning. Many experience persistently reduced quality of life and restrictions in com-
munity participation [4-9]. Families are also affected and may have to adapt to a new life
with their injured family member being dependent on their assistance and support [10-14].
It has been increasingly recognized that TBI is a chronic condition with multiple and in-
teracting effects on health and wellbeing [15-18], as a significant proportion of patients
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continue to experience life-long difficulties and impaired functional status [8,19-22]. A
challenge in rehabilitation after TBI is the heterogeneous nature of sequelae. Moreover,
the patient’s specific difficulties interact with contextual and psychosocial factors [23,24].
Hence, many individuals are in need of long-term support from health care services. Ev-
idence suggests that rehabilitation can be effective in reducing symptom burden and in
improving participation and quality of life, and also for those who experience persisting
symptoms [25-28]. However, evidence suggests that one-third of patients with chronic TBI
have unmet needs related to cognitive, emotional, and vocational functioning [29], and
that certain symptoms, such as neuropsychiatric sequelae, might often be overlooked in
rehabilitation [30].

Rehabilitation efforts have become increasingly focused on enhancing patient involve-
ment [31], and person-centered rehabilitation has been shown to have positive effects
on occupational performance and rehabilitation satisfaction [32]. Goal-oriented rehabil-
itation with patient involvement is considered a key approach to rehabilitation [33,34],
and has been shown to increase patient satisfaction and adherence [35], as well as im-
prove self-efficacy, health-related quality of life and emotional status. There is, however, a
need for more methodologically rigorous studies involving the use of individualized and
specific treatment goals [36]. Although some studies have demonstrated the utility of a
goal-oriented approach in tailoring rehabilitation efforts to the heterogeneous functional
difficulties due to persistent TBI symptoms [37,38], more high-quality studies are needed
on the effect of such approaches in the chronic phase of TBI.

Although goal-oriented rehabilitation seems promising in chronic TBI, there might also
be individual differences in the suitability of the approach. Many advocate that a high level
of patient involvement is necessary in goal-oriented rehabilitation [34,39-41], and that pa-
tients with cognitive impairments are susceptible to being less involved in goal setting [42].
Cognitive impairment might, thus, lead to difficulties both with setting goals and with
achieving them and should be explored when evaluating goal attainment [43]. Impaired
self-awareness might be a particular challenge for patients with TBI, potentially influencing
goal setting and engagement in rehabilitation [44]. Some studies have identified fatigue
and emotional difficulties as potential barriers to early goal-oriented rehabilitation [45].
In addition, individual factors such as self-efficacy, tenacity, and motivation have further
been identified as potential moderators of goal attainment [43,46,47]. To our knowledge, a
systematic investigation of the degree to which cognitive impairment, emotional distress,
demographic factors (i.e., age, gender, education), and/or injury-related variables predict
goal attainment in the chronic phase of TBI has not yet been explored.

Despite the focus on goal-oriented rehabilitation over the past decades, conceptual
terms vary, theoretical frameworks are often lacking [48,49], and there is a need to de-
scribe goal attainment [40,50], as goal attainment is rarely reported [51]. The SMART goal
approach is frequently applied, i.e., setting goals that are Specific, Measurable, Achiev-
able, Relevant, and Timed. Furthermore, the use of goal attainment scaling (GAS) [52]
to measure goal attainment seems to be the best available alternative [53]. GAS is a sys-
tematic scoring of individualized goals in specific areas, which allows comparison of goal
attainment across individualized goals and patients. GAS has been shown to be reliable,
valid, and to have satisfactory responsiveness, as well as being sensitive to change [54].
Recently, Trevena-Peters, McKay [55] published results from a randomized controlled trial
(RCT) supporting the effectiveness of an intervention to improve activities of daily living
during post-traumatic amnesia, providing detailed results from GAS. A feasibility study
of a project-based intervention for acquired brain injuries also detailed goal attainment
results [56]. However, the studies neither provided information on the attainability of goals
in distinct domains, nor did they investigate predictors of goal attainment.

The current study is modeled after a goal-oriented, home-based rehabilitation program
shown to be effective in improving TBI-specific problem areas nominated by participants
and which was shown to be highly acceptable for both patients and family members [57].
The current study represents an expansion and development of this approach in a different
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cultural setting (i.e., Norway), in a civilian sample, and with more severe injuries. The
design was expanded by including SMART goals and GAS scoring within a randomized
controlled trial, resulting in the combination of an individually targeted and standardized
intervention approach. In addition to reporting group-based outcomes on standardized
measures in the RCT, the design allows for exploration of the functional domains where
individuals with TBI report a need for rehabilitation efforts. It also allows description of the
degree to which setting individualized goals within the individual problem areas results in
positive goal attainment. The study thus addresses several of the weaknesses in the current
literature that have been noted above.

Aims

The primary aim was to describe goal attainment in persons with persistent symptoms
of TBI in the chronic phase. We hypothesized that participants would achieve goal attain-
ment at expected levels. A second aim was to explore the functional domains of SMART
goals established in the chronic phase and to determine whether goal attainment varied
according to functional domains. We hypothesized that SMART goals would be related
to physical/somatic, cognitive, emotional, and social problem areas typically seen in the
chronic phase of TBI, and that goal attainment was achievable in all functional domains.
Thirdly, we explored variables that might be associated with goal attainment, such as age,
injury severity, and cognitive and emotional functioning. The existing literature does not
give reason for a strong hypothesis regarding this aim; hence, this approach was considered
exploratory in nature.

2. Materials and Methods
2.1. Participants

Participants were recruited from a two-group RCT conducted in Oslo, Norway. A
detailed description of the study design is provided elsewhere [58]. Recruitment took place
between June 2018 and December 2020. Between-group results of this trial will be published
pending completion of 12 months follow-up assessments. Eligible participants were invited
by letter, screened by phone, and, if eligible, invited to a baseline assessment at Oslo
University Hospital (OUH). A family member was also invited if possible. Eligibility criteria
were patients aged 18-72, with a TBI diagnosis with intracranial abnormalities verified by
either computed tomography or magnetic resonance imaging. The participants had to be
>16 years old at the time of injury, at least two years post-injury, and be living at home.
Furthermore, they had to report ongoing TBI-related problems and/or reduced physical
and mental health and/or difficulties with participation in their everyday life. Exclusion
criteria were severe progressive neurologic or severe psychiatric disorders (including active
substance abuse and violence), inability to provide informed consent, inability to participate
in a goal-setting process, or insufficient fluency in Norwegian. After baseline assessment,
participants were randomized 1:1 to either the control group or the intervention group by an
independent researcher using a randomly generated number sequence. Participants in the
control group received treatment as usual but no additional study-based treatment. Only
patients randomized to the intervention group established SMART goals with subsequent
GAS; hence, only results from the intervention group are reported in the current paper
(n =60).

2.2. Intervention

The intervention group received a home-based intervention consisting of eight contacts
over a 4-month period. Initially, six home visits and two telephone calls were carried out.
Due to the Covid-19 pandemic, some patients were followed up by phone only during
the initial Norwegian lockdown in March-May 2020. A pragmatic solution was adapted
to continue recruitment during the pandemic, and most participants included from May
to December 2020 (n = 17) were offered one to two home visits (first, +last), while six
to seven meetings were conducted by videoconference or telephone. Figure 1 displays
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pandemig, i.e., videoconference (VC) and phone calls replaced some home visits to reduce risk
of infection.

The intervention was manualized and based on the study by Winter et al. [57]. It con-
tained three phases: (1) identification of target problem areas, (2) establishment of SMART
goals and GAS for the selected target problems, and (3) development of an Action Plan
consisting of strategies to achieve the goal. Figure 2 displays an example of an action plan.
Goals were established through brainstorming between the patient, therapist, and family
member, and included identification of needs for support, barriers to change, and current
adaptive strategies to be built upon. There was no upper limit on the number of SMART
goals for each patient, but new goals were not established after session 5. The process of
establishing SMART goals, GAS, and Action plans was based on recommendations for
collaborative goal setting from several authors [50,59,60]. Patients were presented with
visual and verbal information about the SMART approach to goal setting, and the SMART
approach was applied in a flexible manner to increase patient involvement. Specific and
written strategies to be employed to reach the SMART goals were established, based on
collaborative interactions between participants, family members, and therapists. Therapists
suggested a range of therapeutic strategies based on the current evidence base for the spe-
cific target problem area, and a list of common strategies was built up throughout the study
related to recurring functional areas of SMART goals. Therapists reviewed and updated
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these strategies, and specific interventions were adopted to the individual needs of each
patient. For details, see study protocol [58]. Team meetings were held on a regular basis,
ensuring calibration of manual adherence across therapists. Ten percent of the sessions
were observed by a senior professional with TBI expertise to evaluate treatment fidelity.

ACTION PLAN PARTICIPANT

TARGET QUTCOME # 1

Increased negative affect, rumination and feeling like there are no “good” days

SMART GOAL (specific, measurable, achievable, realistic/relevant, timad)

Goal 1.1: Stopping negative thoughts and focus on positive things in my everyday life

Strategies:
* Increase positive feelings:
o Write down three positive things that have happened today before going to bed
List of positive activities — “positive refill” — apply at least 1 per day
*  Wark on my negative thoughts:

o

o Learn about negative thought spirals - Read handout about rumination and mark up
impartant topics for discussion for next session
o Log thoughts-feelings-actions after experiencing negative emaotions
o Learn to apply distraction, distance and discussion
=  Positive supportive thoughts
= Strategies for discussion (8.g., “ask my friend®)
=  Practice recognizing cognitive distortions with reminders from spouse
= 5tart positive refill activity
*  Daily physical activity {wzlking, biking, swimming)
*  Management of fatigue and sleep (s2e goal 2.1)

GAS SCore: GAS levels
:i:::_{f; Refianan Experiznce day as neutral or better (stopped my negative thoughts) 6—

7 days per wesk AND 1 day or more feels like 2 “good day™

+1= & little better than

s et Experience day as neutral or better (stopped my negative thoughts) 5—

7 days per wesk OR

Experience day as neutral or better {stopped my negative thoughts) 4—
E days 2 week AND 1 day or more feels like a "good day”

0= A5 expected” Experience day as neutral or better (stopped my negative thoughts) 4—

5 days per week

—-1= & little worse than

Experience day as neutral or better (stopped my negative thoughts) 2—
gt P ¥ |stopped my neg ughts)

3 days per week

—-2= Much worse than

il Experience day as neutral or better (stopped my negative thoughts) 0—

1 days per wesk

GAS Baseline -2 GAS Session 8 +1

Figure 2. Action plan example with SMART goal, strategies, and GAS. * “As expected” here means
the level you expect to accomplish before the program ends with a reasonable amount of effort.
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2.3. Outcomes
2.3.1. Goal Attainment Scaling

The main outcome measure in this study was goal attainment as measured by GAS
scores, where five levels of goal attainment was agreed upon and established for each
goal. GAS is, thus, subjective for each individual and goal specific. The expected level of
goal attainment (scored as 0) was recorded, as well as two levels below the expected level
(—1, —2; with baseline level being one of these) and two levels above the expected level
(+1, +2). Baseline levels were set to —2 in cases where deterioration was impossible, and
otherwise set to —1. Baseline levels were applied to evaluate change from the time at which
the goal was set to GAS scoring at the last intervention session (session 8). To enhance
precision, GAS levels were defined as specifically as possible, e.g., using percentages or
number of days within the past week, as recommended by Malec [60]. Figure 2 displays an
action plan example. At session 8, patient-reported goal attainment was registered, i.e., the
patient’s own evaluation of their current goal level. In cases of reduced awareness or other
factors influencing the patient reporting of goal attainment, therapist and family members
interacted with the patient to establish consensus.

Descriptive data are provided to depict the number of goals with goal attainment at
the expected level or above, as well as goals with less than expected levels of attainment.
As baseline GAS varied between —2 and —1, change scores were provided to describe
goal attainment. GAS change scores were calculated as the difference between baseline
and session 8 scores, and could, thus, vary between —1 (deterioration) and +4 (maximum
improvement). A mean GAS score per participant was calculated by adding the raw change
score for each goal and dividing the score on the number of goals for the specific individual.

2.3.2. SMART Goal Categorization

To describe the functional domains covered by SMART goals, goals were categorized
by two independent researchers (authors LM.H.B. and S.L.H.) who identified goal themes
based on the wording of each SMART goal. The categories were established earlier in
the study to classify the target problem areas nominated by patients and family members,
based on procedures described by Winter, Moriarty [61] and the International Classification
of Functioning (ICF). See Borgen, Kleffelgaard [62] for an overview of this categorization of
target outcomes. Twenty-four categories were established, which covered four overarching
domains: cognitive, physical/somatic, emotional, and participation/social functioning.
There was full agreement on categorization for 92% of the goals, and disagreements were
resolved by consensus in the research group.

2.3.3. Exploring Variables Associated with Goal Attainment

Indicators of goal attainment were chosen within the domains of demographic vari-
ables, injury characteristics, intervention-related factors, cognitive functioning, global
outcome, and self-reported symptoms. The data included in this analysis were collected
at our outpatient clinic by members of the research team during the baseline assessment
before randomization. Demographic data, i.e., age, work status (work percentage), and
years of education was collected at baseline. Injury-related factors (i.e., injury severity, time
since injury, and cause of injury) were retrieved from medical records. Injury severity was
classified based on the lowest unsedated Glasgow Coma Scale (GCS) score the first 24 h
after injury. GCS scores 3-8 were classified as severe TBI, 9-12 as moderate, and 13-15 as
mild TBI [63]. Intervention-related factors included whether a family member participated
and treatment expectation, the latter measured at session 1 and 3 by asking participants to
rate their expectation that the intervention would be useful for them on a Likert scale from
1-10 (not at all to a very high degree). See Table 1 for an overview of standardized measures
of global functioning, cognition, and self-reported symptoms, and their scorings [64-73].
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Table 1. Standardized outcomes and their applied scaling.

Assessment Domain Measure Name Score Used (Min.-Max.)
Global Outcome GOSE [64] Total score (3-8)
Cognitive functioning
Verbal and visual

abstraction/reasoning Similarities and Matrices, WAIS-IV [65] A dichotomized impairment variable was
Verbal attention and L. established, where impairment was
working memory Digit Span, WAIS-IV [65] defined as at least two test results being
Verbal learning and memory CVLT-II [68] <1.5 standard deviation below the
Processing speed, mental flexibility, Trail Making Tests 1-5 and Color Word normative mean (no/yes) [66,67]
and inhibition Interference Tests 1-4, D-KEFS [69]
Self-reported symptoms
Post-concussive symptoms RPQ [70] Total score (0-64)
Fatigue RPQ item [70] Item score (0, 2—4)
Depressive symptoms PHQ-9 [71] Total score (0-27)
Anxiety-related symptoms GAD-7[72] Total score (0-21)
s . Score of >10 on either scale
Overall psychiatric distress PHQ-9 [71] and GAD-7 [72] (no/yes) [71,72]
Self-reported executive dysfunction BRIEF-A [73] Global Executive Composite t-score

(0-100)

BRIEF-A = The Behavioral Rating of Executive Functions—Adult version, CVLT-II = California Verbal Learning
Test-II, D-KEFS = Delis-Kaplan Executive Functioning Systems, GAD-7 = Generalized Anxiety Disorder 7-item,
GOSE = Glasgow Outcome Scale Extended, PHQ-9 = Patient Health Questionnaire 9-item, RPQ = Rivermead
Post-Concussion Symptoms Questionnaire, WAIS-IV = Weschler Adult Intelligence Scale IV.

2.4. Statistical Methods

All statistical tests were conducted in SPSS, version 26. Descriptions of patients and
categorization of goals, as well as within-group changes in goal attainment from session
1 to session 8 are provided with descriptive statistics. Goal attainment per goal was not
normally distributed, and Kruskal-Wallis H test was chosen to explore differences in goal
attainment between domains. Distribution of GAS scores was assessed by visual inspection
of QQ-plots.

To determine indicators of GAS score at session 8, two analytical approaches were
performed using multiple hierarchical linear regression analyses. In the first approach,
variables based on theoretical, empirical, and clinical experience (“expert model”) were
included in a hierarchical multiple regression analysis to compare models with or without
controlling for baseline scores. Differences between the models were assessed with change
in the explained variance (AR?) and whether this change was significant. In the second ex-
plorative approach all variables associated (p < 0.20) with GAS at session 8 from univariate
regression analyses were included (“explorative model”), also controlling for baseline GAS
levels in a block-wise approach. The chosen explorative variables are outlined above. One
factor from each domain was chosen to avoid multicollinearity. Further, multicollinearity
among exploratory variables was checked using Pearson correlation coefficient (r) or Spear-
man’s tho (p) of 0.7 as a cut off. The results from linear regression analyses are reported by
regression coefficient (3) with 95% confidence interval (CI) and explained variance (R?).
Changes in explained variance between the steps (AR?) and the significance levels are
provided. Missing values of exploratory variables were 5% missing for cause of injury and
6% missing for injury severity. These data were multiple imputed under the assumption
of missing at random. All available data were used to generate 15 imputed datasets. The
results from each imputed dataset were combined to present single estimates.
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2.5. Ethics

The study was approved by the Data Protection Office at OUH (2017/10390). The trial
was registered at ClinicalTrials.gov, NCT03545594.

3. Results
3.1. Participants

Sixty participants were randomized to the intervention group. One withdrew after
session 2 due to personal reasons, while the 59 remaining participants completed the
intervention (session 8) and are included in the analysis. Thirty-nine (66%) had a partic-
ipating family member, of whom 28 (72%) were spouses or domestic partners, 6 (15%)
were parents, and 5 (13%) were other family members, such as siblings. Patient character-
istics are reported in Table 2. In total, 56 (94%) participants participated in all 8 sessions,
while 3 completed 7 sessions. Average length of intervention was 124 days (SD = 11.32;
~4 months).

Table 2. Patient characteristics.

Characteristics Mean (SD)/Median (Range)/n(%)
Demographics
Age,y 43.12 (13.61)
Gender, male 43 (73%)
Education, y 12 (10-20)
Marital status Single 21 (36%)
Married /domestic partner 32 (54%)
Other (widowed, divorced, separated) 6 (10%)
Injury-related factors
Injury severity (GCS) * 8 (3-15)
Mild 16 (27%)
Moderate 9 (15%)
Severe 30 (51%)
NA 4 (7%)
Cause of injury ** Fall 17 (29%)
Transport-related 24 (40%)
Violence 4(7%)
Other * 11 (19%)
NA 3 (5%)
Time since injury ***, y 4(2-23)
Work participation
Work percentage 0 (0-100)
Work status Works full-time 16 (27%)
Works part-time 13 (22%)
Disability /sick leave/retired 30 (51%)

* 1= 55. ** 1 =56. *** n = 58. *: sports- and leisure activities. GCS = Glasgow Coma Scale, SD = standard deviation,
y = years.

3.2. SMART Goals

In total, 151 unique SMART goals were established and rated at session 8, with a mean
of 2.61 (SD = 0.72, range: 1-4) per participant.

3.2.1. Goal Attainment

At session 8, 41 (27%) goals were scored at expected levels of goal attainment (score 0),
55 (36%) goals were scored a little better than expected (score +1) and 42 (28%) goals were
scored much better than expected (+2). Only 11 (7%) goals were scored a little worse than
expected (—1), and 2 (1%) goals were scored as much worse than expected (—2) at session 8.

The median overall GAS change score was 2 (range: —1.0-4.0). At session 8, 141
(93.3%) of the goals showed positive goal attainment (i.e., change scores 1-4), while 1 (0.7%)
goal was with a worse goal attainment than at baseline, and 9 (6.0%) goals were scored
with no change from baseline. The mean raw GAS change score per participant (1 = 59)
was 2.22 (SD = 0.91), and mean improvement per participant ranged from 0.5 to 4.0, i.e., all
participants improved on at least one of their goals. The mean GAS change score at the
individual level is visualized in Figure 3.
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Figure 3. Mean individual change in GAS scores, across all 151 goals.

3.2.2. SMART Goal Domains and Categories

Table 3 displays the 151 SMART goals sorted by domains and sub-categories, with
corresponding goal attainment. Table 3 also demonstrates that the SMART goals were
classified within the same functional domains as target outcomes, confirming that goals
adhered to problem areas initially reported by patients. The three most frequent SMART
goal categories were related to reduced capacity and fatigue, memory difficulties, and sleep
problems. Most goals were set related to physical /somatic functioning, especially regarding
fatigue and sleep. Examples of such goals were “prevent episodes of fatigue >6 (VAS)
during the week” and “maintain a circadian rhythm and get up at a fixed time”. Within
the domain of cognitive functioning most goals were related to memory and cognitive
executive functioning and included goals such as “establish routines to ensure finding
my belongings” and “get started on everyday tasks and stop postponing things”. Goals
regarding emotional functioning were most often related to anxiety and irritability and
included goals such as “be less bothered by worrisome thoughts when going to bed”
and “prevent and deal with episodes of irritability/anger in a calm manner”. Within the
social domain, goals were most frequently related to social communication difficulties and
included goals such as “contribute to a more open and positive family communication” and
“manage to stop losing track and veering off-topic during conversations”. A Kruskal-Wallis
H test was run to determine if there were differences in GAS change scores across the four
goal domains, i.e., cognitive (n = 38), physical/somatic (n = 53), emotional (n = 35), and
social (n = 25). Median GAS change scores were the same for all domains (2), with no
significant differences between them (x?(3) = 2.674, p = 0.445).

3.2.3. Indicators of Goal Attainment

The “expert model” included age, gender, injury severity, and total RPQ-score. The
model showed an R? = 0.128, F (5, 49) = 1.439, p = 0.227. Controlling for baseline levels
gave an R? change of 0.055 and a non-significant F change (p = 0.085).
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Table 3. SMART goal categories and goal attainment at final session.

Below Expectation At Expectation Above Expectation Total
Domain/Category (number of participants) n n n n
Cognitive difficulties 4 (11%) 11 (29%) 23 (60%) 38 (100%)
Attention difficulties (n = 5, 9%) 1 2 4 7
Memory difficulties (n = 15, 25%) 3 6 11 20
Language difficulties (1 = 1, 2%) 0 0 1 1
Cogpitive aspects of executive functioning (1 = 10, 17%) 0 3 7 10
Physical/somatic difficulties 5(9%) 13 (25%) 35 (66%) 53 (100%)
Reduced capacity and fatigue (n = 21, 36%) 2 7 13 22
Pain (n = 4, 7%) 0 0 4 4
Sleep difficulties (n = 11, 19%) 1 1 10 12
Difficulties with motor functions (1 = 6, 10%) 0 5 3 8
Difficulties with dizziness and balance (1 = 7, 12%) 2 0 5 7
Emotional difficulties 2 (6%) 8(23%) 25 (71%) 35 (100%)
Emotion perception and regulation (1 = 3, 5%) 0 0 3 3
Trritability (11 =9, 15%) 1 3 6 10
Anxiety (11 =9, 15%) 0 2 8 10
Depressive thoughts and feelings (1 = 8, 14%) 0 2 6 8
Difficulties with coping with stress (1 = 3, 5%) 1 1 1 3
Difficulties with identity, acceptance, and sense of self (1 = 1, 2%) 0 0 1 1
Social function and participation 2 (8%) 9 (36%) 14 (56%) 25 (100%)
Behavioral dysregulation (1= 1, 2%) 0 0 1 1
Social communication difficulties (n = 10, 17%) 0 3 6 9
Reduced self-sufficiency (1 = 4, 7%) 0 2 2 4
Reduced social participation (1 = 4, 7%) 0 1 3 4
Lack of meaningful activities (1 = 6, 10%) 2 3 2 7
Total 13 (8.6%) 41 (27.2%) 97 (64.2%) 151
Number of participants with goal within each category is given in the left column. Goal attainment levels at
session 8 are given as “below expectation” (score —2 or —1), “at expectation” (score 0), and “above expectation”
(score +1 and +2). The total number of goals per domain/category registered at each level of attainment are given
inn (%).
As the model showed low predictive value, i.e., only predicted 12.8% of the total
variance, univariate regression models were run to determine which explanatory variables
should be included in the exploratory model. Results are presented in Table 4.
The final exploratory model of factors with a significance level <0.2 thus included
gender, anxiety symptoms, self-reported executive function (BRIEF-A GEC t-score), and
treatment expectation at session 3 and GAS baseline levels. This model showed R? of 0.322,
F (5,52) =4.854, p = 0.001. The R? change was 0.116, F change significance was p = 0.005,
i.e., the adjusted model showed complete case (Table 4), and imputed models (data not
shown) showed similar results.
Table 4. Univariate regression analyses of goal attainment at final session (1 = 59).
Exploratory Variables B 95% CI Significance R Square Decision
Demographic factors
Age 0.002 —0.013 to 0.016 0.826 0.001 Discard
Gender 0.327 —0.102 to 0.757 0.133 0.039 Keep
Education (in years) —0.042 —0.125 to 0.040 0.306 0.018 Discard
Percentage work participation (%) 0.002 —0.002 to 0.007 0.272 0.021 Discard
Injury-related factors
GCS score 0.013 —0.034 to 0.060 0.588 0.006 Discard
Cause of injury (fall) 0.039 —0.125 to 0.204 0.633 0.004 Discard
Months since injury 0.000 —0.003 to 0.004 0.886 0.000 Discard
Functional status/symptoms at baseline
Global functioning (GOSE) —0.001 —0.202 to 0.201 0.994 0.000 Discard
Neuropsychology—overall impairment —0.237 —0.623 to 0.149 0.224 0.026 Discard
Self-reported symptoms at baseline
Post-concussion symptoms (RPQ total score) 0.004 —0.012 to 0.021 0.606 0.005 Discard
Fatigue (RPQ item) 0.047 —0.093 to 0.187 0.506 0.008 Discard
Depression (PHQ-9 total score) —0.010 —0.045 to 0.026 0.589 0.005 Discard
Anxiety (GAD-7 total score) —0.032 —0.078 t0 0.014 0.173 0.032 Keep
Psychiatric symptoms (PHQ-9 and /or GAD-7 > 10) —0.072 —0.483 to 0.339 0.726 0.002 Discard
Executive dysfunction (BRIEF-A GEC t-score) —0.023 —0.044 to —0.002 0.032 0.080 Keep
Intervention factors
Treatment expectation at session 1 0.027 —0.074 to 0.127 0.595 0.005 Discard
Treatment expectation at session 3 0.125 0.019 to 0.230 0.022 0.090 Keep
Family member participation 0.099 —0.312 to 0.509 0.633 0.004 Discard

Italics display results at acceptable p-value (<0.20) to be carried forward. BRIEF-A = Behavioral Rating Inventory of
Executive Functioning-Adult version. GAD-7 = Generalized Anxiety Disorder 7-items, GCS = Glasgow Coma
Scale, GEC = Global Executive Composite, GOSE = Glasgow Outcome Scale Extended, PHQ-9 = Patient Health
Questionnaire 9-item, RPQ = Rivermead Post-Concussion Questionnaire.

102



J. Clin. Med. 2022, 11, 958

4. Discussion

This study aimed at describing goal attainment in patients receiving an individually
tailored, home-based rehabilitation intervention and at describing goal attainment in
different goal domains. We also explored indicators of goal attainment at the final session.

Goal attainment was very high. All participants had a positive total goal attainment
change score, which means that all participants improved on at least one of their goals.
The high levels of goal attainment found across patients with different injury severity, time
since injury, current level of functioning, and different goal domains indicated that the
intervention format is well suited for many individuals in the chronic phase of TBI. We
believe that the high level of patient involvement in this study might have resulted in the
high goal attainment seen, as suggested in the literature [74]. Additionally, setting goals
and GAS has been shown to be effective in and of itself [75], which may have contributed
to the results. Goals were categorized as related to either cognitive, physical/somatic,
emotional, or social functioning. The level of goal attainment was equal across goal
domains, which implies that the intervention was sufficiently tailored to allow participants
to work effectively on a broad range of issues.

During baseline assessment in the RCT, patients and family members nominated
target problem areas relating to TBIL. A previously published paper [62] describes domains
and categories of these problem areas. The problem areas reported at baseline were highly
similar to the SMART goal areas reported in the current paper. A few problem areas
reported at baseline were, however, not developed into SMART goals, i.e., visuospatial
difficulties, reduced processing speed, difficulties with sensations, and difficulties with
natural functions. Furthermore, some goal areas were not frequently established, such
as goals related to identity difficulties and behavioral dysregulation. This may suggest
that some problem areas are less easy to translate to SMART goals. If this was the result
of difficulties in operationalizing abstract goal themes when applying GAS, this implies
some limitation to the use of GAS. However, it might also be that abstract themes such as
impaired self-awareness and identity difficulties were addressed while working on more
concrete, everyday activities nominated by the patients, e.g., increased social activity.

The initial investigation of indicators of goal attainment based on theoretical, empirical,
and clinical perspectives, yielded a low predictive model explaining only 12.8% of the
total variance of goal attainment in this sample. As the knowledge base about predictors
of goal attainment is scarce, an exploratory approach was warranted to generate new
hypotheses for future work. This approach suggested that being female, having low
levels of anxiety symptoms, experiencing good executive functioning as well as high
rehabilitation expectations were related to positive goal attainment. This finding should
be interpreted with caution as there is a risk of overestimating the association of single
explanatory variables in univariate regression analyses, and future investigation is needed.
Furthermore, it should be noted that although the exploratory model is significant, the
explained variance is still modest (32.2%), which implies that there are factors associated
with goal attainment that were not included in the current model.

The fact that both demographic factors, emotional symptoms, TBI-related deficits, and
factors relating to the intervention itself may play a role in goal attainment is, however,
not surprising but clinically very important. Rehabilitation is a complex, multifaceted
process that involves many interacting factors, and the identification of active ingredients
in rehabilitation interventions is notoriously difficult [76]. It is not surprising that individual
factors may be associated with intervention outcomes. In our exploratory model, neither
age, education level nor employment status predicted goal attainment. However, women
displayed higher goal attainment. This finding needs replication. The literature on the
influence of gender on outcome post-TBI is mixed [77]. Colantonio and colleagues [78]
found that men reported larger difficulties than women in setting realistic goals, which
might influence goal attainment. Other studies have suggested that women might have
more intact executive functioning and better self-awareness post-TBI, but findings vary,
and other authors have suggested that women show higher levels of self-awareness after
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TBI [79]. Hence, we do not currently have any strong hypothesis regarding this result.
The finding might even be spurious, in that gender is a proxy for a third and unknown
variable. Interestingly, no injury-related factors were predictive of goal attainment. This
could suggest that at the chronic stage of TBI, factors such as injury severity and time since
injury do not play an important role in who benefits from every-day-oriented goal-based
rehabilitation approaches. This supports the findings by Cicerone and colleagues that
individuals with ongoing TBI-related difficulties should be offered support and may also
benefit in the chronic stage, even years after the injury [25,26]. Additionally, self-reported
executive dysfunction was shown to be detrimental to goal attainment, while performance-
based cognitive impairments were not predictive of goal attainment. Thus, this only partly
supports previous findings that cognitive impairment may hinder setting and achieving
goals [42,43]. Despite previous findings that fatigue and emotional difficulties may be
barriers to early goal-oriented rehabilitation in patients with stroke [80], only anxiety levels
significantly predicted goal attainment in the current study. It may be that initial levels of
fatigue and depression are a larger barrier to benefiting from rehabilitation during early
recovery and are more addressable as the target of SMART goals later on. However, anxiety
symptoms were shown to influence goal attainment. Anxiety levels are known to influence
outcome post-TBI, although the directionality of this influence is disputed [81]. One study
by Curran and colleagues [82] suggested that individuals with high levels of anxiety
displayed more negative coping skills, such as worry, self-blame, and wishful thinking,
and to some degree less positive coping skills such as problem solving. Whether anxiety
symptoms in themselves are detrimental to goal attainment, or whether anxiety is a proxy
for a variable such as coping skills is uncertain, and this finding also needs replication.
The finding that a positive expectation that the treatment could be beneficial during
the third but not during the first session was predictive of goal attainment, was highly inter-
esting. The finding may suggest that patient expectations are essential for goal attainment.
However, as the wording of this question was the degree to which the participant expected
that they would benefit from participating in the program, and that this belief was only
predictive after participating in two or more sessions (and not at the very first session), it is
likely that their response was influenced by their perceived level of therapeutic alliance.
Although therapeutic alliance has received most attention in the field of psychotherapy,
it has also been recognized as an important factor in brain injury rehabilitation (see [83]
for a discussion). However, positive expectations might also be related to factors not
measured in the current study. For example, the level of self-awareness may influence
therapeutic alliance [44]. It may also be that expectations of change were influenced by the
level of participant self-efficacy caused by the experienced improvement or lack thereof
during the first three sessions. Self-efficacy, tenacity, and motivation have been previously
shown to be predictive of goal attainment [34,41,44,45]. Future investigations should in-
clude measures of both therapeutic alliance, self-efficacy, and self-awareness in addition
to change motivation to provide a clearer understanding of this interesting finding. The
finding also indicated that treatment expectations should be discussed with patients early
on in treatment, as this may play a role in treatment outcome. In summary, despite being
exploratory, the current analyses provide hypotheses for further investigation of factors
associated with goal attainment. Such investigations might be highly important to ensure
a better understanding of what helps and what hinders goal attainment in rehabilitation,
which again could help improve outcomes and ensure necessary tailoring of interventions.

Limitations

This work has some limitations that should be recognized. Firstly, the comparability of
goal attainment across patients when delivering an individualized intervention is always
uncertain, and although the intervention was manualized, the specific content was tailored
to the individual patient. However, the individualized nature of the intervention is also
thought to be a major strength, given the heterogeneous nature of long-term symptoms of
TBI, and because it allows participants to define for themselves what areas are important
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for them to work on, further enhancing patient involvement. Secondly, the efficacy of this
intervention has not yet been established. Although this study is based on a similar RCT,
which did demonstrate significant between-group effects [55], effects have not yet been
investigated in our sample pending final outcome assessments. This entails that we do not
yet know whether the high level of goal attainment is accompanied by improved partici-
pation and quality of life, which are the primary outcome measures in the RCT. However,
high goal attainment is an important positive finding regardless of group average changes
on global outcome measures. Thirdly, the sample may not be representative of patients
with TBI in general. Rather, the study included those who continue to experience TBI-
related challenges in everyday life and who were motivated to participate in rehabilitation.
Thus, the sample is considered representative of patients seen in specialized rehabilitation
clinics. Further, GAS scoring has some limitations, i.e., there may be reliability issues in
the establishment and scoring of GAS. For example, there is a risk of the development of
different procedures by each therapist, and, as noted earlier, the scoring is deemed to be
subjective in nature. In this study, GAS scoring was conducted by the therapists, as scoring
by a blinded third party was not feasible. How to best compute GAS scores across goals
and individuals is also disputed, which is the reason that GAS change scores were applied
instead of t-scores, as these are controversial [84]. In addition, it is important to note that
the problem categories used in the current paper were based on previous work by our
research group using a data-driven approach. Different approaches could be applied that
might have resulted in a somewhat different categorization of goals. There is currently no
gold standard in taxonomies for goal categorization, although some suggestions have been
made elsewhere [85,86]. The exploratory regression models were conducted to generate
hypothesis for future research, and identified factors should not be considered as predictive
of goal attainment without replication.

5. Conclusions

This study provides a transparent look at a goal-oriented approach in delivering
rehabilitation interventions in the chronic phase of brain injury. Goal attainment was
high, and goals were related to a broad range of problem areas typically identified in
the chronic phase of TBI. Further investigation is needed to make strong conclusions
regarding indicators of goal attainment, but the current study suggests that both individual,
injury-related, and therapeutic factors are at play. The findings have clinical utility for
therapists working with acquired brain injuries in general and other conditions where an
individualized approach to treatment is warranted.
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Abstract: The current study is a feasibility study of a randomized controlled trial (RCT): the Child
in Context Intervention (CICI). The CICI study is an individualized, goal-oriented and home-based
intervention conducted mainly through videoconference. It targets children with ongoing challenges
(physical, cognitive, behavioral, social and/or psychological) after acquired brain injury (ABI) and
their families at least one year post injury. The CICI feasibility study included six children aged
11-16 years with verified ABI-diagnosis, their families and their schools. The aim was to evaluate
the feasibility of the intervention components, child and parent perceptions of usefulness and
relevance of the intervention as well as the assessment protocol through a priori defined criteria.
Overall, the families and therapists rated the intervention as feasible and acceptable, including the
videoconference treatment delivery. However, the burden of assessment was too high. The SMART-
goal approach was rated as useful, and goal attainment was high. The parents’ ratings of acceptability
of the intervention were somewhat higher than the children’s. In conclusion, the CICI protocol proved
feasible and acceptable to families, schools and therapists. The assessment burden was reduced, and
adjustments in primary outcomes were made for the definitive RCT.

Keywords: feasibility study; goal-oriented rehabilitation; pediatric brain injury; SMART-goals;
home-based rehabilitation

1. Introduction

Although children with acquired brain injury (pediatric acquired brain injury—pABI)
may suffer long-lasting physical, cognitive, behavioral and social symptoms as well as
disturbances in psychological adaptation [1-3], few randomized controlled trials have
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explored the effectiveness of complex interventions targeting these children, their families
and their everyday context at home and in school. This may be due to the considerable
complexity of designing and conducting such studies where one must take a range of factors
into account. These include the child’s age and developmental level, the heterogeneity
of symptoms that may follow a pABI, family factors that may influence the ability and
willingness to participate in an intervention, and the heterogeneity in factors related to
the child’s everyday life in the community, such as school and other areas of participation.
The possible pitfalls are many. Exploring the feasibility of a complex intervention is
therefore important prior to large-scale RCTs. This paper describes the investigation of
the feasibility of a complex, individualized and community-based intervention targeting
children with pABI and their families.

Brain damage acquired after birth can be caused by traumatic (TBI) or non-traumatic
injuries such as stroke (i.e., brain hemorrhage or infarction), tumor, inflammation, infection
or hypoxia. pABI may cause a wide range of disruptions in the child’s developmental
course [1-3]. Deficits may be persistent, leading to reduced participation in school and
social life [4-6], and reduced quality of life [2,7,8]. Prior studies have identified needs for
long-term follow-up after ABI; psychological support for parents, siblings and the affected
child; as well as support in the return to school [9]. Interestingly, reported needs may
change over time, from primarily physical concerns in the first months post injury (79%),
to cognitive (47%) and socioemotional needs (68%) later on [10]. Importantly, rehabilitation
needs after pABI are described as largely unmet [11].

As family needs after a pediatric brain injury are complex and heterogeneous, reha-
bilitation services and follow-up care should be individualized to each patient’s needs.
In line with this, rehabilitation should be multidisciplinary and take place within a bio-
psychosocial framework [12]. In addition, rehabilitation needs to be flexible, monitoring
the development and goals of the patient, which may change over time [12]. A recent study
mapped treatment goals set by young people with ABI to the domains in the International
Classification of Functioning, Disability and Health (ICF) [13], in which 52% were related
to activities and participation, and 20% to environmental factors [14]. This highlights
the need to include community-based rehabilitation that is individualized and context-
sensitive [14]. The complexity of pediatric ABI rehabilitation may explain the small body
of evidence-based recommendations. However, existing knowledge provides evidence for
family / caregiver-focused interventions and the use of technology in rehabilitation [15].
In addition, direct interventions related to cognitive functions such as attention, memory,
executive function and emotional/behavioral functioning have given positive results [15].
However, a critique against the direct training approach in cognitive rehabilitation (i.e.,
interventions directed toward retraining the child’s abilities) is that generalization to every-
day functioning is often unknown or disputed [16]. Therefore, indirect approaches such
as behavioral compensation and modification, environmental modification and supports,
educational supports and instructional strategies are recommended, including educa-
tion for parents and caregiver involvement in handling executive dysfunction [17,18].
The effects of parenting/family interventions after pABI have been explored in random-
ized controlled trials (RCTs) by Wade and colleagues with promising results for online
problem-solving training, improving behavior problems, executive functioning, and family
functioning [15,19-22]. The use of technology in rehabilitation is relatively new, but tel-
erehabilitation has shown to be a reliable alternative to in-person meetings [23,24] with
promising results in cognitive rehabilitation [25], speech and language therapy [26] and
family therapy [27,28]. Recent reviews on technology-based or -assisted rehabilitation
programs for children with ABI have found that in addition to the mentioned evidence for
online problem-solving, there is promising evidence for training of cognitive, social and
behavioral skills [15,22,29,30]. The findings are characterized by heterogeneity and small
samples, but the involvement of a clinician in addition to the technology-based intervention
may be of importance for a positive result [30]. Although most of this research has been
conducted in the USA, some of the technology-based intervention studies presented in the
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literature reviews have also been performed in Europe. In addition, goal-oriented rehabili-
tation is considered a key ingredient in pABI rehabilitation [14,31], and goal attainment
scaling can be a sensitive and meaningful way to measure rehabilitation outcomes [32].
Children’s self-identified goals have been found to be as achievable as their parents’ goals
in a sample of children with a mean age of 9 years [33], pointing toward the importance of
including the children in defining rehabilitation goals.

To our knowledge, no single intervention has included all these important perspectives
simultaneously in a pABI-population. However, an intervention targeting individualized,
everyday rehabilitation needs in a home setting has been carried out for the adult TBI-
population in the US [34] and is currently ongoing in Norway [35]. This intervention
defined individualized rehabilitation goals in collaboration with the patient and family
member when available and worked on strategies to reach these goals over a period of four
months. To meet the demands of holistic, person-centered and goal-oriented interventions
for the pABI-population, this adult intervention was adapted to the pediatric population.
In the Child in Context Intervention (CICI), the family and the child’s school are included,
and collaboration is established with the Norwegian Service for Special Needs Education
(“Statped”). The intervention has largely been adapted to a telerehabilitation format to
facilitate access to rehabilitation services, and to ease participation for families and schools.

The Medical Research Council [36] has pointed out the need to carry out feasibility
studies as part of the development of complex interventions. This is especially important as
the complexity of such studies is influenced not only by the intervention components, but
also by contextual factors, in addition to the interactional processes occurring between the
intervention components and the context [37]. In pediatric rehabilitation, one also needs to
consider a range of transactional processes: between child and parent; between the child,
family and school environment; and in the community and with peers, as children rely on
their environment even more than adults [38]. In the CICI study, the complex interactions
that may take place between children, parents, schools and the intervention components is
hard to foresee before the intervention has been tried out. Some key uncertainties include
whether the complex logistics of the study are feasible, whether the families are able
to maintain participation in an intensive intervention (seven sessions over 4-5 months),
whether recruitment is feasible, whether it will be possible to maintain a sustainable
working alliance with both children and parents through the telerehabilitation format and
whether the goal-oriented approach is feasible when working with an entire family that may
not have the same priorities or needs. In addition, as there have been no previous studies
carried out including schools in a similar rehabilitation program, it is also of importance to
assess the feasibility of this intervention component. Conducting a feasibility study prior to
the future definitive RCT is therefore principal in order to evaluate the intervention manual,
identify possible obstacles and be able to adjust the protocol before the RCT.

Objectives

The objectives of the CICI feasibility study were to assess the feasibility of (1) the
recruitment procedures and (2) the contents and structure of the intervention, including
the feasibility of treatment delivery through a videoconference solution. We also wished
to evaluate the acceptability of (3) the intervention for children, parents and therapists,
(4) the baseline (T1) and outcome (T2) assessment methods and finally (5) the quality of
treatment delivery. In order to inform the final decisions on outcome measures in the RCT,
considering preliminary indications regarding the usefulness of outcome measures was
also addressed.

2. Materials and Methods

This article adheres to the CONSORT extension for the Pilot and Feasibility Trials
Checklist [39].
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2.1. Trial Design

This feasibility trial applied a one-group pre—post design, with a baseline (T1) and
a follow-up assessment immediately after the intervention period of 4-5 months (T2).
The future definitive RCT will include a two-group RCT-design. For the RCT, outcome as-
sessments will also be performed about 9 months after baseline (T3). The T3-assessment was
not included in the feasibility trial to minimize time expenditure as T3 largely matches T2.

2.2. Participants and Recruitment Procedures

The inclusion criteria were (1) school-aged children (6-16 years at inclusion) with a
radiologically verified diagnosis of ABI, or loss of consciousness post-insult and verified
neurological symptoms in cases where radiology could not be administered; (2) time since
insult at least 1 year; (3) self- or parent-reported persistent ABI-related cognitive, emotional
or behavioral challenges influencing participation in everyday life related to family, friends,
school or local community, assessed through a telephone interview; (4) children attending
school regularly; and (5) the family is able to participate actively in a goal-oriented study
for the next 4-5 months.

Exclusion criteria were (1) severe pre- or comorbid neurological or neuropsychological
disorders that would confound assessment and/or outcome measurements; (2) children
with brain tumors in active treatment or at great risk of relapse; (3) children with severe
psychiatric illness or with injuries so severe that they were currently in institutionalized
care; (4) parental severe psychiatric illness, drug abuse or indications of a history of or risk
of domestic violence; and (5) not fluent in Norwegian language, although exceptions could
be made for English-speaking parents who understand and read Norwegian.

Participants were identified from the medical charts at Sunnaas Rehabilitation Hospital.
The families were invited to participate through written age-appropriate information for the
children and information to parents. Parents and teenagers from 16 years of age provided
written informed consent. A scripted telephone interview was used to screen for inclusion
and exclusion criteria and willingness to participate. Eligible and consenting families
performed a baseline screening (T1) at Sunnaas Rehabilitation Hospital.

After inclusion, the children’s teachers and principals at their schools received written
information about the study and consent form for the teachers. They were thereafter
contacted by telephone by the CICI Statped collaborator.

2.3. Assessments

The outcome measures to be evaluated in the feasibility study are listed in Table 1.
Neuropsychological assessment was included at baseline to provide descriptive data
regarding the children with ABI and to inform the goal-setting process. Primary outcomes
were post-concussive symptom burden (HBI), parenting self-efficacy (TOPSE) and quality
of life (PedsQL). Questionnaires were completed at home and returned by mail.

As part of the baseline assessments, the families were asked to name the current
three most challenging areas related to the child’s brain injury. These were rated on a
5-point Likert scale according to how troublesome they were perceived in everyday life.
Parents agreed on three areas but scaled them separately. The child was similarly asked to
name and rate his or her own three most troublesome pABI-related problem areas.

2.4. Intervention

A detailed intervention manual was developed. It was based on the manual developed
for an adult population by Borgen and colleagues [35] and adapted to the pediatric and
family context by experienced rehabilitation therapists (authors M.L., S.L.H., LM.H.B.,
M.VE, N. R.-B,, I.L.H.). In addition to descriptions of the content of each session, the
manual contained general information on the study’s rationale and aims as well as detailed
guidance on how to establish SMART-goals and strategies, and references to evidence-based
strategies and “tools” to handle different challenges. The manual also included detailed
guidelines on how to manage therapy and communication through videoconference.
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Table 1. Measures included in the feasibility study.

Assessment Domain Instrument

Neuropsychological Assessment at Baseline Only

Verbal IQ estimate Similarities from Wechsler Intelligence Scale for Children (WISC-V) [40]
Non-verbal IQ estimate Matrix reasoning from WISC-V
Auditory attention/verbal working memory Digit span from WISC-V
Visuomotor processing speed Coding from WISC-V
Verbal learning and memory Children’s Auditory Verbal Learning Test-2 (CAVLT-2) [41]

Inhibition from the Developmental Neuropsychological Assessment

Verbal inhibition (NEPSY-II) [42]

Auditory comprehension Comprehension of instructions from NEPSY-II
Questionnaires at Baseline and Post Intervention
Emotional, behavioral and social functioning Strengths and Difficulties Questionnaire (SDQ) [43]
Participation: home, neighborhood, community Child and Adolescent Scale of Participation (CASP) [44]
Quality of life The Pediatric Quality of Life Inventory (Peds-QL) [45]
Post-concussive symptoms after ABI Health and Behavior Inventory (HBI) [46]
Executive functioning at home and in school Behavior Rating Inventory of Executive Function-2. ed. (BRIEF-2) [42]
Main pABI-related problem areas of daily life Likert scale from 0 (Not at all difficult) to 4 (Very difficult)
Family functioning Family Assessment Device (FAD) [47]
Parent self-perceived stress Parental Stress Scale (PSS) [48]
Parenting self-efficacy Tool to measure Parenting Self-Efficacy (TOPSE and Teen TOPSE) [49]
Unmet healthcare needs of the family Family Needs Questionnaire Pediatric Version (FNQ-P) [50]
Parents” depression symptoms Patient Health Questionnaire—9 item (PHQ-9) [51]
Parents’ generalized anxiety symptoms The General Anxiety Disorder—7 item (GAD-7) [52]
Acceptability of intervention, self-tailored Acceptability Scale rated on a Likert scale from 0 (Completely disagree)
to 4 (Completely agree)

The intervention included seven family sessions, four school-meetings interspersed
with the family sessions (starting after the first family-session) and a one-day parent group
seminar (occurring about halfway through the family sessions for all participants) over the
treatment period of four to five months. Figure 1 gives an overview of the intervention
components. The family sessions and the school sessions were delivered through an
encrypted videoconferencing solution. The feasibility study was performed from August
to December 2020. See Adaptations due to COVID-19 below.

L 4Smonth 2

7 video conferenced family
sessions of approx. 1.5 h each

Family and

3 video conferenced school
meetings, 1 telephone call

School

s

One parent group seminar with
physical attendance

Parent

Figure 1. Overview of the intervention.

Three therapists, two clinical neuropsychologists and one experienced pediatric nurse
(authors N.R.-B., LL.H. and E.].S., respectively) with extensive rehabilitation experience
delivered the intervention. Therapists received training from the therapists of the adult
community-based TBI-study [35,53] concerning the goal-oriented approach and strategies
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related to different commonly reported ABI-related problem areas. This was discussed
in repeated meetings throughout the feasibility study. Therapists delivered nearly all
the family sessions in pairs to ensure adherence to the study manual and a uniform
delivery across therapists. The school sessions were performed by an experienced special
education counselor from Statped (author A.P.S.-S.) in close collaboration with the three
therapists. The therapists conducted the parent group seminar. Weekly meetings between
the therapists, the Statped counselor and the study Principal Investigator (author M.L.)
were held to discuss ongoing therapies and to ensure protocol adherence. The therapists
also received training in the technical solutions of telerehabilitation as well as education on
important therapeutic aspects of using this format, by a researcher with relevant experience
(author H.P.Q.), and the telerehabilitation team at Sunnaas Rehabilitation Hospital.

2.5. Content
2.5.1. Family Sessions

SMART-goals (Specific, Measurable, Achievable, Realistic/Relevant and Timed) [54]
were established in collaboration between the family and the therapist in videoconference
family sessions. Goal Attainment Scaling (GAS) [55] was established for each goal and
recorded in the last session. To increase motivation and comprehensibility for the children,
the GAS scaling was set from 1 to 5 instead of using the traditional scaling from —2 to
+2, with the preferred starting point being defined as level 2 (equivalent to —1 in the
standard GAS). However, in some cases where the desired behavior or action was not
present at all at the points of goal-setting, the starting point was 1. A visual presentation
of the goal and GAS-scaling in the form of a staircase with five steps was used to support
understanding (see Figure 2 for an example). Once a goal was identified, the therapist,
parent, and child identified specific strategies designed to achieve and implement the goal.
The children collaborated in the goal-setting process according to their cognitive abilities
and age. Strategies were based on the available evidence-based recommendations for the
pediatric population [15,17,56-60] in addition to recommendations for the adult population
with age-appropriate adaptations [61]. Working on and modifying strategies when needed
was a main focus throughout the intervention.

Every family received a psychoeducational booklet developed for the CICI study.
It was validated by the senior researchers in the project and a user consultant. The handbook
consists of 12 short chapters about common challenging areas for families after a pediatric
ABI, such as common brain injury symptoms, fatigue, communication in the family, stress
management and psychological symptoms in children and their parents, as well as identity
issues after pABI. The booklet was used primarily with the parents in relation to goals and
strategies set by each family according to how comfortable and interested the parents were
in reading such information.

Daily use of strategies was emphasized throughout the intervention to ease transfer to
daily life activities for the families.

2.5.2. School Involvement

As the children’s challenges often disrupt their educational or social settings in school,
we established school-related strategies related to the families’ goals. The Statped special
education counselor visited the schools for observations of the child and the school context.
The schools, including the child’s main teacher, were invited to participate in four meetings
with the research team. School strategies were established through collaboration between
the CICI team, the family and the schools to ensure that the strategies were feasible and
adapted to the schools” environments and resources.

116



J. Clin. Med. 2022, 11, 2564

GOAL: To experience an “empty battery” (fatigue) fewer

The goa I Sta irca Se times each week. “Empty battery” < 4 on the energy-scale.

‘ 0-1 time each week

‘ 2-3 times each week ‘

‘ 4-5 times each week ‘

6-7 times each week ‘

8 times or more
each week

A little Some
energy energy

-
48 5 e
e
Examples of strategies to reach the goal

At home:

- Fatigue is registered morning, afternoon and evening on the energy-scale
- Maintain good routines for meals and sleep.

- Use a weekly schedule to plan the activities of the week and time for rest
- Preferably take a rest before energy level is in the red area

- Rest after school with 10-15 minutes without stimuli

At school:
- Scheduled rests at school in secluded area with minimum of stimuli

- Promote the use of earplugs to shield from noisy environment in for instance physical educa-
tion, music or arts and crafts

- Information about fatigue is given to the school teachers and to classmates

Figure 2. An example of the “The goal staircase”. This example shows a goal related to fatigue and
how fatigue was operationalized as energy on a scale. Energy level is measured three times each day.
Strategies to obtain the goal are presented in the textbox.

2.5.3. Parent Group Seminar

A one-day interactive parent group seminar focusing on family functioning and
parenting challenges was held in accordance with recommendations to include caregivers
in pediatric rehabilitation [62]. Topics included: parents’ experiences with SMART-goals,
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family communication patterns, changes in family dynamics after pABI, how to care for
siblings, emotional reactions in the family after pABI (e.g., guilt, grief and embarrassment),
and self-care.

2.6. Telerehabilitation Delivery

A web-based encrypted videoconference solution was provided by the Norwegian
Health Net (join.nhn.no, accessed on 1 February 2020), delivered by Pexip. The solution
was risk assessed and approved for clinical use by Sunnaas Rehabilitation Hospital’s Chief
information security officer. The participants used their own computers or tablets with
integrated camera, and the therapists used their work computers and external microphone
speakers to enhance communication. Participants could borrow computers and microphone
speakers from the project if they did not have suitable equipment. An IT consultant was
available during the sessions in case of technical challenges. Guidelines for therapy through
videoconference were developed and conveyed to the participants with recommendations
regarding how to create a secure environment for a therapeutic conversation and how
to enhance communication through videoconferencing (e.g., one speaker at a time, mute
when several participants are joining the same conference, give signs to signal that you
want to speak).

2.7. Adaptations Due to COVID-19

Due to the COVID-19 pandemic, there were two recruitment periods. Five families
were recruited in January and February 2020. Four of these started the intervention program
and had completed maximum two sessions per family, which was planned to include
two home visits, in addition to the videoconference sessions and the school meetings
with physical attendance. However, the study was put on hold in March 2020 due to a
national Norwegian lockdown. During this time, one family that had only completed the
baseline assessments withdrew. The remaining families received monthly phone calls with
information on the study status. One family received psychological support approximately
every other week due to high distress levels.

The study re-opened in August 2020, with some adaptations. All family sessions and
school sessions were conducted through videoconference (in the original protocol at least
the first and last sessions were planned as home visits), and two planned parent groups
were reduced to one. Two more families were recruited. All six families started with new
baseline questionnaires, interviews and a definition of the main pABI-related problem
areas. Children in the two newly recruited families underwent the neuropsychological
screening at baseline, but this was not repeated for the four children who were enrolled in
January and February.

2.8. Procedures of Feasibility Evaluation

To evaluate the study feasibility, distinct objectives were operationalized as shown
in Table 2. A more detailed description can be found in the Clinical Trials registration
(NCT04186182). The custom-tailored Acceptability Scale was rated on a 5-point scale by
children (21 items), parents (40 items) and therapists (33 items): Completely disagree (0),
Agree a little (1), Agree moderately (2), Agree (3) and Completely agree (4).

Detailed study-specific checklists were developed in concordance with the detailed
descriptions in the manual regarding the content of each session and were used to monitor
protocol adherence.
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Table 2. Objectives of the feasibility evaluation with predefined criteria.

Objective Assessed by

Predefined Criteria

Objective 1: Recruitment procedures

Consent rate.

Duration of recruitment processes.

Number of participants excluded at or after the baseline assessment to
reach 6 participation families.

Drop-out rate.

Highly feasible: More than 30% consent rate
Moderately feasible: 15-29% consent rate
Not feasible: Less than 15% consent rate
Highly feasible: Less than 3 h per family spent on recruitment
Moderately feasible: Between 3 and 5 h
Not feasible: More than 5 h
Highly feasible: One or no families excluded at or after baseline
Moderately feasible: Two families excluded at or after baseline
Not feasible: More than two families excluded at or after baseline
Highly feasible: No drop-outs
Moderately feasible: One drop-out
Not feasible: Two or more drop-outs

Objective 2: Contents and structure of the intervention

Attendance rate.

Feasibility of the SMART-goal approach by feedback from participants
on three items on the Acceptability Scale concerning the importance of
the goals, and how helpful the strategies were for the child and for
the family.

Feasibility of videoconference in treatment delivery as assessed by:

- One question in the Acceptability Scale concerning the quality of
communication through videoconference rated by the children, their
parents and the therapists.

- A technical log, where number and type of technical failures were
reported by the therapists.

Measured in % attendance
Highly feasible: Median score over 3 (“Agree”)
Moderately feasible: Median score between 2 (“Agree moderately”) and
3 (“Agree”)
Not feasible: Median score lower than 2

Highly feasible: Median score over 3 (“Agree”)
Moderately feasible: Median score between 2 (“Agree moderately”) and
3 (“Agree”)

Not feasible: Median score lower than 2
Highly feasible: Restart of equipment in 0-1 session per family
Moderately feasible: Restart in 2-3 sessions
Not feasible: Restart in more than 4 sessions per family

Objective 3: Acceptability for the children, parents and therapists

Working alliance in the intervention was measured by child and parent
ratings on six items concerning the relation with the therapist; the
experience of being heard, taken seriously and given information; and
whether they would recommend the study to others.

In addition, working alliance was rated by the therapists on five items
concerning the experienced quality of relationship with the families.
Usefulness of the intervention was rated on six items on the
Acceptability Scale for the children and nine items for the parents,
concerning the helpfulness of the intervention, the knowledge transfer
to other situations and whether one learned something new.

In addition, the therapists rated their experience of the usefulness of the
intervention for the families on seven items concerning helpfulness of
the intervention, importance of the goals, usefulness of the parent group
seminar and awareness of and openness toward the child’s challenges.

Highly feasible: Median score over 3 (“Agree”)
Moderately feasible: Median score between 2 (“Agree moderately”) and
3 (“Agree”)

Not feasible: Median score lower than 2

Highly feasible: Median score over 3 (“Agree”)
Moderately feasible: Median score between 2 (“Agree moderately”) and
3 (“Agree”)

Not feasible: Median score lower than 2

Objective 4: Methods of assessment at baseline and T2

Burden of assessment was rated on the Acceptability Scale by four
children, and parents rated items concerning whether the child was
comfortable being tested and expressing his/her symptoms and
opinions through the questionnaires, understood the questionnaires,
and was fatigued by the assessments. Parents also rated two items
concerning the number of questionnaires and the relevance of the topics
in the questionnaires.

Duration of the baseline assessment.

Highly feasible: Median score over 3 (“Agree”)

Moderately feasible: Median score between 2 (“Agree moderately”) and

3 (“Agree”)
Not feasible: Median score lower than 2

Highly feasible: Less than 3 h
Moderately feasible: 3 to 4 h
Not feasible: More than 4 h

Objective 5: Quality of treatment delivery

Protocol adherence by study-specific checklists monitoring
discrepancies between actual intervention delivery and the
CICI manual.

Highly feasible: Less than 15% deviation
Moderately feasible: 16-25% deviation
Not feasible: More than 25% deviation

3. Results

For protection of privacy, the families are presented in variable order throughout the

results section.
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3.1. Participants

The feasibility trial was carried out with six families, corresponding to 9.4% of the
planned total sample size of the RCT (64 families after attrition). This is adequate according
to the recommendations for optimal sample size in clinical pilot studies [63,64].

The children were three girls and three boys between 11 and 16 years old at baseline
(median 13 years). Time since injury ranged between one and 13 years (median 5.5 years).
The injuries were TBI (2), anoxia (2) and brain hemorrhage (2). The mother and father of
each child participated, constituting 12 parents in total. All children had siblings and all
parents lived together. The majority of the parents had completed 14-16 years of education
(seven parents), three parents had 17 years or more and two had 11-13 years of education.
Eight parents worked fulltime, while one couple received 50% compensational social
support from governmental welfare systems related to their child’s problems due to brain
injury. Two parents were on 50 and 100% sick leave. All schools agreed to participate.
Four children were in regular schools with some (e.g., structured time-outs, extended
time on tests) or no adaptations to their injury-related symptoms; one child attended a
private school and had a comprehensive special educational service; and one attended a
special educational class. The neuropsychological screening indicated that the range of
cognitive functioning overall varied between typical for their age and impaired. See Table 3
for details.

Table 3. Neuropsychological functioning and main pABI-related problem areas.

Famil Neur hological Functionin Parents’ Identified Child’s Identified
amtly europsychoiogical Functioning Problem Areas Problem Areas
S Fatigue, emotion regulation, . .

1 Within normal range study technique Fatigue, study skills

Impaired memory and verbal reasoning Fatieue, cognitive gap to

(<—25sd). Slightly impaired processing ue, cog &ap | .
2 . ; peers, worry for child’s Fatigue

speed, working memory and visual .
: emotional health
reasoning (<—1 sd).
Executive dysfunction and impaired
. - - .
processing speed (<—3 sd), impaired Social challenges, .
3 working memory (—2 sd), reduced . Social challenges, headache
. . headache, fatigue
memory functions and verbal reasoning
(£-1.3sd).
. Parenting a child with ABI, . .

4 Reduced working memory (—1.3 sd) child’s social insecurity, pain Pain, sleep, fatigue

Overall, severely reduced neurocognitive Parental exhaustion tied to Losing track in conversations
5 functioning with all scores in the challenges in getting adequate ~ with peers, not able to follow

impaired range (between —1.3 to —3 sd, help for child, child’s activities and changes in the

with all but 2 tests <—2 sd) social isolation same tempo as peers
Social challenges; physical
Executive dysfunction (<—2.3 sd), challenges such as balance,

6 impaired processing speed (—2 sd) coordination and strength; Getting around independently

and reduced visual reasoning (—1.3 sd)

lack of independence in
getting around

Identification of Main pABI-Related Problem Areas

The three most challenging areas related to the child’s brain injury are shown in
Table 3. The most commonly identified pABI problem area was fatigue, reported by three
parents and three children. In addition to reporting the child’s symptoms as challenging,
the parents also reported problem areas related to parenting, worries and communication
with the health care system. Overall, it was difficult for some of the children to report their
most challenging areas. The therapists put initial effort into getting to know and build trust
with the child. The phrasing of the question was adapted to the child’s developmental
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level and cognitive functioning. When needed, the child was also reminded of the troubles
he/she had reported in the questionnaires. Some children still had difficulties with this
task, probably due to cognitive deficits such as an underdeveloped ability to generalize
and to maintain a meta-perspective on their own level of functioning. Moreover, some
children expressed that they did not wish to talk about their difficulties. For ethical
reasons, therapists did not push children to define problem areas when they were clearly
struggling with the task. The children thus reported fewer challenging areas than their
parents. The parents had no trouble reporting three challenging areas in their everyday
life related to the child’s injury. The parents of each child agreed on three areas, although
they sometimes initially had different opinions on what to choose. The parents often
had different opinions regarding how challenging the areas were and therefore scaled
them separately.

3.2. Objective 1: Recruitment Procedures

Seventeen families were screened for inclusion and twelve were deemed eligible.
Of these, seven families (60%) were willing to participate (see Figure 3). The reasons for
declining participation were not experiencing challenges that the family currently needed
help with (n = 2) and not having enough time (1 = 3). The recruitment rate was deemed
highly feasible according to the predefined criteria, as we had set the a priori level of highly
feasible to 30%, and we included 60% of the families we approached. Given that the existing
literature indicates that at least 30% of these families experience unmet needs [9,11,65],
we would expect an inclusion rate in the same range or higher when recruiting from a
rehabilitation hospital. Time spent on recruitment for each family was also deemed feasible
(less than 3 h per family). None were excluded after baseline, indicating that the screening
process was satisfactory. One family withdrew before starting the intervention during
the COVID-19 lockdown, due to having second thoughts on whether the intervention
would help their child. All families that started the intervention completed it. In total, the
recruitment procedures were highly feasible.

Enrollment ‘ [ Assessed for eligibility (n=17) ]
Excluded (n=10)
- Not meeting inclusion criteria (n = 5)
- Declined participation (n =5)

Allocated to intervention (n=7)

—
Intervention

L

- Received allocated intervention (n=6)
- Withdrew before start of intervention (n=1)

]

‘ Follow-up ‘ Lost to follow-up (n=0)

]

Assessed for feasibility objectives
(n = 6 families)

P
‘ Assessment ‘

Figure 3. Illustration of the recruitment process.

3.3. Objective 2: Contents and Structure of the Intervention
3.3.1. Attendance

Members from all six families completed the family sessions (100% family attendance),
and all families were represented in the parent seminar. Due to illness, one parent neither
completed the second half of the intervention nor the T2 assessment. However, the child
and the other parent completed as planned. All four school meetings were conducted for
all participants (100% school attendance), and four families participated in at least one
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school meeting. The rest of the meetings that parents did not attend were forgotten by
the parents. On average, the family sessions lasted 98 min including breaks. The children
attended parts of all the sessions, according to what topic was being discussed and the
child’s concentration and willingness to participate. All families received extra telephone
follow-ups related to their goals and strategies in addition to the procedures described in
the manual (with a total duration of 20 to 150 min per family). For two families, telephone
contact was also made to other collaborators: physiotherapist (20 min), school nurse
(20 min) and the special educational service (45 min) for one family, and two phone calls
to the child’s assistant for the other family (40 min). Overall, the high attendance rates
indicate that the intervention implementation was feasible.

3.3.2. Evaluation of the SMART-Goal and GAS Approach

All families set SMART-goals that were related to some or all of the main problem
areas they reported at baseline (Table 3). For two families, new areas to work on became
evident during the intervention. Five families defined three goals and one family defined
five, providing a total of 20 goals. Of these, six goals had their starting point at GAS 1,
whereas the rest started at GAS 2. The most frequent topic was fatigue, which was the
focus of at least one goal in five families. Increased independence in everyday life was a
topic for two children, including leaving the house on his/her own in the morning, keeping
track of appointments, taking the bus and starting to ride a bike again. Two worked
on goals to reduce pain and two had goals regarding social functioning. Two families
worked toward parental mental health goals, and two families had goals regarding family
communication and learning how to talk about the injury with others. One family aimed to
apply a problem-solving technique and one set a goal related to the child’s study skills.

The children’s participation in the goal-setting process varied according to their abili-
ties and motivation. For instance, the youngest child (11 years) would participate in setting
the goal and name already existing good strategies to obtain the goal (for instance, rest after
school). The child would also participate in discussing new possible strategies to ensure
ownership and collaboration (for instance, how the child would be comfortable resting at
school). Due to short attention span, strategies related to the parents” actions would be
discussed when the child took a break (for instance, encouraging the child to name the
level of experienced fatigue three times a day on an “energy-scale” and taking notes of the
different activities the child had endured that day). In contrast, one of the teenagers was
cognitively able to participate in larger parts of the sessions, the goal-setting processes and
discussions on strategies. During the family sessions, all children were encouraged to share
their experiences in working with the strategies since the last session and to state their
opinions on whether the strategies were helpful and feasible for them. The strategies were
adapted and/or new strategies were established as needed. To a large extent, the strategies
were external, which means adapting the environment or facilitating the establishment of
new skills. One example is parents who trained their child to use a smart-watch by using
principles of errorless learning [66], where the parents gradually offered less help as the
child gained confidence and skills. Implementation of the strategies in everyday life was
highlighted throughout the intervention by basing the strategies on the individual family’s
everyday life routines and resources and through encouraging daily use of the strategies.

The families attained all their goals but one (in family B). For 14 of the 20 goals, goal
achievement was beyond the expected level on the GAS. Figure 4 shows goal attainment
scaling per goal for each family. None of the goals showed negative GAS change.

3.3.3. Responses to the SMART-Goal Approach

Both parents and children perceived the SMART-goals as highly relevant, with all
but one score ranging from 3 (agree) to 4 (completely agree) on the corresponding item
on the Acceptability Scale. See Table 4 for the individual ratings. All children confirmed
the importance of the goals and were pleased to achieve the skill, but some of them found
working on the skills and spending time in meetings instead of being at school or with
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friends tiresome. The parents reported that the strategies to achieve the goals had helped
their children, with four families responding with 4 (completely agree) on this item and two
families scoring 3 (agree). Overall, the SMART-goal and GAS-methodology was deemed
highly feasible.

Difference in GAS T1 to T2

” I III |II

Family A Family B Family C Family D Family E Family F

N

=

M Goall MGoal2 mGoal3 Goal 4 Goal 5

Figure 4. Goal attainment scaling on each goal per family, measured by the GAS change from T1 to
T2. A positive number means that the goal was achieved. For family B, one goal had no progress on
the GAS and is not visible in the figure.

Table 4. Working alliance, usefulness and evaluation of SMART-goals and strategies, scale from 0
(“Completely disagree”) to 4 (“Completely agree”).

Relevance of Helpful Strategies

Satisfaction with

Participant SMART-Goals for the Child 1 Vu.ieo-conference Working Alliance Usefulness
in Treatment
Child 4 - 3 4 35
Mother 4 4 4 4 4
Father 4 4 4 4 4
Child 3 - 3 1.5 2
Mother 4 3 3 4 3
Father 3 3 3 4 3
Child 4 - 3 0.5 2
Mother 4 4 4 4 4
Father 4 4 3 4 4
Child 2 - 3 3 1
Mother * * * * *
Father 3 3 3 4 35
Child 4 - 3 4 4
Mother 4 4 3 4 4
Father 4 4 4 4 35
Child 3 - 3 3 3
Mother 3 4 3 4 3
Father 3 4 3 4 3

* Indicates missing data. ! Parent rated

3.3.4. The Use of Videoconferences in Treatment Delivery

Overall, the technical solutions worked very well. All families but one had excellent
internet connection, and every family owned equipment suitable for videoconferences
(PC or tablet). Support was provided to the family with slow internet connection, and
solutions were found to enhance the quality of the videoconferences. External microphone
speakers were sent to the families to optimize the sound. There were only a few incidents
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of needing to restart the equipment (less than one session per family) throughout all of
the 40 videoconferences. According to the predefined criteria, the technical solutions were
highly feasible.

The satisfaction with the use of videoconference in the intervention (see Table 4) was
rated as high by both parents and children (median score 3 for both). The therapists rated the
use of videoconferences in the intervention as good overall (median 3) and also experienced
it as highly feasible to set goals and strategies and to implement the intervention with
the family (median score 4). However, the therapists rated it as challenging to maintain
good communication with the children through videoconference, with most ratings at
the lower end of the scale on the question framed “communication was good with the
child”. The therapists’ ratings varied from 0 to 4, with the lowest rating being in regard to a
child with very severe cognitive deficit. Overall, the use of videoconference was evaluated
as an acceptable approach for treatment delivery, but with a special focus on involving
the children.

3.4. Objective 3: Acceptability for the Children, Parents and Therapists
3.4.1. Working Alliance in the Intervention

The parents’ ratings of working alliance were high (median score of 4, all scores either
3 or 4), whereas the children showed more variation, but with median scores at the high
end of the scale (median 3, range 0.5 to 4). See Table 4. Two of the children rated the
working alliance as low (1.5 and 0.5). These were one teenager who expressed that he in
general did not want to focus on the brain injury, and also that he was not happy that the
therapists and his parents talked about his challenges in his absence. The younger child
was reluctant to participate in the last sessions, although the goals were achieved.

The therapists’ ratings of working alliance were high with regards to feeling welcome
to contact the family and the general tone of communication (median 5 for both), but
two questions concerning relation and communication with the child had more variable
responses, similar to the children’s own ratings (median 3, range 1-5). The therapists rated
the collaboration with the schools as good (median 4.5, range 3-5).

3.4.2. Usefulness of the Intervention

The parents rated the intervention as highly useful (median 4, range 3 to 4). The children’s
ratings showed large variations also for usefulness, ranging from 1 to 4 with a median
of 3. The variability between the children was similar to the responses on the questions
related to working alliance (see Table 4), with yet another teenager rating the usefulness as
low. The parents rated the CICI handbook as very useful (median score 4). Some parents
reported that they read the entire booklet several times during the intervention, whereas
others mainly used the booklet during psychoeducation in sessions. The parent group
seminar was rated as overall very useful (median score 5).

The therapists rated their experience of the usefulness of the intervention for the
families as high (median 5, range 2-5). Only 1/77 responses was a 2, which was due
to the fact that the therapist considered that a child with very severe cognitive deficit
had not gained an increased understanding of his/her symptoms due to the intervention.
The remaining items were scored within a range of 3-5.

Parents of two of the children who gave low ratings of working alliance and usefulness
specifically commented that the child was tired and in a bad mood when filling out the Ac-
ceptability Scale, which in their opinion had influenced response validity. Overall, working
alliance and usefulness were judged as highly feasible according to the predefined criteria
for both parents and children, although with notable variation in responses among and
regarding the children.
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3.5. Objective 4: Methods of Assessment at Baseline and T2
3.5.1. Burden of Assessments

Regarding the burden of assessments, all children reported that they understood
the questionnaires and all but one reported that it was good to be able to report on how
they were doing through the questionnaires. However, three children were very fatigued
from the assessments, as reported by both children and parents. In addition, three children
experienced the neuropsychological assessment as very burdensome. Four of the 11 parents
reported that their child had trouble understanding the questionnaires. Two parents
reported that there were too many questionnaires, while the remaining parents reported
that they did not find the number of questionnaires too burdensome. All parents but one
agreed that the topics of the questionnaires were relevant.

The duration of the baseline assessment was on average more than 4 h per family,
equivalent to “not feasible” on our predetermined criteria. In addition, we experienced
challenges in collecting questionnaires from both parents and children at T2. In summary,
the assessments were considered too lengthy and too much of a burden especially for
children, but also for the parents.

3.5.2. Outcome Measures

The feasibility of the outcome measures was assessed with the aim of informing
the final decisions regarding primary and secondary outcomes in the RCT. The results
of the questionnaires were explored, but no group-average-based statistical analyses of
change were performed. The individual scores for selected questionnaires are presented.
Group mean and median scores are not presented as the main aim of a feasibility trial is to
assess the intervention protocol, not the outcomes. Furthermore, the small sample does not
render statistical group analysis useful.

When inspecting the planned primary outcomes (post-concussive symptom burden
(HBI)), parenting self-efficacy (TOPSE) and the child’s quality of life (PedsQL), there
appeared to be low correspondence between parent- and child-ratings. The results of
the HBI displayed a lower symptom burden post intervention for all participants on the
somatic subscale, and for 10 of 17 respondents on the cognitive subscale (see Figure 5).
The TOPSE (parenting self-efficacy) showed improvement (higher scores) for eight of the
eleven responding parents after the intervention, with the largest positive changes in
fathers (see Figure 6). The PedsQL, however, showed a less consistent pattern of change
post intervention, with improvements reported by three of six children and eight of the
eleven parents (see Figure 7). All parents but one mother and one father rated their family
needs (FNQ-P) as met to a larger degree after the intervention. Emotional distress in parents
varied, with more depressive symptoms at T2 for six of ten parents (PHQ-9), and more
anxiety symptoms in four of nine parents (GAD-7). However, only one parent scored above
the clinical cut-off post intervention, and one mother who reported moderate symptoms
pre intervention was below the cut-off post intervention. The emotional symptom burden
was thus in the low range for all parents but one at T2.

3.6. Objective 5: Quality of Treatment Delivery

In total, there were only small deviations from the study protocol, with a mean adher-
ence of 95.6%. The 4.4% deviations resulted mainly from the fact that the psychoeducational
CICI handbook was used less than expected in the individual sessions. The quality of
treatment delivery was deemed highly feasible according to the predefined criteria.

3.7. Harms

There were no reported harms or unintended effects.
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Figure 5. Ratings on the (A) somatic and (B) cognitive sub-scales of the HBI at T1 and T2 for each
family. Lower scores imply lower symptom burden.
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Figure 6. Ratings on the TOPSE each family at T1 and T2. Higher scores imply higher parenting self-efficacy.
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Figure 7. Ratings on the PEDS-QL for each family at T1 and T2. Higher scores imply higher reported
quality of life.

4. Discussion

Although the intervention was found to be feasible overall, valuable information was
obtained on issues that needed to be considered before the future definitive RCT.
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4.1. Contents and Structure of the Intervention

Recruitment rates were high in this feasibility study, as 60% of the eligible families
were willing to participate. Of the declining families, two did not report challenges which
they needed help with, and three did not have the time to participate in an extensive
rehabilitation program at this point. The participating families were recruited from Sunnaas
Rehabilitation Hospital, where children with specialized rehabilitation needs are referred to
after acute care. In the future definitive RCT, patients will also be recruited from the acute
hospital of the South-Eastern Health Region and from the national special education service,
providing a population with a broader spectrum of severity and possibly different long-term
needs. The RCT-recruitment will thus include less severe injuries. Furthermore, the relation
that the recruited families had to Sunnaas Rehabilitation Hospital may have influenced
their willingness to participate in this study. The fact that we recruited participants from
a rehabilitation hospital may indicate a selection bias toward participants with severe
injuries and therefore a high level of unmet needs. The final inclusion rate in the future
RCT remains to be established but may be expected to be somewhat lower.

Attendance rates were very high. However, the attendance of parents in the school
meetings was lower than expected, which was interpreted as too many meetings during
the intervention. It was, however, not crucial that the parents attended all school meetings.
The CICI therapists made sure that important information was shared between the families
and schools, and emphasis was put on establishing means of communication before the
intervention ended. The high attendance rate of the schools showed that it was feasible to
include schools in the intervention. In the future definitive RCT, parents will be offered to
attend school meetings to the extent that they find useful and manageable. Contact with
local health care providers was established for two of the six participants. Interestingly,
most of the participants did not receive help from local health care providers, confirming
the high incidence of unmet needs in areas of, for instance, fatigue, cognitive rehabilitation
and issues related to increased independence in everyday life. In this respect, the CICI
provided services that the families would not have received elsewhere.

Defining the three main pABI-related problem areas of daily life worked well for the
parents, but it became apparent that parents of the same child did not always experience
the same problem areas or experience the problems as equally challenging. In addition to
being able to scale the pABI-related problem areas separately, parents will also have the
opportunity to define separate areas in the future definitive RCT, to avoid important areas
being overlooked. Some of the children struggled with this task, and clinical consideration
will be taken in the future RCT, as was done in the feasibility trial, by accepting a lower
number of problem areas from the children when necessary.

Overall, the satisfaction with the SMART-goal approach was high in parents and
children. Interestingly, the SMART-goals were obtained and perceived as useful also for
the children who responded with low ratings of working alliance and usefulness of the
intervention. This finding may reflect that children have poorer abilities of abstract think-
ing and generalizing than adults. It may reflect a common challenge in all therapy with
children: children rarely seek help by themselves, they have a less developed insight
into their challenges, they are less motivated to change, and they often have a different
understanding of their problems and how to solve them than their parents [67]. This in-
fluences children’s motivation to take part in treatment. In addition, children with brain
injuries have varying degrees of awareness of their deficits, further adding to reluctance to
participate in treatment.

Goal attainment was high. Although there was some variation in goal attainment
(Figure 4), all but one of 20 goals reached at least the expected level of achievement.
The variation in goal attainment might depend on the complexity of the goal. High goal
attainment (highest level of GAS) was achieved for less complex skills such as learning to
ride a bike, whereas goals related to more complex skills, e.g., communication and mental
health, showed progress as expected. The high goal attainment showed that it was possible
to achieve positive change in symptom areas that are common after pABI, such as fatigue,
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independence in everyday life, pain and problem solving. The SMART-goal approach
was thus a feasible and appreciated method for working with a broad range of problems.
Whether the intervention as a whole will have a significant effect remains to be established
in the definitive RCT.

4.2. Acceptability

The families responded well to the use of videoconference in treatment delivery, and
the technical solutions were satisfactory. The therapists found that using videoconferences
worked surprisingly well for building trust and for treatment with the parents, but it was
more challenging to establish a high-quality communication with the child. In line with this,
the perceived working alliance and usefulness of the intervention was higher for parents
than for the children, but with large variation among the participating children. Some of the
children tended to disappear from the video meetings when they lost concentration. Some
of them did not want to talk much in the sessions, which made it difficult for the therapists
to engage them. This was experienced as especially challenging in communication with
the teenagers, who seemed more reluctant to focus on the brain injury than the younger
participants. Unfortunately, this feasibility study did not succeed in recruiting the youngest
children (from age 6 to 11).

Building a relationship with a child is facilitated by establishing joint attention and
engaging in joint activities, which is challenging in videoconferences. Maintaining the
child’s attention is often facilitated by eye contact and by the therapist’s ability to adjust
conversational strategies to the child’s needs, which may be more difficult to achieve
through videoconferences. In addition, building alliances with children in therapy is
complicated by the fact that therapists also need to establish an alliance and negotiate
goals with caregivers as well [68]. Thus, general aspects concerning the treatment of
children were seen that may not have been directly related to the intervention being
videoconference-based, although videoconference may have amplified them. On a positive
note, research on treatment effects and alliance in therapy with children and families has
found that the alliance with parents influences treatment outcomes more than the alliance
with the child [69]. The therapists in this intervention rated communication with the
parents through videoconference as good. However, they rated it as more challenging
to maintain good communication with the children, even with the children who rated
their own satisfaction with the intervention as high. The fact that therapists may rate the
satisfaction with the telerehabilitation lower than the participants has been found in other
studies [70] and may be influenced by the complex therapeutic tasks. In a telerehabilitation
environment, therapists face several tasks simultaneously: preserving therapeutic alliance,
delivering therapy and dealing with technical difficulties, which demands multitasking
beyond face-to-face delivery. Participants, however, tend to display a higher technology
failure tolerance than the therapists [71]. These factors may have influenced the therapists’
experience of the telerehabilitation communication with the children, where expectations
from the experienced therapists were high beforehand.

For the future definitive RCT, some of the intervention material will be further de-
veloped to engage the child in conversations and to establish a sense of ownership to the
intervention. Although most children and parents reported gains through the intervention
and appreciated the accessibility that video sessions provided, a videoconference-based-
intervention may be particularly challenging for some children. The children’s participation
in the sessions and ability to generalize and reflect on their experience will necessarily vary
according to factors such as the child’s age, state of mind, cognitive difficulties, level of
fatigue and personality, as well as the child’s relationship to and interaction with their
parents and the therapeutic alliance. In addition, the children’s state of mind at the time
of completing the Acceptability Scale seemed to influence how they responded, possibly
influencing the validity of their responses. The intervention was conducted during the
COVID-19 pandemic, and the children’s ratings may also have been influenced by both
frustrations related to the lack of normal activities in their lives, and perhaps a low motiva-
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tion for videoconferenced activities at a time where school was mostly conducted through
this medium for the teenagers.

Due to the COVID-19 pandemic, conducting an intervention through videoconference
enabled the provision of health care services that would not otherwise have been possible.
In Norway, most families have grown accustomed to using videoconference as a medium
of communication, as both school and work have been carried out through digital media
during lockdown for a large part of the population. As such, the pandemic has changed
the prerequisites for a telerehabilitation intervention, making it more available.

4.3. Methods of Assessment at Baseline and Post Treatment

The baseline assessment protocol was too lengthy and burdensome for children and
parents. Adaptations will thus be made for the future RCT. Firstly, the neuropsychological
screening on baseline will be reduced to only two subtests of abstract thinking (Matrix and
Similarities from WISC-V). The reduction in neuropsychological measures was deemed
appropriate as the main focus of the intervention is on everyday challenges, regardless of
cognitive profile. Secondly, reducing the number of questionnaires for children and parents
was also necessary. As CICI is an individualized intervention, it is challenging to define one
common outcome at the group level. After careful considerations, we decided to include
outcome measures that target areas that are commonly experienced as challenging after
PABI [9,14], and which we also expect will be targeted in the intervention. Furthermore, we
wished to include broader domains such as quality of life and participation. Given the
family focus, it was important to also include measures that would capture parent fac-
tors such as parent mental health and parenting self-efficacy, as well as family function.
The feasibility study provided important information on the selected assessment methods
which, together with a thorough literature review, was used to inform the final decisions
on assessment and outcome methods in the future definitive RCT. Three questionnaires
(CASP, PSS and SDQ) were excluded as they were judged to have significant overlap with
other questionnaires, appeared to not be very sensitive to change, and/or were judged to
contribute with less important information for the study purpose. This feasibility trial also
aided in the determination of what should be primary outcome measures in the future
definitive RCT. Due to correction of the alpha level according to multiple primary outcomes,
a maximum of two primary outcomes was decided to ensure adequate statistical power
with a feasible sample size. The large variability and possible low validity in the children’s
responses led to the decision to use parent ratings as primary outcomes, which is common
in family interventions and interventions including children with brain injury [72-75].
To be able to capture changes in symptom severity in the child as well as important parent
factors [49], changes in parent-reported brain injury symptom severity (HBI) and parenting
self-efficacy (TOPSE) were thus chosen as primary outcome measures. The final CICI
protocol with all changes resulting from the feasibility study is described in detail in a
published CICI protocol article [76].

Regarding the questionnaire results, the positive feedback on the Acceptability Scale
appeared to be captured in some of the measures, such as reduced brain injury symptoms
reported by parents (HBI), lower levels of executive deficit (BRIEF), improved quality of life
(PedsQL), higher parenting self-efficacy (TOPSE) and fewer unmet family needs (FNQ-p).
Although some parents reported more emotional symptoms after the intervention, only one
had symptoms equivalent to moderate depression. The elevated symptoms might reflect a
more accurate rating of emotional state at T2, as the therapeutic alliance results in more
openness from the parents. On the other hand, parents face long-term challenges that are
likely to not be fully overcome in a 4-5-month intervention. Particular interest should be
devoted to this issue in the future RCT, as we should be cautious about the risk of parents
feeling overwhelmed at the prospect of again being left to deal with their problems on
their own.
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4.4. Limitations

The low number of participants in this study constitutes a limitation regarding gen-
eralizability of the results, especially concerning the results of the outcome measures.
However, the main purpose of this study was to assess feasibility and not to investigate
statistical effects. The participating children had different types of injuries and a large span
in time since injury, which was considered a strength, while the restricted variation in age
should be considered a limitation. In addition, the parents’ educational level was high and
all parents were married, which reduces the generalizability of the findings.

5. Conclusions

The findings from the CICI feasibility study indicate high intervention feasibility and
acceptability, particularly for the parents. As the use of external strategies in cognitive
rehabilitation of children with ABI tends to be the most reliable approach, it was considered
acceptable and to a certain degree expected that the alliance and communication with the
parents was superior to that of the children. The focus on SMART-goals was perceived
as useful by all participants, and including schools in the intervention proved beneficial.
The telerehabilitation format seems acceptable, although some concerns regarding the
engagement of children need to be monitored. The number of neuropsychological tests
and questionnaires was reduced, and new primary outcome measures were defined as
parent-reported brain injury symptom severity (HBI) and enhanced parenting self-efficacy
(TOPSE). Except for this, no major adjustments to the protocol were made (see protocol
article by Rohrer-Baumgartner et al. (2022) REF).
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Abstract: There has been little progress in development of evidence-based interventions to im-
prove sexuality outcomes for individuals with traumatic brain injury (TBI). This study aimed to
evaluate the preliminary efficacy of an individualised intervention using a cognitive behaviour
therapy (CBT) framework to treat sexuality problems after TBI. A nonconcurrent multiple baseline
single-case design with 8-week follow-up and randomisation to multiple baseline lengths (3, 4, or
6 weeks) was repeated across nine participants (five female) with complicated mild-severe TBI (mean
age = 46.44 years (SD = 12.67), mean post-traumatic amnesia = 29.14 days (SD = 29.76), mean time
post-injury = 6.56 years (median = 2.50 years, SD = 10.11)). Treatment comprised eight weekly,
individual sessions, combining behavioural, cognitive, and educational strategies to address diverse
sexuality problems. Clinical psychologists adopted a flexible, patient-centred, and goal-orientated
approach whilst following a treatment guide and accommodating TBI-related impairments. Target be-
haviour was subjective ratings of satisfaction with sexuality, measured three times weekly. Secondary
outcomes included measures of sexuality, mood, self-esteem, and participation. Goal attainment
scaling (GAS) was used to measure personally meaningful goals. Preliminary support was shown
for intervention effectiveness, with most cases demonstrating sustained improvements in subjective
sexuality satisfaction and GAS goal attainment. Based on the current findings, larger clinical trials
are warranted.

Keywords: Sexuality; cognitive behaviour therapy; traumatic brain injury; Rehabilitation

1. Introduction

Sexuality is a healthy and natural part of living. It is much more than sexual activity
and behaviour, encompassing identity, self-esteem, body image, attitudes, motivation,
pleasure, and relationships [1,2]. Sexuality is influenced by several sociocultural processes
and invariably changes in its meaning and importance across a lifetime [3]. After traumatic
brain injury (TBI), a substantial proportion of individuals experience difficulties with sexu-
ality, with prevalence rates generally ranging from 36-54% [4-7]. The majority report global
reductions in sexual arousal and orgasm, perceived importance of sexuality, and frequency
of sexual behaviour (i.e., hyposexuality) [6,8,9] In most cases, there is an immediate de-
crease in sexuality post-TBI with only a small degree of improvement shown across the first
year of recovery [10]. Increased sexual arousal and inappropriate sexual behaviour (i.e.,
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hypersexuality) is thought to occur in a smaller proportion of individuals [11]. Hypersexu-
ality, connected to the early post-TBI phase of recovery, is often reversible, whilst persistent
hypersexuality is generally underpinned by disinhibition in brain function [12,13].

The biopsychosocial model conceptualises the complex and multifactorial nature of
TBI-related sexuality changes as a culmination of biological and medical, psychological
and neuropsychological, and social and relationship factors [14]. Neurophysiological
mechanisms underpinning sexuality problems may include damage to neuroanatomical
regions, altered neurotransmission, and disrupted hormonal regulation [15-17]. Although
there is agreement that neuroendocrine dysfunction may contribute to post-TBI sexuality
changes, including decreased libido, impotence, fertility issues, and irregular menstrual cy-
cles [15,18,19], studies investigating the diagnosis and prognosis of neuroendocrine deficien-
cies and their implications for sexuality outcomes following TBI are lacking [20]. Although
the association between older age and reduced sexuality post-injury has been highlighted
in previous research [6,10,21-23], the onset of hyposexuality problems following TBI does
not appear to be strongly linked to injury severity or time post-injury [6,21,22,24]. With
regards to psychological factors, there is strong evidence supporting the role of depression
in the onset and maintenance of sexuality problems after TBI [9,22,23]. Self-esteem, anxiety,
and antidepressant medication may also be associated with sexuality changes [6,21,22],
although it is unclear to what extent concomitant depression also contributes to these
associations. Adults with TBI may show increased distractibility, as well as impaired
behavioural control, communication, and egocentricity, all of which have the potential to
affect one’s capacity to engage in intimate relationships and relate to others [14,15]. Two
studies have highlighted an association between decreased social participation and reduced
sexuality [23,25], whilst role changes, loss of emotional intimacy, and uninjured partners
emotional reactions to the cognitive behavioural changes are likely to pose challenges to
sexual readjustment within relationships [26].

Several models and recommendations have been put forth for the management of
sexuality problems after TBI. Extant literature advocates for the PLISSIT model [27] as one
approach that may be used to address sexual health and wellbeing across TBI healthcare
settings [14,28-30]. The acronym PLISSIT classifies four levels of intervention: permission
to discuss sexuality, provision of limited information, specific suggestions regarding the
individual’s sexual problem, and intensive therapy with a qualified healthcare professional.
Taylor and Davis [31] later published the extended PLISSIT (Ex-PLISSIT) model which
proposes that all levels begin with explicit giving of permission. In previous TBI sexuality
research, more emphasis has been placed on addressing the first two levels through the
development and evaluation of handouts, booklets, and information resources [32-38]. As
a result, there is little information on interventions for persistent and complex post-TBI
sexuality problems at the Specific Suggestions and Intensive Therapy levels. Although
previous research has offered broad and nonspecific recommendations for the use of
counselling, individual and group psychotherapy, sex therapy, pharmacology, and cognitive
and behavioural therapy to address sexuality problems after TBI [5,17,29,32,39-41], only
a handful of descriptive case reports [41-43] and single case studies [44,45] have been
completed. Studies have generally focused on treating male sexual dysfunction through
the application of standard medical and sex therapy treatments [44,45]. Small sample sizes
and a narrow focus on male sexual dysfunction, in addition to an absence of standardised
treatment manuals and limited description of how treatment was modified to accommodate
TBI-related sequelae, are also relevant limitations of previous research.

To meet the comprehensive and holistic needs of the TBI population, adopting a
flexible, integrative, patient-centred, sex-positive, and biopsychosocial approach that em-
phasises individuals” strengths rather than limitations is necessary [46,47]. Cognitive
behaviour therapy (CBT) is a widely researched, time-limited psychotherapeutic approach
that has been shown to be efficacious in the treatment of a wide range of disorders, in-
cluding TBl-related depression and anxiety [48-50] and sleep and fatigue [51,52]. The
utility of CBT as a therapeutic option for sexuality disturbances in non-TBI populations is
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strongly endorsed in the literature [53]. The therapeutic framework proposes that cogni-
tions (thoughts), emotions (feelings), and behaviours all contribute to personal functioning
and changes in one domain can lead to changes in others [54]. A mainstay of the CBT
approach includes challenging distorted thinking (e.g., negative thoughts related to one’s
sexual appeal) and maladaptive behaviours (e.g., avoidance of intimate contact) to achieve
more balanced and affirming self-talk and behaviour [55]. Indeed, therapists play an active
role in guiding therapeutic interactions and topics of discussion. Relevant to the TBI cohort,
the CBT approach acknowledges the multifactorial nature of sexuality and the need to go
beyond treating the physiological basis of sexual dysfunction and address psychological
and social factors that contribute to sexual wellbeing. Such an intervention can be accessed
by adult TBI survivors regardless of sex, gender, sexual orientation, marital status, or type
of sexuality issue. Furthermore, CBT includes a significant educational component and
can be adapted to accommodate TBI-related cognitive impairment to enhance individuals’
ability to take in and recall information, understand concepts, and remember to complete
homework [50-52]. Common strategies include greater structure, using more behavioural
techniques when cognition is impaired, implementing new skills in vivo, simplifying com-
plex concepts, summarising and repetition of information, pictorial representations of
concepts, handouts, external memory aids (e.g., use of a logbook or diary), and provision
of organisational support, as well as pre-emptive rest breaks to maintain energy levels [56].

To the best of our knowledge, no study has designed a novel, individualised inter-
vention using a CBT framework tailored to address TBI-related sexuality problems and
evaluated its efficacy. The current study aimed to (1) describe a novel, individualised CBT-
based intervention in adult TBI survivors with persistent post-injury sexuality problems,
(2) use a single case methodology to explore the efficacy of this intervention in improving
subjective satisfaction with sexuality, and (3) explore whether this intervention results
in improvements in depression, anxiety, self-esteem, social participation, or participants’
attainment of individualised goals.

2. Materials and Methods
2.1. Study Design

The study used a nonconcurrent, multiple baselines, AB single-case experimental
design (SCED) with follow-up (i.e., baseline; treatment; follow-up) repeated across nine
participants to explore the effectiveness of an eight-session, individualised CBT interven-
tion on the primary outcome measure of subjective satisfaction with sexuality. Prior to
commencing treatment, participants were randomly assigned to baseline durations of 3, 4,
or 6 weeks. Experimental control is demonstrated by using the multiple baseline design,
which controls for threats to internal validity (e.g., maturation, history) [57,58], whilst
the randomisation enhances scientific rigour [59]. The baseline phase was immediately
followed by an eight-week treatment phase, before a final eight-week follow-up phase. The
Risk of Bias in N of 1 Trials scale (RoBiNT) [60] and the Single-Case Reporting guideline In
Behavioural Interventions (SCRIBE) [61] were followed to ensure methodological quality
in design and reporting (see Supplementary Table S1 for scoring).

2.2. Participants

Participants were five women and four men recruited via two mechanisms: (1) commu-
nity advertising to clinicians treating individuals with TBI, and (2) through an established
research project that involves collection of follow up outcome data across individuals’
recovery after TBI. Figure 1 shows the flow of participants throughout the study. Informed
written consent was obtained from all participants. No financial compensation was pro-
vided to the study participants, although participants received treatment free of charge.
Inclusion criteria were as follows: (a) aged 18 to 65 years, (b) had sustained complicated
mild to very severe TBI, (b) greater than three months post injury, (c) self-reported sexuality
disturbance. The following exclusion criteria were used: (a) presence of other neurological
disorder, (b) history of psychotic disorder, (c) current alcohol or drug abuse, and (d) insuf-
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ficient English language or cognitive ability to complete questionnaires or therapy tasks,
and (e) sexual dysfunction prior to TBL Ethical approval for the study was granted by
relevant ethics committees. Demographic, injury, and cognitive variables for participants
are displayed in Table 1.

[Assessed for eligibility (n=15) ]

Excluded (n=6)

o Not meeting inclusion criteria (n=3)

» o No availability to attend sessions (n=2)
o Uncomfortable talking about

sex/sexuality (n=1)
Enrolled in study (n=9)

Received intervention (n=8)
Did not receive intervention (n=1)
o Withdrawn after 5 sessions (n=1)

Figure 1. Recruitment and flow of participants throughout the study.

2.3. Intervention

A detailed treatment guide was developed though an iterative process characterised
by a comprehensive review of scientific and grey literature and publicly available informa-
tion sourced from media, books, expert opinions, and web pages together with discussions
and idea generation among a small working group of healthcare practitioners (neuropsy-
chologists, psychologists, doctors) and researchers with expertise in this field. The contents
of the treatment guide were organised into 12 modules with accompanying handouts. The
overarching aims of CBT were to (1) foster shifts in cognition and/or behaviour that allow
individuals/couples to feel more in control of their sexuality, (2) improve satisfaction with
sexuality in the individual with TBI, and (3) help individuals with TBI accept and manage
changes in sexuality. A medical review was incorporated into the treatment design to aid
therapists/clients understanding of the problem and to help differentiate between organic
and psychogenic causes and contributing factors.

The intervention consisted of eight 60-min sessions delivered weekly and one booster
session completed approximately two months later. The intervention was delivered by
two clinical psychologists, KH and LB, licensed to treat clients with CBT and experienced
in working with adults with TBI. Therapists had between 13 and 25-years of clinical
experience. During periods of non-pandemic related lockdowns, participants had the
choice of attending sessions via teleconference (videocall) or in person at the clinicians’
respective private practices. For couples, the intervention was offered to both the participant
and their partner.

It was the working group’s intention that the treatment guide be used in a flexible
manner. The first treatment session focused on engaging the participant, initiating rapport
building, and undertaking a comprehensive assessment and history taking (module 1).
The assessment and formulation process followed a biopsychosocial method of classifying
predisposing, precipitating, maintaining, and protective factors. The provision of psy-
choeducation together with goal setting and ongoing rapport building are key features of
session 2 that can be built upon and revisited across the duration of treatment. To increase
participant engagement, generating the clinical formulation and defining specific goals was
intended to be a collaborative process.
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For sessions 3-7, therapists were encouraged to apply clinical judgement in identifying,
selecting, and modifying the delivery of modules to suit the needs of the client, taking
into consideration their presenting problem, clinical formulation, and goals. Hence, the
content of each session and the overall number of modules delivered was expected to
vary according to the individual/couple. As a tangible representation of each module,
the purpose of the accompanying handouts was to provide structure to the treatment, as
well as aid communication and delivery of information between the therapist and client.
Handouts were used not only in the context of building psychoeducation but also the
exploration of cognitive and behavioural strategies.

The purpose of Session 8 was consolidation of treatment content, skills, and strategies.
Functional goals were reviewed as a marker of treatment progress, whilst relapse prevention
was explored in the context of supporting maintenance of treatment gains. When delivering
the treatment, clinical psychologists implemented several strategies to support engagement
in sessions and retention of information. Key strategies included educational scaffolding,
visual handouts, written summaries, repetition, and simplification of concepts. The degree
to which strategies were applied, however, varied between individuals according to their
needs. The treatment structure as it related to sessions and delivery of modules and
accompanying handouts is displayed in Table 2.

Table 2. Treatment structure and modules.

Session Module Objective
Module 1: Assessment and Formulation Work closely with the individual/couple to develop a shared understanding of the problem and collaboratively
set treatment goals.
1-2
Do . . Explore the individual’s/couple’s understanding of sexuality and provide psychoeducation surrounding

Module 2: Psychoeducation and Goals sexuality, TBI, and overall health and wellbeing.

Module 3: Explore self-esteem or body image and identify and adjust biased expectations, negative self-evaluations, and
Self-esteem and Body Image rules and assumptions
Module 4: Understanding Arousal Define desire and arousal, explore dimensions of touch, identify brakes and accelerators
X . Explore links between thoughts, emotions, and behaviours. Employ cognitive restructuring techniques that
Module 5: Reframing thoughts allow the individual/couple to feel in control of their sexuality.
Module 6: Communication Understand expressive and receptive listening skills using modelling and in-session coaching.
3-7 Module 7: Relaxation Teach mindfulness, breathing, and progressive muscle relaxation techniques to enhance sexual experiences
Module 8: Psychosexual Skill Exercises Practise exercises targeted to the individual’s/couple’s sexual problem.
Module 9: Establish relevant techniques to increase positive and rewarding social behaviours and decrease negative social
Social Skills behaviour.
Module 10: Identify practical strategies to improve sleep and manage physical and mental fatigue.
Sleep and Fatigue Management Y P! i P P age phy: gue.
Mé\élﬁ:gﬂ{ceirli:e w Assess neurological /medical basis to sexuality problem.
8 Module 12: Summarise skills and content learned throughout treatment and generate plan for managing setbacks.

Relapse Prevention

TBI, traumatic brain injury.

2.4. Measures
2.4.1. Measures of Participant Baseline Characteristics

The National Adult Reading Test (NART) [62] was used as an estimate of premorbid
intellectual ability in the current study. New learning and memory were assessed using
the total words recalled in trials 1-5 on the Rey Auditory Verbal Learning Test [63], whilst
executive function and speed of information processing were measured using the total
time taken to complete the Trail Making Test Part B [64] and digit symbol-coding test [65],
respectively. The Fatigue Severity Scale (FSS) [66] together with the pain and indepen-
dence subscales of the Traumatic Brain Injury-Quality of Life (TBI-QOL) [67] were also
administered (See supplementary Table S2 for scores).

2.4.2. Primary Outcome Measure

For the purposes of this study, the authors developed a rating scale to measure
participants” subjective satisfaction with their sexuality [68]. Participants were asked to rate
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the following question ‘How satisfied are you with your current sexuality?’ on a 7-point
Likert scale ranging from ‘extremely unsatisfied” to ‘extremely satisfied’.

2.4.3. Secondary Outcome Measures

Several secondary measures were used to provide converging evidence for treatment
effectiveness. The Brain Injury Questionnaire of Sexuality (BIQS) [69] is a 15-item, self-
report questionnaire comprising three subscales measuring sexual functioning, relationship
quality and self-esteem, and mood. Respondents are required to compare aspects of their
sexuality with preinjury status on a 5-point Likert scale ranging from “greatly decreased”
to “greatly increased”. Total sexuality scores between 14 and 44 are classified as decreased
from pre-injury levels, the same for scores of 45, and increased from pre-injury levels for
scores between 46 and 75.

The Hospital Anxiety and Depression Scale (HADS) [70] was used as a reliable 14-item
measure of anxiety and depression symptoms. Higher scores on the HADS subscales
reflect higher levels of depression and anxiety. The Rosenberg self-esteem scale (RSES) [71]
was utilised as a 10-item measure of self-esteem. On this measure, higher scores reflect
better self-esteem, with scores less than 15 suggestive of low self-esteem. As a reliable
and valid measure of social participation after TBI, the Participation Assessment with
Recombined Tools-Objective (PART-O) [72] comprises 17 items across three subscales
measuring productivity, social relations, and ‘out and about’ (e.g., going to the movies).
The averaged total score was used as an indication of overall social participation, with
higher scores indicative of greater social participation.

Goal attainment scaling (GAS) [73] was used to set individualised goals, allowing
for measurement of personally meaningful progress [60]. Possible outcomes were defined
according to a standard five-point symmetrical scale (—2 a lot less than expected; —1 less
than expected; 0 at expectation; +1 more than expected; +2 a lot more than expected). Level
of goal attainment was assessed at post-intervention and follow-up timepoints. GAS goals
were initially set at —1 to allow for measurement of deterioration [74].

2.5. Treatment Integrity

Treatment sessions were audio recorded for assessment of treatment integrity. Specifi-
cally designed treatment integrity monitoring forms were developed to measure, (1) overall
adherence to elements common in a CBT approach, (2) adherence to the chosen module(s)
used in the session, and (3) therapist competency in module delivery [52]. The three do-
mains were rated on an 8-point Likert scale ranging from ‘unacceptable” to ‘excellent’. Two
randomly selected recordings per participant were chosen for evaluation by an independent
practitioner with 21 years of professional clinical psychology experience.

2.6. Procedure

Data were collected between March 2021 and March 2022. Participants were provided
with information about the research project and screened for eligibility via telephone.
Participants who met eligibility criteria were scheduled for an initial baseline assessment.
Participants were then randomly allocated to a baseline monitoring phase of 3, 4, or 6 weeks.
The target behaviour (i.e., subjective satisfaction with sexuality) was assessed three times
per week via a text message reminder system. Ratings were recorded online across all
three study phases (baseline, intervention, follow-up) to provide a continuous measure of
rate of change. Secondary outcome measures assessing sexuality, depression and anxiety,
self-esteem, and social participation were collected prior to the intervention (conclusion of
the baseline period), at the conclusion of the intervention, and eight weeks post conclusion
of the intervention. The majority completed secondary measures on the online platform
Qualtrics™ (Qualtrics, Provo, UT, USA) to minimise bias in data collection. They were
otherwise collected by a researcher independent of the therapist. Goal attainment scaling
goals were set in collaboration with the therapist and reassessed at two timepoints (at
the conclusion of the intervention and eight weeks post conclusion of the intervention).
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Participants received eight one-hour therapy sessions with clinical psychologists KH or LB
either face to face or via teleconference (videocall). After cessation of therapy, a 30—-45-min
semi-structured interview was administered by the first author to evaluate the usefulness
of the intervention, to identify its strengths and limitations and ascertain whether the
participant would recommend it to others in the future.

2.7. Data Analysis

Descriptive statistics were generated for all variables of interest. For cognitive mea-
sures, raw scores were converted to standardised z-scores using age- and education-based
normative data. Primary outcome sexuality satisfaction ratings were displayed graphically
using Graphpad Prism (Version 8) and evaluated using visual analysis in line with estab-
lished guidelines proposed by Lane and Gast [75], incorporating both within and between
phase analysis. The SCDA plugin for R [76] was used to fit a linear trend to data using the
split middle method [59,77]. Stability was defined as 80% of data points being within an
envelope of +25% of the phase median. When evidence for a functional effect was present,
we proceeded to estimate the effect sizes using statistical analysis.

Statistical analyses used the Tau-U statistic, which is a nonparametric index of the
percentage of the data that do not overlap minus the percentage of the data that overlap
between phases [78]. Tau-U is a distribution-free non-parametric technique, with an
index well-suited for small datasets and is useful in aggregating data across phases to
provide an overall effect size [78]. Baseline correction was applied when Tau-U values
for baseline exceeded 0.20 and the trend occurred in the same direction as the aims of the
intervention (i.e., when baseline displayed a trend to improving sexuality satisfaction) [79].
Tau-U values below 0.2 were considered small, 0.2-0.6 medium, 0.6-0.8 large, and greater
than 0.8 large to very large [80]. Analysis was conducted using the online calculator at
http:/ /www.singlecaseresearch.org/calculators/tau-u (accessed on 15 January 2022).

Informal comparisons were made between pre-treatment, post-treatment, and follow-
up secondary outcome measures. Functional change on participants’ individual GAS
goals were descriptively explored with any change considered to constitute clinical signifi-
cance [81]. Independently collected semi-structured interview data related to participants’
experience of the intervention were also qualitatively examined, although they will be
reported in later publications.

3. Results
3.1. Case Description

Nine community dwelling adults with a diagnosis of TBI were recruited into the
study (five female, four male). Participants varied in age (31-64 years), severity of injury
as measured by PTA duration (<1-70 days), and time since injury (0.90-33 years), and
most displayed impairment on at least one measure of cognition. Five participants were
receiving psychological intervention for other issues, unrelated to sexuality, at the time of
study participation. The majority completed the treatment via teleconference (videocall),
with only one participant (AA) attending sessions in person. Participant DD withdrew
during the treatment phase due to extenuating circumstances that meant they did not have
the time or capacity to continue with the study. All other participants completed the study
in its entirety. No adverse events were recorded for any participant across the duration of
the study.

With regards to presenting problems in the current sample, all participants presented
with sexuality issues consistent with reduced sexuality, or hyposexuality, regardless of age,
sex, marital status, or time post injury. Individuals endorsed reductions in sexual desire
and arousal and ability to climax (AA, BB, CC, DD, EE, FE, GG, HH, II), self-esteem (DD,
HH), body image (BB, DD, II), and communication (FF, GG, II). Of the four males, three
(AA, CC, EE) presented with erectile dysfunction, and for those who had partners, there
was a consistent reduction in frequency of, and satisfaction with, sexual intimacy within the
relationship (CC, DD, EE, HH, II). Despite overlap in the nature of participants’ sexuality
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complaints, establishing the probable aetiological basis of the individual’s issue through
comprehensive assessment and formulation was a crucial first step of the intervention.
For two participants (AA, FF), this also involved undergoing medical review to clarify the
relative contributions of injury-related, neurological, and/or biological factors.

Given the diversity in presenting problems, it was of the utmost importance that
treatment planning and delivery were individualised and tailored. To illustrate how this
was implemented in this study, it can be helpful to briefly describe and compare cases
with similar characteristics. CC and EE were both males in their 60’s and married, and
both reported a loss of intimacy in their relationship related to the post-injury onset of
erectile dysfunction. For CC, treatment involved increasing his awareness of factors related
to erectile dysfunction and trialling psychosexual skill exercises. By the final session, CC
was able to successfully obtain an erection. On the other hand, EE’s erectile dysfunction
was a direct result of damage sustained to his pelvis and genital area in the accident. As a
result, treatment focused on expanding EE’s understanding of sexuality and masculinity
and working on ways in which EE could facilitate emotional closeness and connectedness’
with his wife outside of sexual intercourse. Single and actively dating, AA was the third
participant who presented with erectile dysfunction. In this case, low self-esteem, high
levels of performance anxiety, and lifestyle factors (weight, alcohol, smoking) were key
contributing factors. Among other things, the therapist worked with AA on defining
his personal strengths, recognising that sexual intercourse is only one part of sexuality,
and specifying what has facilitated and inhibited desire and arousal for AA in the past.
Cognitive impairment combined with unrealistic treatment expectations, however, limited
his ability to engage in CBT techniques aimed at modifying thoughts, challenging unrealistic
standards regarding sexual function, and engaging in behavioural experiments.

For female participants, there was equal variability in factors contributing to reduced
sexual drive, desire, and arousal. FF experienced changes in sensations, which meant she
was unable to tolerate touch. Trialling remedial massage in a non-intimate context was
one behavioural experiment that FF and the therapist subsequently worked on. Negative
body image formed part of the clinical formulation for three participants’ (BB, DD, and
II), although treatment needed to be tailored to address other relevant factors including
anticipatory anxiety to chronic fatigue relapses (BB), high levels of self-blame (DD) and
irritability and anger outbursts (II).

Only two participants, Il and HH, completed the treatment with their partner. The
latter was a unique case in that HH's partner had taken on a carer’s role in his recovery, and
at one-year post-injury, it was his partner who was reporting low sexual desire and arousal,
whilst HH himself struggled with low self-esteem and difficulties communicating his sexual
needs. In this case, a core facet of the treatment was delineating intimacy and sexuality from
sexual intercourse and enhancing the couple’s comfort and communication on the topic.
Overall, the case descriptions offer insight into the complexities of the presentations and
treatment of sexuality after TBI, highlighting the need to adopt a flexible and individualised
approach predicated on comprehensive assessment and formulation.

3.2. Treatment Adherence and Integrity

Completed by a clinical psychologist, integrity monitoring of the delivery of the
treatment indicated ‘acceptable’ to ‘excellent’ ratings for overall delivery (mean 5.76 [range
4.5-7.5]), adherence (mean 6.24 [range 4.5-8]), and competency (mean 5.55 [range 4-7]). An
overview of each participant’s target behaviour (sexuality satisfaction, with improvements
reflected by higher scores) is presented in text and in Figure 2.
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3.3. Self-Reported Subjective Sexuality Satisfaction

The application of the stability envelope suggested stability of baseline phase for
participants AA, EE, FF, and II. Participants GG and HH demonstrated decreasing baseline
trend, whilst participants BB, CC, and DD showed increasing baseline trend. For the
latter participants, a visual trend correction using the split middle method was applied.
Participants AA, CC, FF, GG, HH, and II showed an increasing trend in the therapeutic
direction following the introduction of the intervention. Therapeutic gains were maintained
between treatment and follow-up phases for participants CC, FE, HH, and II, whilst a
decreasing trend was shown in follow-up phase data for participants AA and GG. Although
participant BB and EE showed no significant trend change in sexuality satisfaction during
the treatment phase, an increasing trend was shown during the follow-up phase suggestive
of the delayed onset of therapeutic gains following the delivery of the intervention.

With respect to the between phase change, the introduction of treatment was associated
with a median level increase in subjective sexuality satisfaction for participants AA, CC, FF,
GG, and II. Participant HH demonstrated a marginal between phase increase in sexuality
satisfaction, whilst the introduction of the intervention was associated with a delayed
median level change in sexuality satisfaction for participants BB and EE, occurring during
the follow-up phase of the study.

Tau-U analysis was used to determine statistically significant changes in subjective
satisfaction with sexuality between baseline and treatment phases and treatment and follow-
up phases. Sexuality satisfaction significantly increased between the baseline and treatment
phases for participants AA, CC, FF, GG, and II. Tau-U analyses further demonstrated
statistically significant increases in subjective sexuality satisfaction between treatment and
follow-up phases for participants AA, BB, CC, EE, HH, and II (See Table 3).

Table 3. Tau-U planned comparison for self-reported ratings of sexuality satisfaction.

Participant Baseline Baseline vs. p Value Treatment vs. p Value
Corrected Treatment Follow-up
AA No 0.54 * 0.018 0.54 ** 0.001
BB No 0.13 0.461 0.96 ** 0.001
CC No 0.74 ** 0.001 0.86 ** 0.001
DD b b b b b
EE No 0.22 0.211 0.89 ** 0.001
FF No 0.84 ** 0.001 0.29 0.084
GG No 0.69 ** 0.001 0.02 0.923
HH No 0.01 0.980 0.68 ** 0.001
1I No 0.53 * 0.008 0.65 ** 0.001

* Significance at p < 0.05; ** Significance at p < 0.001.  Blank cells represent missing data due to participant
withdrawal.

3.4. Secondary Outcome Measures

Descriptive analyses of the BIQS, HADS-A, HADS-D, RSES, and PART-O revealed vari-
able results (see Table 4). On the BIQS, all participants’ pre-treatment total sexuality scores
were classified as decreased from pre-injury sexuality status. All participants displayed
increased sexuality scores at post-treatment. The participants who commenced treatment
with elevated symptoms of anxiety (AA, FF, GG) and depression (FF, GG) recorded no
meaningful change on the HADS at post-treatment. With regards to self-esteem, however,
those who were classified as having low self-esteem at pre-treatment (AA and HH) demon-
strated significantly improved self-esteem at post-treatment, which was maintained at
follow-up. Social participation measured by the PART-O was considered a more distal sec-
ondary outcome measure and did not show any convincing change between pre-treatment,
post-treatment, and follow-up measurements.
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Table 4. Participants” pre-treatment, post-treatment, and follow-up raw scores for secondary outcome
questionnaire measures.

Partici t BIQS HADS-A HADS-D RSES PART-O
articipan
Pre Post Follow-up Pre Post  Follow-up Pre Post  Follow-up Pre Post  Follow-up Pre Post  Follow-up
AA 29 44 39 9 8 5 1 2 8 15 18 16 1.78 1.95 1.98
BB 34 49 46 4 1 1 2 3 28 30 30 1.38 1.68 1.66
CcC 26 35 41 2 1 1 3 0 1 20 20 22 211 1.61 2.04
DD 21 b b 10 b b 11 b b 9 b b 2.42 b b
EE 2250 28 0 1 1 2 3 3 21 26 26 0.84 1.25 1.30
FF 29 33 24 14 11 12 10 8 10 21 22 23 1.48 1.21 142
GG 22 39 34 13 8 13 13 8 17 18 11 1.35 1.46 1.51
HH 37 40 41 6 5 5 7 10 9 10 15 17 1.79 1.79 1.90
1T 19 25 20 5 4 3 2 0 0 18 19 20 2.84 2.94 3.03
BIQS; Brain Injury Questionnaire of Sexuality; HADS-A, anxiety subscale from the Hospital Anxiety and De-
pression Scale; HADS-D, depression subscale from the Hospital Anxiety and Depression Scale; RSES, Rosenberg
Self-Esteem Scale; PART-O, Participation Assessment with Recombined Tools-Objective. Note: Data represents
participants’ raw scores for each measure.  Blank cells represent missing data due to participant withdrawal.
All participants reported improvement in at least one goal area following treatment,
which was generally maintained, and even showed improvement for participants BB, EE,
HH, and II when rated at the conclusion of the eight-week follow-up period. Although
participant AA reported the attainment of goals following the intervention, this change
was not maintained for two of the goals at follow-up (see Table 5).
Table 5. Description and attainment of participant GAS goals.
Participant Goals Pre-Treatment Post-Treatment Follow-up
1. To work towards having an emotionally connected /supportive relationship with a 1 0 1
AA female
2. To work on erectile dysfunction -1 +1 0
3. To learn how to communicate clearly and honestly before engaging in sexual activity -1 0 -1
BB 1. To feel better about body image -1 +2 +2
2. To not feel anxious about experiencing chronic fatigue syndrome relapses -1 +1 +2
cc 1. To be physically intimate with partner -1 0 0
2. To work on erectile dysfunction -1 0 0
1. To be physically intimate with partner -1 b b
DD 2. To improve self-esteem -1 b b
1. To increase understanding of sexuality and TBI -1 +2 +2
EE 2. To explore pain management options -1 +1 +2
3. To explore masculinity in the context of pre- vs. post-injury self -1 +2 +2
FE 1. To be confident to put self out there -1 -1 0
2. To feel more in touch with body -1 0 0
GG 1. To improve desire/motivation/sex drive -1 +1 +2
2. To work on communication and reduce emotionally closing off -1 +1 +1
1. To improve sexual relationship with partner -1 +2 +2
2. To feel better about sexuality -1 +1 +1
HH 3. To improve self-esteem -1 +1 +1
4. To reduce the need for partner to take on a care-taking role -1 +1 +2
5. To increase understanding of sexuality and TBI -1 +2 +2
6. To know more about partner’s sexuality -1 +2 +2
1. To increase knowledge of how TBI has impacted sexuality -1 +2 +2
2. To improve management of fatigue -1 +1 +2
i 3. To create more opportunities for intimacy behaviours -1 +1 +1
4. To develop more effective communication skills -1 +2 +2

GAS, goal attainment scaling; TBI, traumatic brain injury. b Blank cells represent missing data due to participant
withdrawal.

4. Discussion

This study served to evaluate the preliminary efficacy of a novel intervention using a
CBT framework that aimed to improve individuals’ satisfaction with sexuality following
TBI. Hyposexuality problems identified in this study included erectile dysfunction, reduced
sex drive and orgasm, negative changes in self-esteem and body image, loss of relationship
intimacy, and difficulty establishing new intimate partnerships. Five participants showed
treatment response in the therapeutic direction following the introduction of the interven-
tion, whilst an additional three participants demonstrated delayed treatment response.
Gains in sexuality satisfaction were generally maintained at two months following the
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completion of treatment. The finding that participants varied in their response to treat-
ment was not unexpected given the individualised nature of the intervention. Signals of
efficacy were also identified on secondary outcome measures of sexuality, functional goal
attainment, and self-esteem. The intervention demonstrated good feasibility and adequate
treatment adherence. Although the findings are encouraging, it is of note that only three
participants recorded feeling ‘satisfied” with their sexuality on the primary outcome mea-
sure at post-treatment and four at follow-up timepoints. Furthermore, one participant
demonstrated the limited maintenance of treatment gains on the primary outcome measure
and functional goals. Factors that may have contributed to this included the participants’
expectation that the treatment would resolve all physical sexual issues, as well as ongoing
pandemic-related lockdowns that prevented socialisation and dating.

The comparison of results with previous research is limited by the lack of studies that
have previously reported on the treatment of persistent or complex post-TBI sexuality prob-
lems, with none having taken a CBT approach but rather delivered standard sex therapy
and medical techniques [44,45]. Certainly, the current findings align with recommenda-
tions regarding the need for evidence-based interventions to be accessible and available
at the Intensive Therapy level of the PLISSIT/Ex-PLISSIT model [14]. The proposition
that intensive therapy may be offered at any stage of recovery is supported by the current
research [31]. Indeed, the primary barrier to implementing intensive therapy is the lack
of evidence regarding what specific techniques and tools are efficacious in ameliorating
persistent post-TBI sexuality disturbances and how treatments should be tailored to suit
the needs of individuals and couples following TBI [7,17]. The case descriptions outlined
in this research demonstrate the complexity and nuance that needs to be considered in
sexuality assessment and treatment after TBI. The continued development of interventions
that are purposefully designed to meet the needs of individuals and couples following TBI
is necessary to facilitate the clinical implementation of structured approaches to sexuality
management, such as the PLISSIT /Ex-PLISSIT model.

4.1. Clinical Implications and Future Research

This study offers provisional support for the development of an evidence-based
adapted CBT therapeutic intervention for people experiencing persistent and complex
sexuality difficulties after TBI. The findings have important clinical implications for the
treatment of sexuality in a TBI population. Given the heterogeneous nature of TBI, any
one or combination of factors may lead to sexuality changes after TBI. Medical issues, TBI
sequelae, pain, chronicity of TBI, profile of cognitive impairment, marital status, length of
relationship, age, and lifestyle factors were all intricately interwoven with the sexuality
problems addressed in this study. As such, adopting a holistic, flexible, and patient-centred
approach is necessary to ensure tailored treatment planning and delivery.

Beyond consideration of the multifactorial aetiology of sexuality changes after TBI,
there are implications associated with using a CBT framework delivered by a clinical
psychologist that are worth highlighting. Specifically, it is important to note that in cases
where there has been permanent alteration in an individual’s physiological sexual response,
an eight-week CBT intervention is unlikely to improve physical sexual function. At best,
treatment will help to facilitate the emotional acceptance of the primary dysfunction, a
greater understanding of sexuality, and ways to facilitate intimacy in ways other than sexual
intercourse. Furthermore, there are cases where sexuality changes may directly reflect
injury-related physical limitations, such as pain, increased or decreased sensitivity, and
muscle weakness or spasticity, which influence body positioning and movement. In these
instances, a psychological-based intervention characterised by eight sessions with a clinical
psychologist may not be beneficial, rather a different discipline, such as physiotherapy or
occupational therapy, may be better placed to address the issues. Indeed, there is a strong
consensus that interdisciplinary sexuality service delivery is required to meet the needs of
the TBI population [17,29,30].
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Although further studies are required, this research provides a model for how sexuality
changes may be addressed in this clinical population. Future studies evaluating sexuality
treatment for individuals with TBI may benefit from larger or targeted sampling, which
may allow for the evaluation of the extent to which the nature of the presenting sexuality
issues or factors, such as cognitive impairment, cultural background, age, sex, gender,
sexual orientation, marital status, duration of time post-injury, and other biopsychosocial
variables influence responses to treatment. Increasing understanding of the potential
impact of such variables will assist the design and implementation of interventions and
further increase clinicians” awareness of factors to consider when addressing TBI-related
sexuality changes. Additional research is needed to identify the optimal number and
length of sessions and support the development and dissemination of the treatment guide
and associated resources. Finally, there is a need for greater recognition and inclusion of
participants with diverse gender and sexuality backgrounds, including those who identify
as LGBTIQ+, in future research.

4.2. Limitations

There are several limitations to this study. First, the small number of participants in-
cluded in this study limits the interpretation of the results. Participants had also undergone
rehabilitation in the context of a no-fault accident compensation system, which may limit
the generalisability of study findings to individuals with TBI who have not received rehabil-
itation. In addition to the sample consisting of white cisgender, heterosexual participants, it
is worth noting the lack of recruited participants aged between 18 and 30 years, which may
represent a unique period in the life cycle for sexual health and wellbeing. The results may
also not extrapolate to individuals with TBI from non-Western countries or cultural back-
grounds, especially those with more conservative attitudes towards sexuality. Although the
diversity in sexuality problems highlighted in the current research is likely indicative of that
seen in the community, the lack of uniformity prevents comparisons between individuals
in terms of level and rate of improvement. Furthermore, it is unclear which components of
the intervention influenced therapy response, given that an individualised approach was
adopted, and a variety of therapeutic techniques were utilised. Importantly, however, the
single-case experimental design did allow for the evaluation of a tailored intervention in
a heterogeneous group of adults with TBI at an individual level. Other limitations, such
as the lack of participants and therapist blinding and potential measurement error, also
apply. GAS ratings may be subject to Rater bias as they were completed by non-blinded
participants in cooperation with therapists and, therefore, should be interpreted cautiously.
The authors acknowledge that the primary outcome measure was not psychometrically
validated, however, there were no other validated measures that would be considered
appropriate to use in this specific study. Indeed, there continues to be a lack of precision in
TBI sexuality measurement, evidenced by the variability in measures utilised in the few
treatment studies completed to date [44,45]. Another limitation to this intervention is the
lack of involvement from occupational therapists and physiotherapists in the assessment,
as well as treatment planning and delivery process. Finally, a longer follow-up (e.g., 6 to
12 months) would have been valuable to see whether improvements on outcome measures
were maintained in the longer term.

5. Conclusions

To the best of our knowledge, this is the first published account of a preliminary
empirical evaluation of a novel intervention adapting a CBT approach to treat sexuality
problems after TBI. The findings make a unique contribution to the sexuality and TBI
literature and confirm that using a CBT framework to treat TBI-related sexuality difficulties
may represent a promising therapeutic avenue. As a rigorous, albeit small-scale, sexuality
intervention study of individuals with TBI, this research provides preliminary evidence
of efficacy and feasibility and thus is relevant to stakeholders in research, policy, and
clinical practice.
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Abstract: Background: Traumatic brain injury (TBI) is a common and devastating neurological condi-
tion, associated often with poor functional outcome and deficits in executive function. Due to the
neuropathology of TBI, neuroimaging plays a crucial role in its assessment, and while diffusion MRI
has been proposed as a sensitive biomarker, longitudinal studies evaluating treatment-related diffu-
sion MRI changes are scarce. Recent evidence suggests that neurological music therapy can improve
executive functions in patients with TBI and that these effects are underpinned by neuroplasticity
changes in the brain. However, studies evaluating music therapy induced structural connectome
changes in patients with TBI are lacking. Design: Single-blind crossover (AB/BA) randomized
controlled trial (NCT01956136). Objective: Here, we report secondary outcomes of the trial and
set out to assess the effect of neurological music therapy on structural white matter connectome
changes and their association with improved execute function in patients with TBL. Methods: Using
an AB/BA design, 25 patients with moderate or severe TBI were randomized to receive a 3-month
neurological music therapy intervention either during the first (AB, nn = 16) or second (BA, n = 9) half
of a 6-month follow-up period. Neuropsychological testing and diffusion MRI scans were performed
at baseline and at the 3-month and 6-month stage. Findings: Compared to the control group, the
music therapy group increased quantitative anisotropy (QA) in the right dorsal pathways (arcuate
fasciculus, superior longitudinal fasciculus) and in the corpus callosum and the right frontal aslant
tract, thalamic radiation and corticostriatal tracts. The mean increased QA in this network of results
correlated with improved executive function. Conclusions: This study shows that music therapy
can induce structural white matter neuroplasticity in the post-TBI brain that underpins improved
executive function.

Keywords: music therapy; traumatic brain injury; TBI; executive function; rehabilitation; structural
connectivity; connectometry; DTI

1. Introduction

Traumatic brain injury (TBI) is a common and devastating neurological disorder, affect-
ing over 50 million people each year worldwide [1], with often poor long-term outcomes [2].
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The primary neuropathology associated with TBI is structural white matter damage, that
is, axonal injury, established already half a century ago by the seminal post-mortem stud-
ies [3,4]. In TBI, the white matter damage disrupts effective neural communication and
impairs neural networks that link brain structure to function, typically causing deficits in
cognitive, social, and emotional functioning [5-7]. Among the most common, persistent,
and disabling aspects of cognitive impairment following TBI is executive dysfunction [8],
which is often caused by diffuse axonal injury (DAI) resulting in widespread connectivity
deficits in the brain [9,10].

Due to the neuropathology of TBI, neuroimaging plays a crucial role in its assessment.
In the acute setting, MRI scans are used to guide appropriate management by detecting
brain injuries that require neurosurgical interventions or further monitoring. However,
routinely acquired MRI might not reveal findings even in patients with symptoms due to
the DAI mechanism [11,12]. Therefore, advanced neuroimaging techniques reflecting white
matter structures such as diffusion tensor imaging (DTI) have been under active research in
TBI. Studies have shown that TBI patients have structural connectivity deficits in multiple
white matter tracts, most commonly in long coursing and commissural fibres that are
most vulnerable to injury in TBI [12-14]. After the initial injury, the degeneration of white
matter tracts persists for years [15,16] and is associated with poor long-term functional and
cognitive outcomes in TBI [16,17].

While DTT has been used to improve the diagnostics and classification system of TBI,
very little research has thus far been carried out in determining treatment-induced white
matter neuroplasticity changes in TBI. Given the dynamic nature of DAI, intervention
studies charting the possible discontinued deterioration or recovery of white matter injury
over time would be of great interest. Ultimately, this information would help to target
clinical interventions for rehabilitation. A recent animal study suggests that cognitive
TBI treatments can induce white matter plasticity [18], but to our best knowledge, studies
on treatment-induced structural white matter neuroplasticity in TBI patients have not
been published.

Cognitive therapies have emerged as efficient treatments to restore cognitive functions
and improve functional outcomes in TBI [19,20]. In cognitive neurological rehabilitation,
music has emerged as a viable and applicable tool during the past decades, partly owing to
its capacity to engage widespread neural networks across bilateral cortical and subcortical
areas [21]. Research findings in stroke patients suggest that music-based interventions
engage an array of cognitive functions, resulting in cognitive improvement [22,23] and
structural and functional neuroplasticity changes [24,25] in the damaged brain. In our
recent randomized controlled trial (RCT) on patients with moderate-to-severe TBI, we
found that a 3-month neurological music therapy (NMT) intervention enhanced executive
function and increased structural grey matter neuroplasticity in prefrontal areas [26] as
well as normalized or enhanced functional connectivity in the brain, especially in frontal
and parietal regions [27]. Given the extent of the brain regions and pathways stimulated by
music, it is possible that NMT may induce also more widespread structural connectivity
changes in TBI, but this has not been studied previously.

Here, using longitudinal diffusion MRI (dMRI) data from our previous RCT [26,27],
we set out to determine as a secondary outcome of the trial NMT-induced structural white
matter connectivity changes and their association with improved executive function in a
sample of 25 TBI patients with a 6-month follow-up. To do this, we carried out white matter
connectometry analysis utilizing quantitative anisotropy (QA), which has been shown to
be superior to conventional single-tensor based or tract-based analysis [28]. Connectometry
analysis utilizes permutation testing to identify group differences in white matter tracts
across the whole brain and has been used in neurological patients, for example, to uncover
white matter tracts subserving word production [29] and verb retrieval [30] in post-stroke
aphasia. Based on our previous findings of increased grey matter volume and functional
connectivity, which were most evident in right prefrontal areas, after the NMT [26,27],
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we hypothesized that it would induce structural connectivity changes especially in the
right frontal and dorsal pathways.

2. Materials and Methods
2.1. Subjects and Study Design

Forty TBI patients from the Helsinki and Uusimaa Region of Finland were recruited
through the Brain Injury Clinic of the Helsinki University Central Hospital (HUCH), Validia
Rehabilitation Helsinki, and the Department of Neurology of the Lohja Hospital during
2014-2017 to this RCT (NCT01956136). The inclusion criteria were: (1) diagnosed TBI
according to the International Statistical Classification of Diseases and Related Health Prob-
lems, 10th revision (ICD-10), fulfilling the criteria of at least moderate severity (Glasgow
Coma Scale [GCS] score: <12 and/or loss of consciousness >30 min and /or post-traumatic
amnesia [PTA] >24 h and positive findings on CT/MRI); (2) time since injury <24 months
at the time of recruitment; (3) cognitive symptoms caused by TBI (attention, executive
function, memory); (4) no previous neurological or severe psychiatric illnesses or substance
abuse; (5) age 16-60 years; (6) native Finnish speaking or bilingual with sufficient communi-
cation skills in Finnish; (7) living in the Helsinki-Uusimaa area; and (8) understanding the
purpose of the study and being able to give an informed consent. Patients with GCS score
9-12 and/or loss of consciousness 30 min-24 h and/or PTA 1-7 days and abnormal struc-
tural imaging on CT/MRI were defined as having a moderate TBI, and patients with GCS
score 1-9 and/or loss of consciousness >24 h and/or PTA > 7 days and abnormal structural
imaging on CT/MRI were defined as having a severe TBI [31]. Both the extended Glasgow
Outcome Scale (GOSE) [32] and the Neurological Outcome Scale for Traumatic Brain Injury
(NOS-TBI) [33] were administered to obtain information of the overall symptoms and
current functional outcome after TBI. The trial was conducted according to the Declaration
of Helsinki and was consistent with good clinical practice and the applicable regulatory
requirements. The trial protocol was approved by the Coordinating Ethics Committee of
the Hospital District of Helsinki and Uusimaa (reference number 338/13/03/00/2012) and
all participants signed an informed consent.

The study was a single-blind crossover RCT with a 6-month follow-up period. During
2014-2017, 4994 patients with TBI were screened for eligibility, 190 met the inclusion criteria,
and 40 were randomized to the AB (1 = 20) and BA (1 = 20) groups. The randomization
was stratified for lesion laterality and performed using a random number generator by a
person not involved in patient recruitment or assessments. To ensure steady allocation to
both groups across the trial, the randomization was done in batches of two consecutive
patients. After the baseline measurements at time point 1 (TP1), which included MRI
scans and neuropsychological assessments, the AB group received NMT in addition to
standard care for the first 3 months, whereas the BA group received only standard care.
At the 3-month crossover point (TP2), follow-up measurements using the same outcome
measures were carried out. After this, the BA group received NMT and standard care
for 3 months and the AB group received only standard care. At the 6-month completion
point (TP3), the measurements were carried out once again. All assessments were carried
out by research personnel blinded to the patients’ group allocation. Due to the nature
of the intervention, patients were not blinded. Standard care comprised any physical
therapy, occupational therapy, speech therapy or neuropsychological rehabilitation which
the patients received in public (or private) healthcare during the study period. There were
no statistically significant differences between the AB and BA groups in the amount of
received standard care [26].

Out of the 40 randomized patients, 1 participant dropped out before the TP1 mea-
surements, 2 participants dropped out before TP2, and another 3 participants dropped out
before TP3. The dropouts were mainly due to lack of energy and motivation. All dropouts
(n = 6) occurred in the BA group, which was likely linked to the long waiting period before
the intervention. Of these, five took place before the onset of the intervention. Of the
remaining 34 patients, 1 was excluded from the analyses due to intensive self-implemented
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piano training, which was not part of the trial protocol, and 8 were excluded from the
analyses due to lack of MRI data owing to contraindications or technical difficulties during
the scanning. Finally, 25 patients (AB: n = 16, BA: n = 9) completed the MRI acquisition in
the three time points and were included in the present study. The flowchart of the included
patients with TBI is shown in Figure 1.

Enroliment
Assessed for eligibility (n = 4994)
Excluded (n = 4954)
+  Not meeting inclusion criteria
(n=4804)
+ Declined to participate
) (n=150)
Randomized (n = 40)
Allocation
AB group (n = 20) BA group (n = 20)
1 subject dropped out (n = 19)
Baseline (T1)
Allocated to music therapy o _
intervention (1 = 20) Allocated to waiting list (n = 19)
20 subjecls rec_eived the 2 subjects dropped out after T1
intervention
Follow-up (T2) Allocated to music therapy
intervention (n = 17)
Follow-up period 3 subjects dropped out after T2
(n=20)
14 subjects received the
intervention
Follow-up (T3)
n=20 n=14
Analysis
Analyzed Analyzed
(n=16) (n=9)
+ Excluded due to incomplete + Excluded due to incomplete
MRI data (n = 4) MRI data (n = 4)

«  Excluded due to protocol
violation (n = 1)

Figure 1. Flow diagram outlining the trial.

2.2. Intervention

The NMT intervention is described in detail in our previous publication [26]. Briefly,
it consisted of 20 individual therapy sessions (2 times/week, 60 min/session) held by a
trained music therapist at Validia Rehabilitation Helsinki. No previous musical experience
was required to participate in the NMT. The focus of the NMT was on active musical
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production using different instruments (drums, piano) in three training modules involving
(i) rthythmical training (playing sequences of musical rhythms and coordinated bimanual
movements on a djembe drum and on own body), (ii) structured cognitive-motor training
(playing musical exercises on a drum set with varying levels of movement elements and
composition of drum pads), and (iii) assisted music playing (learning to play own favourite
songs on the piano with the help of figure notes). All modules also included musical
improvisation to facilitate more creative and interactive musical expression The difficulty
level of the exercises was initially adjusted and then increased in a stepwise manner within
and across the NMT sessions, to meet the skill level and progression of the patient.

2.3. Neuropsychological Assessment

The primary behavioural outcome measure was change in performance on the Frontal
Assessment Battery (FAB) [34]. Assessing global executive function and being applicable
across all severity levels of TBI, the FAB measures different aspects of frontal lobe func-
tions and consists of six subtests exploring conceptualization (similarities subtest), mental
flexibility (lexical fluency), motor programming (Luria’s fist-edge-palm test), sensitivity to
interference (conflicting instructions), inhibitory control (go-no go task) and environmental
autonomy (prehension behaviour). The FAB total percent score (percentage correct) formed
the composite score of executive function.

2.4. MRI Data Acquisition and Reconstruction

All patients were scanned on a 3T Philips Achieva MRI scanner (Philips Medical
Systems) with a standard 8-channel head matrix coil at the HUS Helsinki Medical Imaging
Center at HUCH. The MRI protocol comprised high-resolution T1-weighted anatomical im-
ages and whole-brain diffusion-weighted imaging (DWI) data (TR = 11,106 ms, TE = 60 ms,
acquisition matrix = 112 x 112, 70 axial slices, voxel size =2.0 x 2.0 x 2.0 mm?) with one
non-diffusion weighted volume and 32 diffusion weighted volumes (b = 1000 s/ mm?).

The DWI data were reconstructed in the Montreal Neurological Institute (MNI) space
using g-space diffeomorphic reconstruction (QSDR) [35] that allows the construction of spin
distribution functions (SDFs) [36]. The b-table was checked by an automatic quality control
routine to ensure its accuracy [37]. Normalization was carried out using the anisotropy map
of each participant and a diffusion sampling length ratio of 1.25 was used. The data output
was resampled to 2 mm isotropic resolution. Quality of the normalization was inspected
using the R? values denoting goodness-of-fit between the participant’s anisotropy map
and template as well as inspecting the anatomical localisation of each participant’s forceps
major and minor to confirm the normalization quality [29]. The restricted diffusion was
quantified using restricted diffusion imaging [38] and QA was extracted as the local con-
nectome fingerprint [39] and used in the connectometry analysis. QA-based tractography
has been shown to outperform traditional fractional anisotropy-based methods by being
more specific to individual’s connectivity patterns [39] and less susceptible to the partial
volume effect of crossing fibres and free water, as well as to provide better resolution in
tractography [40].

2.5. Regions of Interest

To focus the analyses on the neural structures related to music therapy induced
changes in TBI, the Automated Anatomical Labelling atlas 3 (AAL3) [41] was used to
define the ROIs based on our previous studies [26,27]. Four regions were derived from the
AALS3: right inferior frontal gyrus (pars operculum and triangularis), Rolandic operculum,
and inferior parietal lobule.

2.6. Data Analysis

Diffusion MRI connectometry [28] analyses were carried out using DSI Studio (http:
//dsi-studio.labsolver.org, version 7 April 2021). Connectometry was used to derive the
correlational tractography that has longitudinal QA changes correlated with Group. To do
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this, two nonparametric multiple regression models were used to identify local connectome
(i.e., QA) changes across time (TP2 > TP1 and TP3 > TP2) between the groups (AB and BA).
Local connectomes exceeding a t-statistic threshold of 2 were selected and tracked using a
deterministic fibre tracking algorithm [40] to obtain correlational tractography. The tracks
were filtered by topology-informed pruning [42] with 4 iterations, and a length threshold
of 20 voxel distance was used to identify significant tracts. Bootstrap resampling with
10,000 randomized permutations was used to obtain the null distribution of the track length
and estimate the false discovery rates (FDR).

To evaluate whether the intervention-induced longitudinal QA changes were associ-
ated with behavioural gains in executive function, the mean QA change in the network of
significant connectometry results was extracted for each patient and exported to SPSS (IBM
SPSS Statistics for Windows, v.27.0. IBM Corp.: Armonk, NY, USA). Then, nonparametric
correlations (Spearman, two-tailed) were calculated over the whole sample between the
longitudinal mean QA change in the significant connectometry results and the longitu-
dinal FAB score change to determine the structural relationship with behavioural gains.
To control for multiple comparisons, FDR-correction was applied.

3. Results

The demographic, clinical, and musical background information of the patients is
presented in Table 1. There were no significant differences between the AB (1 = 16) and BA
(n=9) groups.

Table 1. Demographic, clinical, and musical background information (1 = 25).

AB BA Difference between Groups (p)
Demographic information
Age 42.1(14.9) 40.8 (11.5) 0.814 (t)
Gender (female/male) 7/9 3/6 0.691 (X2)
Education in years 14.3 (2.7) 14.9 (2.1) 0.535 ()
Clinical information
TBI severity (moderate/severe) 13/3 5/4 0.170 (X?)
GCS (severe/moderate/minor) 2 2/3/10 2/0/6 0.357 (X?)
PTA classification (mild/moderate/severe) 9/3/2 3/3/2 0.330 (X?)
Cause of injury (traffic-related /fall/other) 6/9/1 2/3/4 0.072 (X2)
Time since injury (months) 8.4 (6.0) 7.1(6.1) 0.622 (t)
Lesion laterality © (left/right/both) 3/1/11 3/0/6 0.603 ()
DAI € (yes/no) 6/9 6/3 0.400 (X?)
Hemorrhages, bleeds or ischemic injury © (yes/no) 10/5 5/4 0.678 (X?)
GOSE 4 5.2(1.5) 5.6 (1.1) 0.541 (t)
NOS-TBI © 2.0(2.1) 1.8 (2.3) 0.812 (t)
Musical background
Instrument playing (yes/no) 11/6 5/3 1.000 (X2)
Years of playing 5.2 (11.3) 3.8(5.8) 0.783 (1)
Singing (yes/no) 9/7 3/6 0.411 (X?)
Years of singing 7.9 (13.7) 1.3 (3.0) 0.170 ()
Dancing (yes/no) 9/7 4/5 0.688 (X?)
Years of dancing 5.4 (10.9) 4.8(9.8) 0.889 (t)

2 3-8 = severe, 9-12 = moderate, 13-15 = minor; ® 1 = mild (<1day), 2 = moderate (1-7 days), 3 = severe (>1 weeks);
¢ Based on MRI findings; ¢ Glasgow Outcome Scale Extended; ¢ Neurological Outcome Scale for TBL.

The connectometry analyses comparing the QA changes from baseline (TP1) to 3-
month (TP2) stage between the groups revealed that the group receiving the NMT (AB)
showed greater QA increase (TP2 > TP1) compared to the group receiving only standard
care (BA) in the right dorsal pathways (arcuate fasciculus, superior longitudinal fasciculus,
frontal aslant tract) and in the right thalamic radiation and corticostriatal tract (FDR = 0.005;
d = 0.97, Figure 2A). The mean increased QA in this network of results correlated with
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increased FAB score (r = 0.46, p = 0.021). No significant QA increases from TP1 to TP2 were
observed in the BA group compared to the AB group.

Music therapy group > Control group
P2 > TP1

Mean QA increase v
008 TP2> TP1 o

[d=087
0.02

c;:::’: ! Mean QA increase TP2 > TP1
(ranked)

Mean FAB score
increase TP2> TP1
(ranked)

M Frontal aslant tract [ Corticostriatal tract
M Arcuate fasciculus [ Thalamic radiation
I Superior longitudinal fasciculus

Music therapy group > Control group
TP3>TP2

Mean QA increase
TP3>

P2 r=-0217]
0.04

4=065— p=0.298

0.02| ’7 . ..
) =

Mean FAB score
increase TP3> TP2
(ranked)

Music
therapy Mean QA increase TP3 > TP2
group {ranked)

Control
group

M Frontal aslant tract [ Corticostriatal tract
M Arcuate fasciculus [ Corpus callosum
M Superior longitudinal fasciculus

Figure 2. Music therapy induced structural white matter connectometry changes. Significant con-
nectometry changes showing increased structural white matter connectivity between (A) music
therapy and control group (TP2 > TP1) and (B) music therapy and control group (TP3 > TP2). Mean
longitudinal QA change correlations (Spearman, two-tailed) to FAB score change are shown with
scatter plots. Bar plots for mean QA in the significant connectivity results for both groups are shown:
bar = mean, error-bar = standard error of mean, d = Cohen’s d, L = left, QA = quantitative anisotropy,
R = Right, TP = time point.

Similar findings were observed when comparing the groups between from the 3-month
(TP2) to the 6-month (TP3) stage: the group receiving the NMT (BA) showed greater QA
increase (TP3 > TP2) in the right dorsal pathways (arcuate fasciculus, superior longitudinal
fasciculus, frontal aslant tract) and in the right corticostriatal tract as well as in the corpus
callosum (FDR = 0.009; d = 0.65, Figure 2B) compared to the group receiving only standard
care (AB). Significant correlations between the mean increased QA and increased FAB score
were not observed. There were no significant QA increases from TP2 to TP3 in the AB
group compared to the BA group.

4. Discussion

This structural white matter connectometry study set out to determine structural
connectome changes induced by NMT and their relation to improved executive function in
patients with TBI. Our novel findings were that compared to standard care, NMT enhanced
structural connectivity in right frontal dorsal and projection pathways as well as in the
corpus callosum. The enhanced structural connectivity was associated with improved
executive function. To our best knowledge, this is the first study on patients to link
treatment-induced white matter neuroplasticity changes with improved cognitive outcome
in TBI. This study provides novel and crucial information about the neural mechanisms of
music therapy induced brain recovery following TBI.
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Executive dysfunction is considered to be the core clinical feature of TBI [20], particu-
larly in moderate-to-severe cases, on which our study focused on, contributing significantly
to both acute and chronic disability. Executive function is a broad term referring to higher
order cognitive processes that enable individuals to regulate their thoughts and actions
during goal-directed behaviour [43]. These processes are widely thought to include inhi-
bition of prepotent responses, attentional control, task switching and working memory
updating [44]. Neurally, executive function contributes to the coordination of these pro-
cesses across a network of brain structures that need to work in concert. A large-scale
quantitative meta-analysis of 193 functional neuroimaging studies has revealed that such
executive control network comprises dorsolateral prefrontal, anterior cingulate, and pari-
etal cortices [45]. To allow efficient communication, these spatially distributed brain regions
are structurally connected via white matter pathways [46]. The three dominant structural
components of this executive control network are (i) interhemispheric connections via the
corpus callosum, (ii) fronto-parietal pathways, mainly the superior longitudinal fasciculus
connecting dorsolateral prefrontal cortex and the parietal lobe, and (iii) the corticostriatal
pathways between right dorsolateral prefrontal cortex and striatum [46—48].

The dependence on multiple white matter pathways working in concert makes ex-
ecutive function vulnerable to reduced communication efficiency following DAI in TBL
This was reflected in a recent meta-analysis evaluating the relationships between white
matter fractional anisotropy values and executive dysfunction following TBI [49]. Execu-
tive dysfunction in TBI was associated with damage to various white matter pathways,
but was most significantly correlated with decreased fractional anisotropy values in the
superior longitudinal fasciculus, an association tract connecting the frontal, parietal and
temporal lobes [49]. Together with commissural tracts, association tracts are most critical
for cognition because they transfer information between lobes and hemispheres [50]. They
are also most vulnerable to injury in TBI [12-14] and undergo long-term degeneration after
the initial injury [15,16], giving rise to the functional and cognitive outcomes in TBI [16,17].

The white matter is a biologically active component of the brain, amenable to treatment-
induced modifications that bring about beneficial behavioural change [24,51]. In TBI,
two principles of white matter structure and function are pertinent to acknowledge in
the rehabilitation. First, the severity and prognosis are related to the degree of initial
axonal injury, that is, if the axonal scaffolding on which myelin can regain its integrity is
preserved, the axonal recovery is plausible, and therefore the restoration of function [52].
Second, white matter structure possesses the capacity of plasticity, that is, modification of
its structure by experience [53]. Since neurogenesis has no known clinically meaningful
effect on (adult) brain recovery, restoration of function relies upon the ability of spared
neurons to grow neurites and form new synapses to rebuild and remodel the injured
networks [54,55]. This requires neuronal activity, that is, stimulation via rehabilitation [56]
that provides a fertile ground for neuroplasticity and has been shown to produce plastic
changes in the white matter including activity-dependent myelination [57] and enhanced
oligodendrogenesis [58].

Our present results showing that NMT-induced white matter plasticity changes under-
pinning the improved executive function comprise the right (i) corpus callosum, (ii) fron-
toparietal connections, and (iii) the right corticostriatal tract parallel strongly with the
previous evidence on the structural core of the executive control network [46-48,59] as well
as with the evidence on critical white matter damage loci in TBI giving rise to executive
dysfunction [49]. Our results are also well in line with previous DTI studies which have
reported neuroplasticity changes in the arcuate fasciculus [60,61], superior longitudinal
fasciculus [62,63], corpus callosum [63,64], and corticospinal tract [65] induced by musical
training in healthy subjects and in the frontal aslant tract induced by music-based rehabili-
tation in stroke patients [24]. While previous evidence on treatment-related white matter
plasticity in TBI is scarce, our results argue that structural connectivity can be enhanced via
treatments in TBI and that the treatment-related white matter changes are associated with
improved cognitive outcome.
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The present study has some potential limitations that need to be considered when
evaluating the findings. Due to the study design, it is impossible to infer whether some
components of the intervention, for example active or passive engagement during music-
making or movements while playing musical instruments, were more relevant to clinical
improvement than others. Moreover, although the study is the largest RCT utilizing NMT
in moderate-to-severe TBI to date, the sample size remains relatively modest (1 = 25) and
may preclude the detection of smaller neuroplasticity effect sizes due to lack of statistical
power. The limited sample size also prevents us from making more fine-grained analyses
of what are the differences and commonalities in the patterns of white matter changes and
executive function recovery between different time points. Therefore, future longitudinal
studies with a stratification of patients by time since injury as well as lesion site would
be warranted to explicitly test the relationship of music therapy induced cognitive and
neuroplasticity changes across the recovery spectrum.

5. Conclusions

In conclusion, the present results suggest that the positive effects of neurological
music therapy on executive function recovery in TBI are underpinned by structural white
matter reorganization within the structural executive function network. Clinically, together
with our previous results [26,27,66], this evidence suggests that music therapy is a feasible
tool to induce structural white matter neuroplasticity in the post-TBI brain that underpin
improved executive function.

Author Contributions: Conceptualization, S.-T.S., S.L., ].P,, SK. and T.S.; Data curation, S.-T.S.,
N.M.-M. and L.K.; Formal analysis, A.].S.; Funding acquisition, T.S.; Investigation, S.-T.S., N.M.-M.,
S.L, M.H., M.A. and L.K.; Methodology, A].S.,S.-T.S.,S.L., LK. and J.P,; Project administration, S.-T.S.
and T.S.; Resources, S.L. and T.S.; Software, A.J.S. and N.M.-M.; Supervision, N.M.-M., SK. and T.S.;
Visualization, A.].S.; Writing—original draft, A.].S. and T.S.; Writing—review & editing, A.J.S., S.-T.S.,
N.M.-M.,, S.L, MH.,, M.A,, LK, ].P, SK. and T.S. All authors have read and agreed to the published
version of the manuscript.

Funding: Financial support was provided by the Academy of Finland, (grants 277693, 299044,
306625), European Research Council (grant 803466), University of Helsinki (grant 313/51/2013),
Social Insurance Institution of Finland (grant no. 18/26/2013), Y1jo Johansson Foundation (grant no.
6464), Finnish Association of People with Physical Disabilities and Helsinki Uusimaa Hospital district
(grants 461/13/01/00/2015, 154/13/01/2016), Finnish Cultural Foundation (grant 191230), Orion
Research Foundation sr, Maire Taponen Foundation and Signe, and Ane Gyllenberg Foundation.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Coordinating Ethics Committee of the Hospital District
of Helsinki and Uusimaa (reference number 338/13/03/00/2012).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Anonymized data reported in this manuscript are available from the
corresponding author upon reasonable request and subject to approval by the appropriate regulatory
committees and officials. No custom codes were used in any of the analyses.

Acknowledgments: Open access funding provided by University of Helsinki. We would like to
thank the multi-disciplinary team of experts who helped in the planning and implementation of the
study: music therapists Pdivi Jordan-Kilkki and Esa Ala-Ruona, Mari Tervaniemi, neurologists Anne
Vehmas and Susanna Melkas, research nurse Veera Lotvonen, neuropsychologists Jaana Sarajuuri
and Titta Ilvonen and the sfaff of Validia Rehabilitation Helsinki. Above all, we want to thank the
patients with TBI and their family members who participated in the study.

Conflicts of Interest: The authors declare no conflict of interest.

161



J. Clin. Med. 2022, 11, 2184

References

1.

10.
11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Maas, A.LR.; Menon, D.K;; David Adelson, PD.; Andelic, N.; Bell, M.]; Belli, A.; Bragge, P.; Brazinova, A.; Biiki, A.; Chesnut, RM.; et al.
Traumatic brain injury: Integrated approaches to improve prevention, clinical care, and research. Lancet Neurol. 2017, 16, 987-1048.
[CrossRef]

Colantonio, A.; Ratcliff, G.; Chase, S.; Kelsey, S.; Escobar, M.; Vernich, L. Long term outcomes after moderate to severe traumatic
brain injury. Disabil. Rehabil. 2004, 26, 253-261. [CrossRef] [PubMed]

Strich, S.J. Diffuse degeneration of the cerebral white matter in severe dementia following head injury. J. Neurol. Neurosurg.
Psychiatry 1956, 19, 163-185. [CrossRef] [PubMed]

Peerless, S.J.; Rewcastle, N.B. Shear injuries of the brain. Can. Med. Assoc. |. 1967, 96, 577-582.

Hoofien, D.; Gilboa, A_; Vakil, E.; Donovick, PJ. Traumatic brain injury (TBI) 1020 years later: A comprehensive outcome study
of psychiatric symptomatology, cognitive abilities and psychosocial functioning. Brain Inj. 2001, 15, 189-209. [CrossRef]
Langlois, J.A.; Rutland-Brown, W.; Wald, M.M. The epidemiology and impact of traumatic brain injury: A brief overview. J. Head
Trauma Rehabil. 2006, 21, 375-378. [CrossRef]

Dikmen, S.S.; Corrigan, ].D.; Levin, H.S.; MacHamer, J.; Stiers, W.; Weisskopf, M.G. Cognitive outcome following traumatic brain
injury. J. Head Trauma Rehabil. 2009, 24, 430-438. [CrossRef]

McDonald, B.C.; Flashman, L.A.; Saykin, A.J. Executive dysfunction following traumatic brain injury: Neural substrates and
treatment strategies. NeuroRehabilitation 2002, 17, 333-344. [CrossRef]

Kinnunen, K.M.; Greenwood, R.; Powell, ]. H.; Leech, R.; Hawkins, P.C.; Bonnelle, V.; Patel, M.C.; Counsell, S.J.; Sharp, D.J. White
matter damage and cognitive impairment after traumatic brain injury. Brain 2011, 134, 449-463. [CrossRef]

Sharp, D.J.; Scott, G.; Leech, R. Network dysfunction after traumatic brain injury. Nat. Rev. Neurol. 2014, 10, 156-166. [CrossRef]
Scheid, R.; Walther, K.; Guthke, T.; Preul, C.; Von Cramon, D.Y. Cognitive sequelae of diffuse axonal injury. Arch. Neurol. 2006, 63,
418-424. [CrossRef] [PubMed]

Brandstack, N.; Kurki, T.; Tenovuo, O. Quantitative diffusion-tensor tractography of long association tracts in patients with
traumatic brain injury without associated findings at routine MR imaging. Radiology 2013, 267, 231-239. [CrossRef] [PubMed]
Palacios, E.M.; Owen, J.P.; Yuh, E.L.; Wang, M.B.; Vassar, M.].; Ferguson, A.R.; Diaz-Arrastia, R.; Giacino, J.T.; Okonkwo, D.O.;
Robertson, C.S.; et al. The evolution of white matter microstructural changes after mild traumatic brain injury: A longitudinal
DTI and NODDI study. Sci. Adv. 2020, 6, eaaz6892. [CrossRef]

Douglas, D.B.; Iv, M.; Douglas, PX.; Anderson, A.; Vos, S.B.; Bammer, R.; Zeineh, M.; Wintermark, M. Diffusion tensor imaging of
TBI: Potentials and challenges. Top. Magn. Reson. Imaging 2015, 24, 241-251. [CrossRef] [PubMed]

Johnson, V.E.; Stewart, J.E.; Begbie, F.D.; Trojanowski, J.Q.; Smith, D.H.; Stewart, W. Inflammation and white matter degeneration
persist for years after a single traumatic brain injury. Brain 2013, 136, 28-42. [CrossRef]

Farbota, K.D.; Bendlin, B.B.; Alexander, A.L.; Rowley, H.A.; Dempsey, R.J.; Johnson, S.C. Longitudinal diffusion tensor imaging
and neuropsychological correlates in traumatic brain injury patients. Front. Hum. Neurosci. 2012, 6, 160. [CrossRef]

Hellstrom, T.; Westlye, L.T.; Kaufmann, T.; Trung Doan, N.; Seberg, H.L.; Sigurdardottir, S.; Nordhey, W.; Helseth, E.; Andreassen, O.A.;
Andelic, N. White matter microstructure is associated with functional, cognitive and emotional symptoms 12 months after mild
traumatic brain injury. Sci. Rep. 2017, 7, 1-14. [CrossRef]

Braeckman, K.; Descamps, B.; Caeyenberghs, K.; Vanhove, C. Longitudinal DTI changes following cognitive training therapy in a
mild traumatic brain injury rat model. Front. Neurosci. 2018, 12. [CrossRef]

Cernich, A.N.; Kurtz, S.M.; Mordecai, K.L.; Ryan, P.B. Cognitive rehabilitation in traumatic brain injury. Curr. Treat. Options
Neurol. 2010, 12, 412-423. [CrossRef]

Cicerone, K.; Levin, H.; Malec, J.; Stuss, D.; Whyte, J.; Edwards, E. Cognitive rehabilitation interventions for executive function:
Moving from bench to bedside in patients with traumatic brain injury. . Cogn. Neurosci. 2006, 18, 1212-1222. [CrossRef]
Sihvonen, AJ.; Sirkamo, T.; Leo, V.; Tervaniemi, M.; Altenmiiller, E.; Soinila, S. Music-based interventions in neurological
rehabilitation. Lancet Neurol. 2017, 16, 648-660. [CrossRef]

Sarkamo, T.; Tervaniemi, M.; Laitinen, S.; Forsblom, A.; Soinila, S.; Mikkonen, M.; Autti, T.; Silvennoinen, H.M.; Erkkil§, J.;
Laine, M.; et al. Music listening enhances cognitive recovery and mood after middle cerebral artery stroke. Brain 2008, 131,
866-876. [CrossRef]

Sihvonen, AJ.; Leo, V.; Ripollés, P.; Lehtovaara, T.; Yl6nen, A.; Rajanaro, P; Laitinen, S.; Forsblom, A_; Saunavaara, J.; Autti, T.; et al.
Vocal music enhances memory and language recovery after stroke: Pooled results from two RCTs. Ann. Clin. Transl. Neurol. 2020,
7,2272-2287. [CrossRef] [PubMed]

Sihvonen, A J.; Ripollés, P; Leo, V.; Saunavaara, J.; Parkkola, R.; Rodriguez-Fornells, A.; Soinila, S.; Sérkdmo, T.; Rodriguez-Fornells, A.;
Soinila, S.; et al. Vocal music listening enhances post-stroke language network reorganization. eNeuro 2021, 8, 34140351.
[CrossRef] [PubMed]

Sarkamo, T.; Ripollés, P; Vepsaldinen, H.; Autti, T.; Silvennoinen, H.M.; Salli, E.; Laitinen, S.; Forsblom, A.; Soinila, S.; Rodriguez-Fornells, A.
Structural changes induced by daily music listening in the recovering brain after middle cerebral artery stroke: A voxel-based
morphometry study. Front. Hum. Neurosci. 2014, 8, 245. [CrossRef]

Siponkoski, S.T.; Martinez-Molina, N.; Kuusela, L.; Laitinen, S.; Holma, M.; Ahlfors, M.; Jordan-Kilkki, P.; Ala-Kauhaluoma, K.;
Melkas, S.; Pekkola, J.; et al. Music Therapy Enhances Executive Functions and Prefrontal Structural Neuroplasticity after
Traumatic Brain Injury: Evidence from a Randomized Controlled Trial. ]. Neurotrauma 2020, 37, 618-634. [CrossRef]

162



J. Clin. Med. 2022, 11, 2184

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

Martinez-Molina, N.; Siponkoski, S.T.; Kuusela, L.; Laitinen, S.; Holma, M.; Ahlfors, M.; Jordan-Kilkki, P.; Ala-Kauhaluoma, K.;
Melkas, S.; Pekkola, J.; et al. Resting-State Network Plasticity Induced by Music Therapy after Traumatic Brain Injury. Neural
Plast. 2021, 2021, 6682471. [CrossRef]

Yeh, F.C.; Badre, D.; Verstynen, T. Connectometry: A statistical approach harnessing the analytical potential of the local
connectome. Neuroimage 2016, 125, 162-171. [CrossRef]

Hula, W.D.; Panesar, S.; Gravier, M.L.; Yeh, F.C.; Dresang, H.C.; Dickey, M.W.; Fernandez-Miranda, J.C. Structural white matter
connectometry of word production in aphasia: An observational study. Brain 2020, 143, 2532-2544. [CrossRef]

Dresang, H.C.; Hula, W.D.; Yeh, E-C.; Warren, T.; Dickey, M.W. White-Matter Neuroanatomical Predictors of Aphasic Verb
Retrieval. Brain Connect. 2021, 11, 319-330. [CrossRef]

Traumatic Brain Injury. Current Care Guidelines. Working group Set up by the Finnish Medical Society Duodecim, Finnish
Neurological Society, Societas Medicinae Physicalis et Rehabilitationis Fenniae, Finnish Neurosurgical Society, Finnish Neuropsy-
chological Society and Assocication of Finnish Insurance Medicine Doctors, Helsinki. Helsinki: The Finnish Medical Society
Duodecim, 2021 (Referred 6.4.2022). Available online: www.kaypahoito.fi (accessed on 6 April 2022).

Wilson, ].T.L.; Pettigrew, L.E.L.; Teasdale, G.M. Structured interviews for the Glasgow Outcome Scale and the extended Glasgow
Outcome Scale: Guidelines for their use. J. Neurotrauma 1998, 15, 573-580. [CrossRef] [PubMed]

Wilde, E.A.; McCauley, S.R.; Kelly, TM.; Weyand, A.M.; Pedroza, C.; Levin, H.S.; Clifton, G.L.; Schnelle, K.P; Shah, M.V.; Moretti, P.
The neurological outcome scale for traumatic brain injury (NOS-TBI): I. Construct validity. J. Neurotrauma 2010, 27, 983-989.
[CrossRef] [PubMed]

Dubois, B.; Slachevsky, A.; Litvan, L; Pillon, B. The FAB: A frontal assessment battery at bedside. Neurology 2000, 55, 1621-1626.
[CrossRef]

Yeh, EC.; Tseng, W.Y.I. NTU-90: A high angular resolution brain atlas constructed by g-space diffeomorphic reconstruction.
Neuroimage 2011, 58, 91-99. [CrossRef] [PubMed]

Yeh, EC.; Wedeen, VJ.; Tseng, W.Y.I. Generalized g-sampling imaging. IEEE Trans. Med. Imaging 2010, 29, 1626-1635. [CrossRef]
Schilling, K.G.; Yeh, EC.; Nath, V.; Hansen, C.; Williams, O.; Resnick, S.; Anderson, A.W.; Landman, B.A. A fiber coherence index
for quality control of B-table orientation in diffusion MRI scans. Magn. Reson. Imaging 2019, 58, 82-89. [CrossRef]

Yeh, F.C.; Liu, L.; Hitchens, TK.; Wu, Y.L. Mapping immune cell infiltration using restricted diffusion MRI. Magn. Reson. Med.
2017, 77, 603-612. [CrossRef]

Yeh, E.C.; Vettel, ].M.; Singh, A.; Poczos, B.; Grafton, S.T.; Erickson, K.L; Tseng, W.Y.L; Verstynen, T.D. Quantifying Differences
and Similarities in Whole-Brain White Matter Architecture Using Local Connectome Fingerprints. PLoS Comput. Biol. 2016,
12, €1005203. [CrossRef]

Yeh, EC.; Verstynen, T.D.; Wang, Y.; Fernandez-Miranda, ].C.; Tseng, W.Y.I. Deterministic diffusion fiber tracking improved by
quantitative anisotropy. PLoS ONE 2013, 8, e80713. [CrossRef]

Rolls, E.T.; Huang, C.C.; Lin, C.P; Feng, J.; Joliot, M. Automated anatomical labelling atlas 3. Neuroimage 2020, 206, 116189.
[CrossRef]

Yeh, F.C.; Panesar, S.; Barrios, J.; Fernandes, D.; Abhinav, K.; Meola, A.; Fernandez-Miranda, J.C. Automatic Removal of
False Connections in Diffusion MRI Tractography Using Topology-Informed Pruning (TIP). Neurotherapeutics 2019, 16, 52-58.
[CrossRef] [PubMed]

Friedman, N.P.; Miyake, A. Unity and diversity of executive functions: Individual differences as a window on cognitive structure.
Cortex 2017, 86, 186-204. [CrossRef]

Miyake, A.; Friedman, N.P.; Emerson, M.]J.; Witzki, A.H.; Howerter, A.; Wager, T.D. The Unity and Diversity of Executive
Functions and Their Contributions to Complex “Frontal Lobe” Tasks: A Latent Variable Analysis. Cogn. Psychol. 2000, 41, 49-100.
[CrossRef] [PubMed]

Niendam, T.A,; Laird, A.R.; Ray, K.L.; Dean, Y.M.; Glahn, D.C.; Carter, C.S. Meta-analytic evidence for a superordinate cognitive
control network subserving diverse executive functions. Cogn. Affect. Behav. Neurosci. 2012, 12, 241-268. [CrossRef]

Shen, K.; Welton, T.; Lyon, M.; McCorkindale, A.N.; Sutherland, G.T.; Burnham, S.; Fripp, J.; Martins, R.; Grieve, S.M. Structural
core of the executive control network: A high angular resolution diffusion MRI study. Hum. Brain Mapp. 2020, 41, 1226-1236.
[CrossRef]

Sasson, E.; Doniger, G.M.; Pasternak, O.; Tarrasch, R.; Assaf, Y. White matter correlates of cognitive domains in normal aging with
diffusion tensor imaging. Front. Neurosci. 2013, 7, 32. [CrossRef] [PubMed]

Gallen, C.L.; Turner, G.R.; Adnan, A.; D’Esposito, M. Reconfiguration of brain network architecture to support executive control
in aging. Neurobiol. Aging 2016, 44, 42-52. [CrossRef]

Zhang, J.; Tian, L.; Zhang, L.; Cheng, R.; Wei, R;; He, F;; Li, J.; Luo, B.; Ye, X. Relationship between white matter integrity and
post-traumatic cognitive deficits: A systematic review and meta-analysis. ]. Neurol. Neurosurg. Psychiatry 2019, 90, 98-107.
[CrossRef] [PubMed]

Filley, C.M. White matter: Organization and functional relevance. Neuropsychol. Rev. 2010, 20, 158-173. [CrossRef]

Filley, C.M.; Kelly, J.P. White Matter and Cognition in Traumatic Brain Injury. J. Alzheimers. Dis. 2018, 65, 345-362. [CrossRef]
Medana, 1.M.; Esiri, M.M. Axonal damage: A key predictor of outcome in human CNS diseases. Brain 2003, 126, 515-530.
[CrossRef] [PubMed]

163



J. Clin. Med. 2022, 11, 2184

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Zatorre, R.].; Fields, R.D.; Johansen-Berg, H. Plasticity in gray and white: Neuroimaging changes in brain structure during
learning. Nat. Neurosci. 2012, 15, 528-536. [CrossRef] [PubMed]

Tomassini, V.; Matthews, PM.; Thompson, A.J.; Fuglo, D.; Geurts, ].].; Johansen-Berg, H.; Jones, D.K.; Rocca, M.A.; Wise, R.G.;
Barkhof, F; et al. Neuroplasticity and functional recovery in multiple sclerosis. Nat. Rev. Neurol. 2012, 8, 635-646. [CrossRef] [PubMed]
Cramer, S.C.; Sur, M.; Dobkin, B.H.; O’Brien, C.; Sanger, T.D.; Trojanowski, ].Q.; Rumsey, ].M.; Hicks, R.; Cameron, J.; Chen, D.; et al.
Harnessing neuroplasticity for clinical applications. Brain 2011, 134, 1591-1609. [CrossRef]

Murphy, T.H.; Corbett, D. Plasticity during stroke recovery: From synapse to behaviour. Nat. Rev. Neurosci. 2009, 10, 861-872.
[CrossRef]

Fields, R.D. A new mechanism of nervous system plasticity: Activity-dependent myelination. Nat. Rev. Neurosci. 2015, 16,
756-767. [CrossRef]

Gibson, E.M.; Purger, D.; Mount, C.W.; Goldstein, A.K.; Lin, G.L.; Wood, L.S.; Inema, I.; Miller, S.E.; Bieri, G.; Zuchero, ].B.; et al.
Neuronal activity promotes oligodendrogenesis and adaptive myelination in the mammalian brain. Science 2014, 344, 1252304.
[CrossRef]

Bettcher, B.M.; Mungas, D.; Patel, N.; Elofson, J.; Dutt, S.; Wynn, M.; Watson, C.L.; Stephens, M.; Walsh, C.M.; Kramer, J.H.
Neuroanatomical substrates of executive functions: Beyond prefrontal structures. Neuropsychologia 2016, 85, 100-109. [CrossRef]
Vaquero, L.; Rousseau, PN.; Vozian, D.; Klein, D.; Penhune, V. What you learn & when you learn it: Impact of early bilingual &
music experience on the structural characteristics of auditory-motor pathways. Neuroimage 2020, 213, 116689. [CrossRef]
Halwani, G.F,; Loui, P.; Riiber, T.; Schlaug, G. Effects of practice and experience on the arcuate fasciculus: Comparing singers,
instrumentalists, and non-musicians. Front. Psychol. 2011, 2, 156. [CrossRef]

Engel, A.; Hijmans, B.S.; Cerliani, L.; Bangert, M.; Nanetti, L.; Keller, P.E.; Keysers, C. Inter-individual differences in audio-motor
learning of piano melodies and white matter fiber tract architecture. Hum. Brain Mapp. 2014, 35, 2483-2497. [CrossRef] [PubMed]
Loui, P; Raine, L.B.; Chaddock-Heyman, L.; Kramer, A.F; Hillman, C.H. Musical instrument practice predicts white matter
microstructure and cognitive abilities in childhood. Front. Psychol. 2019, 10, 1198. [CrossRef] [PubMed]

Habibi, A.; Damasio, A.; Ilari, B.; Veiga, R.; Joshi, A.A.; Leahy, R.M.; Haldar, J.P.; Varadarajan, D.; Bhushan, C.; Damasio, H.
Childhood music training induces change in micro and macroscopic brain structure: Results from a longitudinal study. Cereb.
Cortex 2018, 28, 4336-4347. [CrossRef] [PubMed]

Bengtsson, S.L.; Nagy, Z.; Skare, S.; Forsman, L.; Forssberg, H.; Ullén, F. Extensive piano practicing has regionally specific effects
on white matter development. Nat. Neurosci. 2005, 8, 1148-1150. [CrossRef]

Siponkoski, S.-T.; Koskinen, S.; Laitinen, S.; Holma, M.; Ahlfors, M.; Jordan-Kilkki, P.; Ala-Kauhaluoma, K.; Martinez-Molina, N.;
Melkas, S.; Laine, M.; et al. Effects of neurological music therapy on behavioural and emotional recovery after traumatic brain
injury: A randomized controlled cross-over trial. Neuropsychol. Rehabil. 2021, 1-33. [CrossRef]

164



Journal of

%

Clinical Medicine

Article

Refined Analysis of Chronic White Matter Changes after
Traumatic Brain Injury and Repeated Sports-Related
Concussions: Of Use in Targeted Rehabilitative Approaches?

Francesco Latini "*¥, Markus Fahlstrom 2, Fredrik Vedung !, Staffan Stensson 3, Elna-Marie Larsson 2,

2

Mark Lubberink 45, Yelverton Tegner 6, Sven Haller 27, Jakob Johansson 8, Anders Wall 49 Gunnar Antoni 1 and

Niklas Marklund 111

Citation: Latini, F.; Fahlstrom, M.;
Vedung, F; Stensson, S.; Larsson,
E.-M.; Lubberink, M.; Tegner, Y.;
Haller, S.; Johansson, J.; Wall, A_; et al.
Refined Analysis of Chronic White
Matter Changes after Traumatic Brain
Injury and Repeated Sports-Related
Concussions: Of Use in Targeted
Rehabilitative Approaches? J. Clin.
Med. 2022, 11, 358. https://
doi.org/10.3390/jcm11020358

Academic Editors: Nada Andelic,
Cecilie Ree, Eirik Helseth, Emilie
Isager Howe, Marit Vindal Forslund

and Torgeir Hellstrom

Received: 1 December 2021
Accepted: 8 January 2022
Published: 12 January 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Section of Neurosurgery, Department of Medical Sciences, Uppsala University, 75185 Uppsala, Sweden;
fredrik.vedung@neuro.uu.se (E.V.); niklas.marklund@neuro.uu.se (N.M.)

Section of Radiology, Department of Surgical Sciences, Uppsala University, 75185 Uppsala, Sweden;
markus.fahlstrom@radiol.uu.se (M.E); elnamarielarsson@me.com (E.-M.L.); sven.haller@surgsci.uu.se (S.H.)
Rehabilitation and Pain Centre, Uppsala University Hospital, 75185 Uppsala, Sweden;
staffan.stenson@akademiska.se

4 PET Centre, Uppsala University Hospital, 75185 Uppsala, Sweden; mark.lubberink@radiol.uu.se (M.L.);
anders.wall@akademiska.se (A.W.)

Medical Physics, Uppsala University Hospital, 75185 Uppsala, Sweden

Division of Health, Medicine and Rehabilitation, Department of Health, Education and Technology,

Luled University of Technology, 97187 Luled, Sweden; yelverton@tegner.com

7 Affidea CDRC Centre de Diagnostic Radiologique de Carouge SA, Clos de la Fonderie,

1227 Geneva, Switzerland

Section of Anesthesiology, Department of Surgical Sciences, Uppsala University, 75185 Uppsala, Sweden;
jakob.johansson@surgsci.uu.se

Section of Nuclear Medicine and PET, Department of Surgical Sciences, Uppsala University,

75185 Uppsala, Sweden

Department of Medicinal Chemistry, Uppsala University, 75185 Uppsala, Sweden; gunnar.antoni@ilk.uu.se
Section of Neurosurgery, Department of Clinical Sciences Lund, Skane University Hospital, Lund University,
22184 Lund, Sweden

Correspondence: francesco.latini@neuro.uu.se; Tel.: +46-764244653

1t These authors contributed equally to this work.

Abstract: Traumatic brain injury (TBI) or repeated sport-related concussions (rSRC) may lead to
long-term memory impairment. Diffusion tensor imaging (DTI) is helpful to reveal global white
matter damage but may underestimate focal abnormalities. We investigated the distribution of post-
injury regional white matter changes after TBI and rSRC. Six patients with moderate/severe TBI, and
12 athletes with rSRC were included >6 months post-injury, and 10 (age-matched) healthy controls
(HC) were analyzed. The Repeatable Battery for the Assessment of Neuropsychological Status was
performed at the time of DTL. Major white matter pathways were tracked using q-space diffeomorphic
reconstruction and analyzed for global and regional changes with a controlled false discovery rate.
TBI patients displayed multiple classic white matter injuries compared with HC (p < 0.01). At the
regional white matter analysis, the left frontal aslant tract, anterior thalamic radiation, and the genu
of the corpus callosum displayed focal changes in both groups compared with HC but with different
trends. Both TBI and rSRC displayed worse memory performance compared with HC (p < 0.05).
While global analysis of DTI-based parameters did not reveal common abnormalities in TBI and rSRC,
abnormalities to the fronto-thalamic network were observed in both groups using regional analysis
of the white matter pathways. These results may be valuable to tailor individualized rehabilitative
approaches for post-injury cognitive impairment in both TBI and rSRC patients.

Keywords: traumatic brain injury; sport related concussion; memory impairment; diffusion tensor
imaging; white matter lesions; rehabilitative approaches
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1. Introduction

Traumatic brain injury (TBI) affects more than 27 million people worldwide every year,
often resulting in cognitive and functional deficits, the impairment of daily life functioning,
and reduced quality of life [1-5].

Sport-related concussion (SRC), defined as a mild TBI, affects millions of athletes
each year [6,7]. While most SRC-induced symptoms resolve within 2-3 weeks, headache,
dizziness, confusion, and nausea may be long-lasting. Athletes with persisting symptoms
beyond the first three months post-injury are often called the “miserable minority” re-
flecting a discrepancy into the debate concerning the psychological vs. organic origins of
symptoms [8]. In fact, the treatment of these persisting cognitive deficits is challenging, in
part since gross structural abnormalities on routine neuroimaging [e.g., structural magnetic
resonance imaging (MRI), and computed tomography (CT)] are rare in repeated SRC (rSRC)
compared with moderate and severe TBI [2,3,5,8]. Some of these athletes without trau-
matic damages visible at the routine morphological MRI sequences are not systematically
considered for rehabilitation programs, and the possible long-term consequences of the
brain injury are often neglected without a structural visible injury [9,10]. For these athletes,
a diagnosis of a mild or major neurocognitive disorder caused by brain injury is com-
monly used [11], mostly based on the impaired cognitive function only [11,12]. Memory
impairment has also often been linked to microstructural damage in the brain, and it affects
patients both acutely and chronically after TBI [2,8,13,14].

The use of advanced MRI techniques, such as diffusion tensor imaging (DTI), can, in
higher detail, reveal the presence of white matter injury that may cause injury-induced
symptoms following TBI and SRC [8,15-17]. DTI can both qualitatively and quantitatively
demonstrate pathology not detected by other modalities and is, therefore, an important
tool not only in the research setting but in the clinical setting as well [18]. Altered DTI-
based parameters in the subacute post-injury stage suggests different levels of white matter
damage [19,20]. Robust evidence has shown a vulnerability of white matter bundles near
the midline, such as the fornix and cingulum, to TBI-induced shearing forces [21-23]. In-
vestigations of DTI-based parameters for specific regions such as the corpus callosum (CC),
internal capsule (IC), and corona radiata (CR), indicates that baseline fractional anisotropy
(FA) and mean diffusivity (MD) were associated with executive function and reaction time,
respectively [24-26]. Other cognitive domains, including memory, may also depend on re-
gional white matter integrity rather than generalized white matter injury [2,4,8,13,18,27-30].
Since there may be different subtypes of SRC, requiring specific rehabilitative therapies,
refined white matter analysis is needed to understand the anatomical basis of the persisting
symptoms [31].

Inter-subject differences in the mechanism of injury, as well as other biomechanical
factors such as head and body composition, make it highly probable that, despite some
commonalities, many areas of injury will differ among both patients and athletes [18,32].
The general interpretation of DTI-based-parameter alteration may therefore suffer these
differences at group level, especially if the mean values of FA or MD are analyzed [18]. The
further application of individualized assessments of regional brain injury are needed to
realize the full potential of DTT as a research and clinical tool. These reasons may explain
why, despite the general evidence, DTI is still not integrated in the clinical care of patients
with TBI or SRC [9].

This work has two aims: first, to assess whether fiber tract analysis (local/regional)
reveals alterations in DTI-based parameters not seen on whole tract analysis (global)
nor morphological MRI in patients with TBI or rSRC athletes; second, to assess possible
connections between local white matter alterations and long-term cognitive status in
both groups.
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2. Materials and Methods
2.1. Study Cohorts

Six patients were enrolled after a moderate (defined as Glasgow coma scale (GCS)
score 9-13, loss of consciousness >5 min, and/or focal neurologic deficits [33]) to severe
(GCS score < 8) TBI and treated at the neuro-critical care unit >6 months at the department
of neuro-surgery, Uppsala University hospital. Athletes of both sexes with rfSRC and
>6 months duration of post-concussion symptoms, according to the 4th edition of the
Diagnostic and Statistical Manual of Mental Disorders, were recruited [34,35]. Ten age-
matched HCs with no previous TBI, neurological condition, or current or previous active
participation in any contact sport were recruited as a control group. The Regional Research
Ethics Committee in Uppsala granted permission for the study (Dnr 2015/012). Written
informed consent was obtained from all included patients/athletes and HCs. All research
was conducted in accordance with the ethical standards given in the Helsinki Declaration
of 1975, as revised in 2008.

2.2. Image Acquisition and Data Processing

High-resolution 3D-T1-weighted- (T1w), 3D-T2 fluid attenuated inversion recovery
(T2-FLAIR), and susceptibility-weighted angiography (SWAN) images were acquired for
morphological evaluation.

DTI was acquired with a single-shot echo-planar imaging sequence using the following imag-
ing parameters: repetition time = 14,384 ms, echo-time = 78.6 ms, voxel size =2 x 2 x 2 mm?,
73 slices, b-value = 1000 s/mm?2 with 32-directions on a 3.0 Tesla PET/ MR-system (Signa
PET/MR, GE Healthcare, Milwaukee, Waukesha, WI, USA). Motion and eddy current
correction of acquired DTI data was performed in eddy, FSL (http:/ /fsl.fmrib.ox.ac.uk/
fsl/fslwiki; last accessed 11 October 2021) [36]. The diffusion data were reconstructed in
MNI space using g-space diffeomorphic reconstruction (QSDR) in DSI studio with a dif-
fusion sampling length ratio of 1.25. The output resolution was 2 mm. Briefly, QSDR is
a white-matter-based nonlinear registration approach that directly reconstructs diffusion
information in MNI space. As such, parametric images of FA, AD, and RD were calculated
in MNI space. Detail information on QSDR can be found in Yeh et al. [37]. The QSDR
function also provides a R2-value between subject and MNI diffusion data. A value greater
than 0.6 suggests a good registration result. A value greater than 0.6 was reported for all
subjects. Major projection, commissural, and association white matter pathways (37 tracts
in total) have previously been reconstructed within the HCP-1021 template following the
anatomical criteria used for the Brain-Grid DTT reference atlas [38], which were applied to
each subject.

Along-tract mapping was performed in DSI Studio. All included white matter path-
ways were stretched to correspond to straight lines. FA, AD, and RD were sampled
along these lines and regressed using a kernel density estimator with default regression
bandwidth at 1.0. Each point of these lines corresponds to one coordinate in the tract
file generating indices for a given pathway. These were arranged from start to end with
a corresponding DTI-based parameter for each given index for each subject.

2.3. Neuropsychology

The repeatable battery for the assessment of neuropsychological status (RBANS) [39],
an objective test to measure neuro-cognitive functions including attention, verbal functions,
visuospatial, immediate, and delayed memory, was performed by a trained neuropsycholo-
gist at the time of MRI investigation. Here, RBANS was used to estimate the neuro-cognitive
burden in TBI and rSRC.

2.4. Data and Statistical Analysis
2.4.1. General White Matter Changes/Damages

The Shapiro-Wilks test was performed on the underlaying data for each analysis to test
for normality; parametric or non-parametric statistical methods were chosen accordingly.
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A Kruskal-Wallis test with Dunn’s test to correct for multiple comparisons was used to test
whole white matter pathway DTI-bases parameter differences between TBI, rSRC, and HCs
for all white matter pathways, respectively. Furthermore, the median and interquartile
range was calculated for TBI, rSRC, and HC and for all white matter pathways and DTI-
based parameters, respectively. General changes were defined as a whole white matter
pathway with significantly decreased total average FA and significantly increased total
average AD or RD [19,20]. For all performed statistical analysis, derived p-values < 0.05
were considered significant. Statistical analysis and graphic plots were created using
GraphPad Prism 9 (v 9.3.1., GraphPad Software, La Jolla, CA, USA).

2.4.2. Focal White Matter Changes/Damages

Focal along-tract analysis was performed using multiple unpaired t-tests comparing
each white matter pathway index in TBI vs. HC and rSRC vs. HC for all DTI-based
parameters and white matter pathways, respectively. The false discovery rate (FDR) was
controlled using the Benjamini-Hochberg procedure with Q = 10%. In this regard, the
number of false positives is kept below 10% of the number of significant indices. We chose
a group of ten sequential significant indices to indicate a significant difference compared
to HCs.

2.4.3. Neuropsychological Test

For descriptive analysis, the average and standard deviation (SD) of each subpart of
the RBANS index was calculated. A group comparison on each subpart between TBI vs.
HCs and rSRC vs. HCs were performed using an unpaired ¢-test for independent samples
for comparison between groups.

3. Results
3.1. Participants

Six TBI patients (four males, two females, mean age 27 + 7), 12 rSRC athletes (6 males,
6 females, mean age 26 + 7) and 10 HCs (five males, five females, mean age 26 + 5)
were enrolled. No TBI patient had any known psychiatric or psychological disorder prior
to the injury. Four TBI patients had cerebral contusions, and 2 had multiple cerebral
microbleeds (CMB) suggesting diffuse axonal injury. Of the TBI patients, four had a good
clinical recovery on the Glasgow outcome scale (GOS 5) and two a moderate disability
(GOS 4). rSRC athletes had attained a median of 6 sports-related concussions (range 3-10).
Concussion symptoms were assessed by the sport concussion assessment tool (SCAT)-3 [40],
displaying high symptom severity. Non-specific white matter lesions were found in 2 rSRC
athletes. Clinical and radiological data are summarized in Table 1.

Table 1. Summary of the clinical and radiological data of the three groups.

Clinical/Radiological Factors Groups

TBI SRC HC
Number of patients 6 12 10
Age-mean (SD) 27 (7) 26 (7) 26 (5)
Gender-M/F 4/2 6/6 5/5
Concussions-no (range) - 6 (3-10) -
Contusions-no 4 - -
DAI-no 2 - -
Time since last TBI or SRC (months) 19 (8) 23 (6-132) -
Length of Hospital stay (days) 17 (9) - -
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Table 1. Cont.

Clinical/Radiological Factors Groups
TBI SRC HC
Injury Mechanisms
Fall 3 - -
Motor vehicle accident 3 - -
Sports-related - 12 -
Neurologic status
GCS at admission (range) 12 (5-14) - -
GCS at discharge (range) 14 (8-15) - -
GOS at the time of MRI (n of pts) 5(4),4(2) - -
Symptoms (SCAT)
SSS (range) - 48.5 (3-91) -
NOS (range) - 18 (2-22) -

In athletes, concussion symptoms were assessed by the sport concussion assessment tool (SCAT). The symptom
evaluation score lists 22 symptoms with a severity range of 0-6, and the symptom severity score (SSS) is the sum of
all symptom scorings (range 0-132). The number of symptoms (NOS) is the sum of each symptom with a severity
score between 1 and 6 (range 0-22). TBI: Traumatic brain injury, SRC: Sport-related concussions, and HI: healthy
controls. DAI = diffuse axonal injury; GCS = Glasgow coma scale SCAT = sports concussion assessment tool;
SSS = symptom severity score; NOS = number of symptoms; GOS: Glasgow outcome scale; non-parametric data
(number of SRCs, time since last SRC, SSS, NOS, GCS) is presented as medians and range, and parametric data
(age, time since TBI and length of hospital stay) is presented as means =+ standard deviations (SD).

3.2. General White Matter Changes/Injuries

Differences in DTI-based parameters were observed in 29 white matter pathways
in TBI patients compared to HCs (see Table 2). No rSRC athlete displayed significantly
increased AD or RD or significantly decreased FA for any of the included white matter
pathways (Table 2). On the other hand, six white matter pathways displayed significant
difference in DTI parameters in rSRC compared with HC. The six structures displayed
a completely different trend in DTI parameters with a higher FA and lower AD and RD
compared with HC (Table 2). The median and interquartile range for all white matter
pathways and DTI-based parameters are presented in electronic Supplementary Material
Table S1 (ESM1).

Table 2. Analysis of global white matter damage.

White Matter Structure AD FA RD Injured

TBIvs. HC  SRCvs.HC  TBIvs. HC  SRCvs.HC  TBIvs. HC  SRCvs.HC  TBI SRC

AC <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 Y N

AFL <0.0001 <0.0001 <0.0001 <0.0001 0.4062 <0.0001 N N

AFR 0.0006 >0.9999 0.0603 0.6801 0.0002 03323 Y N

Imf;‘f;fgfiule <0.0001 0.8410 <0.0001 0.0226 <0.0001 0.5070 Y N

I“tzr:taelﬂcjfﬁule <0.0001 0.2387 0.0416 <0.0001 <0.0001 >0.9999 Y N

FATL 0.0007 >0.9999 0.0125 >0.9999 <0.0001 >0.9999 Y N

FATR 0.0178 >0.9999 0.0149 0.6267 0.0006 0.2962 Y N

ATRL <0.0001 0.1121 <0.0001 0.0588 <0.0001 05310 Y N

ATRR <0.0001 >0.9999 <0.0001 0.6583 <0.0001 02591 Y N

GiL 0.1709 0.0003 <0.0001 0.2943 <0.0001 0.0295 N N
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Table 2. Cont.

White Matter Structure AD FA RD Injured

TBIvs. HC ~ SRCvs. HC  TBIvs. HC  SRCvs.HC  TBIvs. HC  SRCvs.HC  TBI SRC

GiR <0.0001 <0.0001 0.0006 0.0026 <0.0001 0.0017 Y N

cSL <0.0001 0.1422 0.0006 >0.9999 <0.0001 >0.9999 Y N

CSR <0.0001 >0.9999 0.0322 0.8871 <0.0001 >0.9999 Y N

External capsule L <0.0001 0.8449 0.0374 0.0980 <0.0001 0.5370 Y N

External capsule R <0.0001 >0.9999 0.0410 >0.9999 <0.0001 0.6081 Y N

M <0.0001 04771 0.0006 0.0028 <0.0001 <0.0001 Y N

FoL <0.0001 <0.0001 <0.0001 0.0011 <0.0001 0.0001 Y N

FoR <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 Y N

Genu CC 0.0019 >0.9999 <0.0001 0.3754 <0.0001 0.0060 Y N

hSLFL <0.0001 05733 0.0002 0.8185 <0.0001 0.8285 Y N

hSLF R <0.0001 >0.9999 0.0005 07111 <0.0001 >0.9999 Y N

IFOF L <0.0001 0.3086 0.0036 0.0009 <0.0001 01810 Y N

IFOF R <0.0001 >0.9999 02301 >0.9999 <0.0001 07752 Y N

ILEL 0.0116 03316 0.0157 >0.9999 <0.0001 >0.9999 Y N

ILFR <0.0001 >0.9999 0.0140 >0.9999 <0.0001 0.6816 Y N

MLF L 0.1890 0.0226 0.2841 0.0774 <0.0001 0.379 N N

MLF R 0.5220 >0.9999 0.0011 0.0105 <0.0001 <0.0001 N N

ORL <0.0001 0.6411 0.0207 0.5038 <0.0001 >0.9999 Y N

ORR <0.0001 >0.9999 >0.9999 >0.9999 <0.0001 0.8799 N N

I“t;;rs‘:‘elngiule <0.0001 0.0622 <0.0001 >0.9999 <0.0001 >0.9999 Y N

I“t;f)rs‘f‘elrizf;me <0.0001 >0.9999 0.0144 0.8507 <0.0001 >0.9999 Y N

UFL <0.0001 03353 01033 0.0110 <0.0001 0.0007 Y N

UFR 0.1262 04169 0.0729 0.7228 0.0022 0.0070 N N

VOL 05318 >0.9999 0.0022 >0.9999 <0.0001 >0.9999 N N

VOR 0.4149 0.1643 0.1207 0.0106 0.0240 03355 N N

VSLF L 0.0027 0.0081 02355 >0.9999 0.0249 >0.9999 Y N

VSLF R <0.0001 0.0105 0.0012 0.5643 <0.0001 05110 N N

Adjusted p-values are presented for each comparison between traumatic brain injury (TBI), healthy controls
(HC), and repeated sport-related concussions (rSRC) and HC including, all DTI-based metrics and white matter
pathways. Values in red emphasize results wherein the axial diffusivity (AD) or radial diffusivity (RD) values
are increased in comparison to HC, defining the criteria for white matter pathway injury. Values in green
emphasize results wherein AD or RD decreases, which is contradictory to the theory presented. Y: yes (injured),
N: not injured, L: left, R: right; AC: anterior commissure; AF: arcuate fasciculus; FAT: frontal aslant tract;
ATR: anterior thalamic radiation; Ci: cingulum; CS: cortico-spinal tract; FM: forceps major; Fo: fornix; CC: corpus
callosum; hSLF: horizontal component of superior longitudinal fasciculus; IFOF: inferior fronto-occipital fasciculus;
ILF: inferior longitudinal fasciculus; MLF: middle longitudinal fasciculus; OR: optic radiation; UF: uncinate
fasciculus; VO: vertical occipital fasciculus; vSLF: vertical component of superior longitudinal fasciculus.

3.3. Focal White Matter Changes/Injuries

Three white matter structures displayed regional differences in DTI-based parameters
in both groups compared to HCs. The left frontal aslant tract (FAT) displayed lower FA
and higher RD in the fronto-opercular region in TBI patients. The same pathway displayed
higher FA and lower RD in the supplementary motor area region in rSRC patients. The
right anterior thalamic radiation (ATR) displayed lower FA and higher AD and RD in TBI
patients localized mostly at the thalamic level. The rSRC group displayed higher FA and
lower AD and RD mostly at the thalamic level. The genu of the corpus callosum (CC)
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showed lower FA, higher AD and RD in the TBI group close to the midline. In the rSRC
group, the focal analysis showed higher AD and lower RD close to the midline (Figure 1).
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Figure 1. Focal analysis of three white matter pathways with white matter changes identified in
both TBI patients and in rSRC patients compared with HC. False discovery rate (FDR) analysis was
performed, as such significant differences are displayed as continuous lines on the x axis of each DTI-
based parameter for each white matter pathway. The left frontal aslant tract (FAT) displayed lower
FA and higher RD in the fronto-opercular region in TBI patients, while a higher FA and lower RD
in the supplementary motor area region were found in the rSRC group. The right anterior thalamic
radiation (ATR) displayed lower FA and higher AD and RD in the TBI group localized mostly at
the thalamic level, while the rSRC group displayed higher FA and lower AD and RD mostly at the
thalamic level. The genu of the corpus callosum (CC) showed lower FA and higher AD and RD in
the TBI group close to the midline, while the rSRC group displayed a higher AD and lower RD close
to the midline. TBI: traumatic brain injuries; rSRC: repeated sport related concussions; HC: healthy
controls; AD: axial diffusivity; RD: radial diffusivity; FAT: frontal aslant tract; ATR: anterior thalamic
radiation; CC: corpus callosum.

3.4. Neuropsychology

Both TBI patients and rSRC athletes were impaired on the RBANS global outcome
analysis compared with HC (TBI: 75 + 24; rSRC: 80 £ 17; HC: 105.5 + 2; TBI to HC: p = 0.03
rSRC to HC: p = 0.006). RBANS Memory scores were lower in both TBI, and SRC when
compared to HC (p = 0.048 and p = 0.04; respectively). The RBANS Verbal scores were
lower in rSRC athletes compared to HC (p = 0.048) although not in TBI (p = 0.07). No
significative difference was detected among the groups for the other RBANS functional
domains (Figure 2).
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Figure 2. Each domain of RBANS is shown for TBI, rSRC, and HC. Significant differences in RBANS
Memory score were detected between HC and TBI patients, as well as rSRC athletes. For the other
domains of the RBANS, there were no significant differences among the groups. TBI: traumatic brain
injuries; rSRC: repeated sport-related concussions; HC: healthy controls; RBANS: repeatable battery
for the assessment of neuropsychological status. * Statistical significance with p value < 0.05.
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4. Discussion

The most important finding in our study was that focal regional differences in white
matter pathways were observed at the chronic stage post-injury in both TBI patients and
rSRC athletes who had a similar impairment on memory testing in comparison to healthy,
age-matched controls (HC). For the development of novel treatments, and for precision
rehabilitation, an enhanced understanding of the structural basis of persistent symptoms is
crucial [41].

White matter changes, demonstrated by differences in DTI-based parameters, have
been previously identified in TBI patients [19,21,25,28,30]. Furthermore, differences in
DTI-based parameters are also seen in patients with only minor cognitive impairment and
in patients with normal conventional MRI, supporting the role of DTI in detecting subtle
injuries missed by other modalities [8,20,25,30,42]. In our study, TBI patients displayed
significant changes in DTI-based parameters compared with HC in 29 of the 37 analyzed
white matter structures in the global white matter analysis. Using the same analysis in-
terpreting the mean values for each single white matter in rSRC athletes, no white matter
pathways displayed global axonal or myelin abnormalities compared with HC. However,
a different trend in DTI parameters compared with HC was observed in six white matter
pathways compared with HC. It is suggested that different injury mechanisms and levels
of energy produced by trauma to cortical and subcortical structures may be explaining
factors [15,26,28,30]. This variability leads to a lack of consensus on the interpretation of
chronic DTI-based parameters after TBI or rSRC [16,21,23]. In fact, DTI has been demon-
strated to be sensitive to a wide range of group differences, although no specific trends
have been consistently identified [29,43]. For this reason, we performed post-hoc analyses
to investigate specific and focal injuries to white matter pathways. A similar method
was previously used to analyze regional white matter changes after radiation therapy in
DTI-based parameters [44] and to investigate white matter anomalies in a patient with
visual snow syndrome [45]. We found a different level of regional differences in the same
white matter networks only partially revealed by the global analysis. Several white mat-
ter pathways displayed regionally decreased AD and RD in their midline segments in
rSRC, in agreement with previous reports in chronic rSRC [16,46—48]. On the other hand,
there are conflicting results showing increased AD and RD indicative of damage to axonal
fibers or myelin, respectively [43,49]. Plausibly, focal and/or incomplete damage to myelin
or axonal fibers may not affect the entire pathway in terms of DTI-based metrics at the
chronic stage. Incomplete damage to both myelin and axons in rSRC may induce a myelin
repair process with a change in the dominant cell type contributing to the signal, with
axonal bundles being replaced by astrocytes and/or microglia [15]. Hence, significantly
higher AD and RD and, potentially, lower FA in rSRC patients could be expected at the
chronic stage [16,21,42,50]. Animal models showed that neuronal shrinkage can occur in
the absence of cell death or perisomatic axotomy [16,51]. Decreased AD and RD post injury
may be related to such shrinkage, leading to less surface area along axons for parallel
diffusion [16,51].

These data suggest that the time course of physiological recovery extends longer
than initially thought in rSRC athletes [17]. In addition, previous inconsistent results
matching cognitive outcome and DTI may depend on the different DTI analysis methods
used [22-24,43,51,52]. Changes in DTI-based parameters may be subtle and difficult to
detect due to technical factors (such as the number of DTI directions, the algorithm used
for the analysis, normalization process, the technique of tractography, the choice of global
or focal indices’ analysis among others) [52-55]. When the structural injury is focal and/or
partially repaired, analysis of regional DTI-based metrics changes should be investigated
to identify anatomical and possible links to functional information/dysfunction.

Both TBI patients and rSRC athletes performed significantly worse in the memory do-
main. This result agrees with other studies demonstrating impaired neuropsychological out-
come in TBI patients and rSRC athletes during the subacute/chronic stage [2,4,5,7,20,23,39,56].
In patients with evidence of structural and functional abnormalities after TBI, effective
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cognitive rehabilitation interventions initiated post TBI enhance the recovery process and
minimize the functional disability [57]. In t1SRC patients, the persistence of symptoms long
beyond the generally accepted time frame for recovery may reflect the development of post-
concussion syndrome (PCS) [58,59]. There is, however, no consensus regarding the clinical
neuroradiological criteria for PCS and, increasingly, the term persistent post-concussive
symptoms (PPCS) is used [60]. Despite persisting symptoms, many of these athletes have
normal MRI investigations [59]. The possible evidence of white matter alterations may
represent an important factor to consider to plan early education [61], cognitive behavioral
therapy [62], and/or aerobic exercise therapy [63], which have been shown to be effective
in certain patients with post-concussion syndrome [59]. Moreover, since memory seems the
common most affected domain in our two populations, the specific use of external memory
aids and computer-assisted strategies may be indicated, since they have also been shown
to improve attention, memory, and executive skills after TBI and therefore may be of help
in SRC patients with memory impairment [10,64-66].

The indication for tailored cognitive rehabilitation based on the affected white matter
networks and functional impairment would therefore be necessary to either restore or
compensate for memory deficits or other functional impairments commonly debilitating to
rSRC patients, as well as for TBI patients [67,68].

4.1. Functional Correlates of Regional White Matter Injuries

We found FAT, ATR, and CC to be among the abnormal white matter pathways due
to significant variations in DTI-based parameters, at the regional analysis in both TBI and
rSRC athletes. The two groups displayed similar functional outcome and a similar mid-line
location for the DTI-based parameters changes at the regional analyses for the ATR and
CC. FAT is a key component of a cortico-basal ganglia- thalamic-cerebellar circuit involved
in action control [69,70]. In both hemispheres, the FAT plays a role in selecting among
competing representations for actions that require the same motor resources (mainly the
articulatory apparatus on the left hemisphere and the oculomotor and manual/limb action
systems on the right hemisphere) [69,71,72]. Its damage has been related to impairment in
speech and language functions, as well as executive functions, visual-motor activities, in-
hibitory control, working memory, and attention [69,71]. The damage/changes to segments
of ATR can also be observed in the midline fluid percussion brain injury, a rodent model
of diffuse TBI wherein memory deficits are observed [73]. Electrophysiological evidence
suggests a crucial role for ATR connectivity in human memory formation, connecting the
anterior and midline thalamic nuclear groups to the frontal lobe [74-79]. Commissural
white matter pathways such as the genu and splenium of the CC are more vulnerable in
their segment close to the midline due to a close relationship with fibrotic structures such
as the falx cerebri [28,80,81]. Lesions or regional changes of the CC are known to disable
the interhemispheric communication of multiple memory systems and disturb memory
function [82-84], in particular in long-term verbal memory performance [85,86].

Taken together, these findings suggest that regional differences in the frontal and
fronto-thalamic networks (FAT, ATR) may be key contributors to the poor memory per-
formance observed in our study. The additional involvement of the genu of CC, may
have resulted in a lack of interhemispheric modulation and resilience leading to a less
compensable functional impairment [82-87]. Knowledge of the presence of such white
matter changes is of importance to individualize treatment strategies [41].

4.2. Limitations

Our study has some limitations. The sample size of the three groups is small, especially
the TBI group. Although the groups are thoroughly characterized and matched (age and
gender) the injury mechanisms resulting in the TBI or rSRC were heterogeneous. Hence, our
results should, therefore, be interpreted with caution. The limited sample size influenced
our analysis and some of the variables such as age, gender, and hospitalization time were
not included as confounding factors in this article. Since the TBI group is too small and
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other studies from our group did not identify significant differences among subgroups
of rSRC athletes [88], we did not include the other variables in our analysis, which was
beyond the aim of this article. We aimed to investigate differences in white matter changes
with two different methods and to match the neuropsychological outcome with diffusion
changes in the two groups. Further studies with larger cohorts are needed to clarify the role
of the confounding factors in TBI and rSRC subjects at the chronic phase. We also believe
that only longitudinal studies with repeated investigations would minimize the risk of
hidden differences between the groups displaying trends for possible recovery. Another
limitation is that we cannot exclude that possible comorbidities, such as post-traumatic
stress disorder (PTSD), which has been described in TBI patients, might have contributed to
the worse performance on memory domain by the TBI group [89]. On the other hand, the
similar performance in rSRC athlete, the different background of the TBI patients included
in this study and the absence of similar white matter alterations as previously reported
may indicate a different reason for the results presented in this article.

To our knowledge, this is the first study applying focal injury analysis to white
matter pathways in both TBI patients and rSRC athletes. Hence, another limitation may
be linked to our methods with the creation of several small indices for each DTI-based
parameter together with the intrinsic sensitivity to noise. We defined regional differences
as a minimum of 10 consecutive indices reaching the pre-determined significant levels
in comparison to controls at group level in both direction (increased or decreased when
compared with healthy controls). We believe the FDR analysis may represent a reliable and
solid way to discriminate the effects of confounds through the analysis of voxel’s spatial
neighborhood. Another limitation is the possible role of cerebral contusions and CMB on
our DTI results. Post-traumatic lesions such as contusions and CMB can be associated
with lasting changes in perilesional white matter properties, even remotely from the lesion,
and midsagittal CMB have been associated with cognitive decline after TBI [90-92]. Since
we did not anatomically normalize CMB, an effect on the DTI results cannot be excluded.
However, at the time of DTI, neither acquisition nor an expansive effect of the contusions
was present, nor was a significant deformation of anatomical structures detected. The
quality of the normalization process was carefully assessed before the analysis. In view of
the differences in acquisition period and the different trend in AD and RD between TBI
and rSRC, a major role for CMB is unlikely. Further studies with more advanced models of
white matter investigations are necessary to minimize the effects of confounds and to, in
detail, assess network vulnerability in TBI and rSRC.

5. Conclusions

In our study, TBI patients and rSRC athletes displayed different morphological images
and different DTI abnormalities at the first level analysis of white matter but shared
a similarly impaired memory performance at the chronic stage after injury. DTI analysis
detected white matter pathway changes especially in TBI patients but underestimated focal
or incomplete abnormalities when the white matter pathway was considered as one entity.
At the regional analysis, similar regions of the left FAT, the genu of the CC, and the right
ATR displayed different focal changes in both rSRC and TBI patients, reflecting possible
differences in trauma and recovery mechanisms. The concomitant presence of white
matter findings and the functional impairment observed in both TBI patients and rSRC
athletes may suggest a long-term chronic impairment in some subgroups of patients despite
the normal standard MRI images. This information seems crucial to better interpret the
functional outcome of athletes with rSRC and to tailor individualized rehabilitative plans.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jem11020358 /51, Table S1: Median with interquartile range for
all white matter pathways and DTI-based parametric values.
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Abstract: Background: Mild traumatic brain injury (mTBI) is an important but less recognized public
health concern. Previous studies have demonstrated that patients with mTBI have impaired executive
function, which disrupts the performance of daily activities. Few studies have investigated neural
mechanisms of cognitive flexibility in mTBI patients using objective tools such as the psychological
experiment paradigm. Here, we aimed to examine neural correlates of cognitive flexibility in mTBL
Methods: Sixteen mTBI patients and seventeen matched healthy controls (HCs) underwent functional
MRI during a rule-based task-switching experimental paradigm. Linear models were used to obtain
within-group activation maps and areas of differential activation between the groups. In addition, we
conducted mediation analyses to evaluate the indirect effect of abnormal dorsal caudate activation on
the association between information processing speed and cognitive flexibility in mTBI. Results: mTBI
patients exhibited significantly longer reaction time in the task switching (TS) condition compared to
HCs, reflecting impaired cognitive flexibility. In addition, the patients showed reduced activation
in the dorsal caudate (dCau), anterior cingulate cortex, and other frontal regions during the TS
condition. Mediation analysis revealed that the reduced dCau activation had a significant effect on
the relationship between information processing speed and cognitive flexibility in mTBI. Conclusions:
Abnormal dorsal caudate activation in mTBI mediates impaired cognitive flexibility, which indicated
dorsal caudate might be playing a vital role in the cognitive flexibility of mTBI patients. These
findings highlight an alternative target for clinical interventions for the improvement of cognitive
functions in mTBL

Keywords: mild traumatic brain injury; functional MRI; cognitive flexibility; task switching;
dorsal caudate

1. Introduction

Mild traumatic brain injury (mTBI) is an important but less recognized public health
concern [1], which accounts for nearly 80% of all traumatic brain injuries [2,3]. Patients
with mTBI have impaired executive function, which disrupts the normal performance of
daily activities [4]. Executive function is a high-level cognitive function in human beings [5].
As a core component of the executive function, cognitive flexibility defines the ability
of individuals to constantly adjust their behavioral responses according to the changing
external environment [6,7]. Many studies have demonstrated executive dysfunction in
patients with various diseases and the patients exhibit impaired cognitive flexibility [8-12].

Previous studies conducting magnetic resonance imaging (MRI) found that patients
with traumatic brain injury have executive dysfunction, and showed impaired cognitive
flexibility and altered information processing speed on the behavior level [13]. A previous
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study that employed graph theory analysis showed that patients exhibited reduced central-
ity of characteristic vectors of caudate and cingulate cortex, which could accurately predict
executive dysfunction in traumatic brain injury [13]. Another study that conducted a word-
based working memory task in patients with severe traumatic brain injury showed that
the abnormal activation response of caudate was negatively correlated with the patient’s
cognitive fatigue under complex conditions, but was positively associated with cognitive
fatigue under simple conditions [14]. In addition, one task-switching study showed that
patients with local caudate atrophy had abnormal cognitive flexibility, and needed sufficient
cognitive load during task switching, but exhibited a significantly increased error rate [15].

Besides, other studies demonstrated that patients with traumatic brain injury had
widespread altered white matter microstructure, and the damage to the upper radiation
crown from the caudate to the anterior auxiliary motor zone was significantly associated
with the switching cost required for patients to achieve task switching, which could predict
impaired cognitive flexibility in the patients [16]. Therefore, patients with traumatic brain
injury exhibited impaired cognitive flexibility with altered behavioral responses as well as
structural and functional abnormalities in the hub region caudate. However, these studies
mainly focused on the cognitive dysfunction in patients with moderate to severe traumatic
brain injury.

Moreover, previous studies mostly employed specific neuropsychological measure-
ment tools such as the Wisconsin Card Sorting Test to assess cognitive function [17], but
were limited by subjective judgments and the expectation effect; it has been proved that
when individuals with mild head injury are informed of this, they may experience cognitive
difficulties and perform worse on neuropsychological tests compared to the individuals
who are uninformed [18,19]. In addition, other studies conducted different psychological ex-
perimental tasks to measure cognitive functions in patients with traumatic brain injury, such
as working memory tasks [20—-22] and the go/no-go task [23,24], which were performed
mainly to measure working memory and inhibitory control ability, respectively. Further-
more, few studies have investigated cognitive flexibility in mTBI patients and its associated
neural mechanisms using objective tools such as the psychological experiment paradigm.

To explore underlying neural mechanisms of cognitive flexibility in mTBI patients,
we performed a rule-based cognitive control experimental paradigm with functional MRL.
Here, we first investigated specific behavioral patterns of cognitive impairment in the mTBI
patients, and then explored abnormal brain activation in task conditions. Thereafter, we
assessed the relationship between altered brain activation, information processing speed
and cognitive flexibility. We aimed to identify neural correlates of impaired cognitive
flexibility in mTBL

2. Materials and Methods
2.1. Participants

Sixteen mTBI patients (6 females, mean age 25.8 4= 2.8 years) were recruited from the
local emergency department. Diagnosis of the mTBI was assessed by two experienced neu-
rologists following the World Health Organization’s Collaborating Centre for Neurotrauma
Task Force [4]. To be included in this study, all mTBI patients had to have met the following
inclusion criteria: (1) a Glasgow Coma Scale score of 13-15; (2) one or more of loss of
consciousness (if present) <30 min, post-traumatic amnesia (if present) <24 h, and/or other
transient neurological abnormalities such as focal signs, seizure, and intracranial lesion not
necessitating surgery. We excluded patients with a history of neurological disease, long-
standing psychiatric condition, head injury, substance or alcohol abuse, clinical symptoms
of depression and anxiety, intubation and /or presence of a skull fracture as well as admin-
istration of sedatives on arrival in the emergency department, spinal cord injury. Patients
with a manifestation of mTBI due to medications by other injuries (e.g., systemic injuries,
facial injuries, or intubation) or other sources such as psychological trauma, language bar-
rier, or coexisting medical conditions as well as those caused by penetrating craniocerebral
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injury were also excluded from this study. In addition, 17 age- and sex-matched healthy
controls (HCs) were also enrolled (5 females, mean age 27.8 & 3.3 years).

2.2. Neuropsychological Tests

Several neuropsychological performance tests were performed. The tests included
Trail-Making Test Part-A (TMT-A) for rote memory assessment, Forward Digit Span (FDS)
and Backward Digit Span (BDS) test of Wechsler Adult Intelligence Scale-III for working
memory assessment and Digit Symbol Coding (DSC) task for cognitive function assess-
ment and information processing speed. On the other hand, we employed self-reported
symptomatology assessments such as Insomnia, which was evaluated using the Insom-
nia Severity Index (ISI) for sleep quality and short-form Headache Impact Test (HIT) for
severity of headaches. All the neuropsychological tests were performed by an experienced
clinical psychologist blinded to this study.

2.3. Experimental Design and Procedures

We employed a modified version of the rule-based task-switching experimental
paradigm [25-27], where participants responded to the target digital stimuli based on
the cues presented initially. It is a highly time-efficient event-related fMRI paradigm, which
has been designed to specifically probe for cognitive flexibility and stability. Participants
were instructed to perform one of three task conditions on numerical stimuli based on a
cue presented simultaneously during each trial (Figure 1). The task was generated and
presented using PsychToolBox and appeared on a uniform black background [28,29]. At
each trial, participants were cued explicitly (using a square or diamond cue) as to which con-
dition should be performed during the digit stimuli between 1 and 9 (excluding number 5).
Three conditions were set in the experiment: ongoing (OG), distractor inhibition (DI) and
task switch (TS). For the ongoing (OG) condition, a diamond cue was presented at the
center of a screen with a digit stimulus on the left side, and participants were asked to
indicate whether the digit was larger or smaller than five. On the other hand, for the
distractor inhibition (DI) condition, a diamond cue was presented at the center of a screen
with two-digit stimuli on each side, and participants were asked to indicate whether the
left digit was larger or smaller than five, and had to inhibit their response to the right
digit (assessing cognitive stability). For the task switch (TS) condition, a square cue was
presented at the center of a screen with two-digit stimuli at each side, and the participants
were asked to switch from the left digit to the right digit and then decide whether the right
digit was odd or even (assessing cognitive flexibility). At each trial, the condition cue and
digit stimuli were simultaneously presented for 2000 ms, followed by a variable inter-trial
interval of 2000, 4000, or 6000 ms. Participants were required to accurately respond as
quickly as possible within the limit of 2000 ms.

All participants received out-of-scanner practice with trial-to-trial feedback and were
instructed to provide accurate and quick responses until they attained 95% accuracy. The
task was split into two functional scanning runs of 84 trials each. Each run started and
ended with two dummy scans (5 s) for scanner signal stabilization, while the participants
looked at a fixation cross at the center of the screen.
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Figure 1. Schematic illustration of the rule-based task-switching experimental paradigm. During
three task conditions [ongoing (OG) condition, distractor inhibition (DI) condition, task switch (TS)
condition], depending on task cues (square vs. diamond), participants performed one of the different
tasks on visually presented number stimuli (smaller/larger than 5 vs. odd/even).

2.4. fMRI Data Acquisition

Functional MRI images were acquired on a 3.0 Tesla MRI scanner (GE 750 Medical Sys-
tems), equipped with a single-shot, gradient-recalled echo planar imaging (EPI) sequence
and a 32-channel head coil.

A total of 340 functional volumes were acquired in two runs, using a T2*-weighted
BOLD-sensitive gradient-recalled, EPI sequence with 54 slices covering the whole brain
[repetition time (TR) = 2500 ms, echo time (TE) = 30 ms, slice thickness = 3 mm, flip
angle (FA) = 90°, field of view (FOV) = 216 mm x 216 mm, matrix size = 64 x 64,
voxel size =3 mm x 3 mm x 3 mm]. The first and last two volumes of each run were
discarded to allow for stable magnetization.

Before performing functional MRI scan, a high-resolution T1-weighted magnetiza-
tion prepared-rapid gradient echo scan was acquired with the following parameters:
TR = 2300 ms, TE = 3.17 ms, FA = 9°, slice thickness = 1 mm, FOV = 256 mm x 256 mm,
matrix size = 256 x 256.

We also captured multiple neuroimaging data (including T1-flair, T2-flair, T2,
susceptibility-weighted imaging (SWI)) for all the mTBI patients. These data were used
to assess the presence of focal lesions and cerebral microbleeds. Visible contusion lesions
were not detected in any of the patients.

2.5. Statistical Analysis of Behavioral Data

All trials with a response time (RT) < 150 ms were eliminated. The RT analyses
were limited to proper trials. Both RT and error rate (ER) data for the task behavioral
performance were analyzed using ANOVAs, with “task condition” (OG, DI, TS) and

“group” (mTBI patients, HCs) factors. The significant main effects and interactions were

further explored by post hoc t tests using Bonferroni’s correction. A p < 0.05 was used as
statistically significant for all the behavior analyses.

2.6. fMRI Data Preprocessing and Statistical Analysis

Using FEAT in FSL v5.0, we analyzed whole-brain voxel-wise activation on the fMRI
scans of the rule-based task-switching experimental paradigm [30]. We performed prepro-
cessing of all individual fMRI runs using the following procedures: both the first and last
2 volumes were deleted, underwent motion correction (MCFLIRT) [31], brain extraction,
spatial smoothing (6-mm full-width at half maximum kernel), and high-pass temporal
filtering (0.01-Hz cutoff). In addition, linear registration (FLIRT) was performed in T1,
fMRI, and MNI152 standard space. The degree of head motion from all participants was
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quantified, and according to the head motion criteria (translational or rotational motion
parameters less than 2.0 mm or 2.0°), none of the participants were excluded (the mean
translation was 0.08 + 0.02 mm, and rotation was 0.04 4+ 0.01°).

First-level (within-run) general linear model analyses in native fMRI space were
conducted with FILM prewhitening, with 3 separate regressors (the onset of all stimuli for
OG condition, DI condition and TS condition). Each one of them convolved with a double-
gamma hemodynamic response function with the application of temporal filtering [32].
First-level contrast was set up to create voxel-wise contrast of parameter estimate maps of
activation in different task conditions. The maps were then used for second-level (within-
subject) analysis in the 2 runs. The maps were converted to MNI152 space and fixed effects
analyses were performed with 3 contrasts to identify OG, DI or TS conditions. The resultant
maps for each contrast were then used for third-level (group-level) FLAME 1 + 2 mixed-
effects analyses which proved to have high statistic values at a small proportion of voxels
in a relatively small sample size (threshold: cluster-based p < 0.05; whole-brain family-
wise-error corrected Z > 2.3) [33], with 3 contrasts: OG, DI or TS activation. We employed
Student’s t test to analyze the effect of the group on brain activation of different task
conditions using mTBI patients and HCs as factors.

2.7. Relationship between Abnormal Activation, Behavioral and Neuropsychological Measures
in mTBI

To examine whether abnormal activation during different task conditions correlates
with behavioral features and neuropsychological measures in mTBI, Spearman correlation
analyses between abnormal activation, task behavioral performance and clinical parameters
were performed in patients. The p < 0.05 was taken as a significant threshold with FDR
(false discovery rate) corrected for multiple comparisons.

2.8. Mediation Analysis between Abnormal Dorsal Caudate Activation and Cognitive Flexibility
in mTBI

To examine the indirect effect of abnormal dorsal caudate activation on the association
between information processing speed and cognitive flexibility in mTBI patients, we
conducted mediation analysis using SPSS PROCESS v3.4, with a 5000 bias-correction
bootstrapping approach [34,35]. Here, the information processing speed (indexed by the
scores of DSC task) was considered as the independent variable, abnormal dorsal caudate
activation in the TS condition was considered as the mediator while cognitive flexibility
(indexed by the RT of TS condition) was considered as the dependent variable. Age and
education level were used as covariates in the mediation analysis. The estimation of indirect
effects was considered significant when zero was not included in the bootstrapped 95%
confidence interval (CI) (5000 iterations).

3. Results
3.1. Demographics and Neuropsychological Assessment

Our analysis showed that there were no significant differences in age (t3; = —0.952,
p > 0.05), education level (t3; = —1.297, p > 0.05) or sex (x%1 = 0.243, p > 0.05) between
groups. The mTBI patients presented significantly worse insomnia severity and headache
compared to HCs (all p < 0.01). In addition, patients exhibited impaired information
processing speed (reflected by the DSC task) compared with HCs (p < 0.001, Table 1). All
mTBI patients exhibited the same injury severity with a Glasgow Coma Score of 15, loss of
consciousness < 30 min, and post-traumatic amnesia < 24 h. The most common cause of
injuries was acceleration/deceleration caused by traffic accidents (6/16, 37.5%), followed
by falls (5/16, 31.2%), assaults (3/16, 18.8%), and others (2/16, 12.5%).
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Table 1. Demographic characteristics and neuropsychological measures in mTBI patients and HCs.

mTBI Patients HCs (1 = 17) t/x? Test p-Value

(n =16)
Demographic characteristics
Age (years) 258 £28 278 +33 —1.897 0.067
Sex (F/M) 6/10 5/12 0.243 0.622
Handedness (L/R) 0/16 0/17
Education level (years) 139+13 13.6 £ 1.6 0.316 0.754
Time post injury (days) 27+13 - - -
Injury severity (1(%))
GCS=15 16(100%) - - -
loss of conscious < 30 min 16(100%) - - -
post-traumatic amnesia < 24 h 16(100%) - - -
Injury causes (1(%))
Traffic accident 6(37.5%) - - -
Fall 5(31.2%) - - -
Assault 3(18.8%) - - -
Others 2(12.5%) - - -
Information processing speed
TMA-A score 50.0 £8.8 48.6 £ 8.1 0.461 0.648
DSC score 322+£5.1 457 £55 —7.343 p <0.001
Working memory
FDS score 85+0.8 79+11 1.874 0.07
BDS score 43+08 3.8+0.8 2.036 0.051
Self-reported symptom
ISI score 71421 21+1.1 8.704 p<0.01
HIT score 481443 38.6 £ 6.1 5.091 p<0.01

Values presented as Mean =+ SD unless otherwise stated. mTBI, mild traumatic brain injury; HCs, healthy controls;
GCS, Glasgow Coma Score; TMT-A, Trail-Making Test Part-A; FDS, Forward Digit Span; BDS, Backward Digit
Span; DSC, Digit Symbol Coding; ISI, the Insomnia Severity Index; HIT, the short-form Headache Impact Test.

3.2. fMRI Behavioral Performance

Compared with HCs, patients with mTBI exhibited significantly longer RT in the TS
condition [F(y 31y =4.247, p = 0.048], reflecting impaired cognitive flexibility on a behavioral
level (Figure 2A). Furthermore, mTBI patients were significantly less accurate than HCs
across all conditions (p < 0.05, Figure 2B). The detailed information about fMRI behavioral
performance is described in the Supplementary Materials.

3.3. fMRI Brain Imaging Results

Compared with HCs, mTBI patients showed significantly reduced activation in
widespread frontal regions across OG conditions (Table S1), which were mainly distributed
in the medial superior frontal gyrus (mSFG), dorsolateral superior frontal gyrus (dISFG),
medial orbital gyrus (mOG), ventrolateral middle frontal gyrus (vVIMFG) and rostrodorsal
supramarginal gyrus (rdSG).

During the DI condition, mTBI patients exhibited significantly reduced activation in a
broad cingulate-frontal network compared to HCs (Table S2), which included the posterior
cingulate cortex (PCC), posterior insula (pIns) and other frontal regions.

In addition, for the TS condition, the mTBI patients showed significantly reduced
activation in the dorsal caudate (dCau), anterior cingulate cortex (ACC), and other frontal
regions (Figure 3, Table 2) compared with HCs.
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Figure 2. Behavioral results of fMRI task performance. (A) Mean response time (RT) during three
conditions [ongoing (OG) condition, distractor inhibition (DI) condition, task switch (TS) condition]
in mTBI patients and HCs; (B) Error rate (ER) during three conditions in mTBI patients and HCs.
Error bars represent standard deviation. *: p < 0.05; **: p < 0.01. mTBI, mild traumatic brain injury;

HCs, healthy controls.

dISFG

Figure 3. Brain activation results from the BOLD-fMRI analysis of the contrast mTBI < HC in task
switching (TS) condition (FEW corrected). Compared with HCs, mTBI patients showed significantly
reduced activation in the dorsal caudate (dCau), anterior cingulate cortex (ACC), medial superior

frontal gyrus (mSFG), dorsolateral superior frontal gyrus (dISFG).
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Table 2. Results from the BOLD-fMRI analysis of the contrast mTBI < HCs in TS condition (FWE
corrected).

Peak MNI Coordinates

. . . Size
Brain Regions Hemisphere BA N v B Z-Value (Voxels)
dCau L NA —18 8 14 2.638 112
dISFG L 8 —18 10 50 3.005 177

R 6,8 20 —6 64 3.295 421
mSFG R 91 8 46 42 3.201 154
IEG R 44,45 44 10 20 3.109 268
ACC L 32 -10 40 12 3.549 210

mTBI, mild traumatic brain injury; HCs, healthy controls; FWE, family wise error; TS, task switching; MNI,
Montreal Neurological Institute; L, left; R, right; dCau, dorsal caudate; dISFG, dorsolateral Superior Frontal Gyrus;
mSFG, medial Superior Frontal Gyrus; IFG, inferior frontal gyrus; ACC, anterior cingulate cortex.

3.4. Relationship between Abnormal Activation, Behavioral and Neuropsychological Measures
in mTBI

The reduced dCau activation of the TS condition in mTBI patients was positively
correlated with information processing speed (indexed by DSC) (p < 0.001, FDR corrected),
but negatively correlated with RT for TS condition (p < 0.001, FDR corrected). In addition,
the RT for TS condition was negatively correlated with information processing speed in
mTBI patients (p < 0.001, FDR corrected).

3.5. Abnormal Dorsal Caudate Activation Mediates the Relationship between Information
Processing Speed and Cognitive Flexibility in mTBI

Mediation modeling was performed to test whether the magnitude of information
about processing speed’s effect on cognitive flexibility was dependent on reduced dCau
activation. We found that reduced dCau activation had a significant mediating effect on
the relationship between information processing speed and cognitive flexibility in mTBI
patients (a xb = —18.836, 95%CI: [-42.183, —5.347], p < 0.05, Figure 4).

Abnoraml activation in dCau

e

ab=-18.836 (p <0.05)
95%CI:[-42.183, —5.347]

.

a=0.209 (p < 0.0001) b=-90.022 (p = 0.0198)
0, o

95%CL{0.168, 0.251] 95%CL[~163.291, ~16.752]
B s0- 0 - 1400
g
2 ¢=-23.109 (p < 0.0001) 8
5 95%CI:[~29.380, ~16.838] -0Z
8 40 g’ o
2 > g
£ ©=-4273 (p=0.579) ol
£ 95%CL[~20.487, 11.941]

~800

HCs mTBI mBI HCs

Figure 4. Abnormal dCau activation mediates the association between information processing speed
and cognitive flexibility in mTBI patients. The illustration demonstrates that within mTBI patients,
information processing speed affected cognitive flexibility through the abnormal dCau activation. mTBI,
mild traumatic brain injury; HCs, healthy controls; dCau, dorsal caudate; CI, confidence interval.
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4. Discussion

To the best of our knowledge, this is the first study to investigate the underlying
mechanisms of cognitive flexibility in mTBI patients using a rule-based task-switching
experimental paradigm. The mTBI patients exhibited a longer RT than HCs on the TS
condition, accompanied by a significantly reduced activation in the dorsal caudate, anterior
cingulate cortex and other frontal regions. Furthermore, the abnormal dorsal caudate
activation mediated the relationship between information processing speed and cognitive
flexibility in patients. Together, these results suggested that dorsal caudate might play a
vital role in the cognitive flexibility of mTBI, thus providing an alternative clinical target
for impaired cognitive functions in patients.

During the task behavioral performance, mTBI patients only showed significantly
longer RT on TS condition compared to HCs, indicating that mTBI patients had impaired
cognitive flexibility on the behavior level. These data were in sync with data from previous
studies [15,16]. These studies used local-global task-switching tasks and showed that,
compared with HCs, patients with traumatic brain injury had significantly longer RT and
increased ER under TS condition. Although the studies performed different experimental
paradigms, the findings demonstrated specific cognitive behavioral patterns in patients
with traumatic brain injuries. Previous research found that patients with several neurocog-
nitive disorders exhibited poor cognitive outcomes [36,37]. We speculated that the mTBI
patients had specific behavioral response patterns on impaired cognitive flexibility, which
could help in understanding cognitive dysfunction in mTBIL.

By comparing the brain activation response of mTBI patients and HCs under different
task conditions, we showed that during the OG condition, mTBI patients exhibited sig-
nificantly weaker activation in widespread frontal brain regions. Plenty of MRI studies
revealed that the frontal cortex is involved in different neural circuits with a subcortical
nucleus, which plays a vital role in various kinds of cognitive functions [38-41]. Many
clinical studies have demonstrated that mTBI patients often present significantly reduced
activation in the frontal cortex during simple tasks [42,43]. On the other hand, the observed
abnormal frontal activation in mTBI indicated that the patients had cognitive dysfunction.
In addition, during the DI condition, mTBI patients showed significantly reduced activation
in the PCC, pIns and other frontal regions. As a key hub in the default mode network, PCC
is involved in the regulation of attention and self-referential processing [44—46]. It has been
hypothesized that reduced PCC activation in mTBI reduces the ability of other stimuli to
direct patients’ attention away from the distract stimulus, as patients showed significantly
longer RT for the DI condition compared with the OG condition.

In the TS condition, our analyses showed that patients had significantly longer RT and
higher ER compared to HCs, thus reflecting impaired cognitive flexibility in mTBI. Further-
more, compared with HCs, mTBI patients exhibited reduced activation in dCau, ACC and
other frontal regions. Previous studies showed that the ACC, a hub region in the salience
network [47], plays an important role in cognitive control [23], and has a close projection
loop with the caudate nucleus [48,49]. Several studies performed the Stroop task, and
showed that conflicts between potential behaviors elicit a significant abnormal activation
during conflict monitoring and action selection [50-53]. In addition, the interconnection
of the caudate nucleus and ACC is involved in evaluating the consequences of behavior
and adjusting behavioral response [53-55]. Previous studies have shown that the caudate
nucleus is a susceptible hub region in mTBI [56], and its dysfunction was significantly
associated with impaired cognitive function in patients [57]. In addition, the impaired
white matter fiber from the caudate nucleus to the cerebral cortex could predict impairment
of cognitive flexibility in mTBI patients [16]. In our study, mTBI patients might have al-
tered white matter connections in the dorsal caudate, which resulted in reduced activation
in the patients. Another study showed that the abnormal caudate activation in patients
with traumatic brain injuries was significantly associated with cognitive fatigue [14]. Our
results suggested that mTBI patients might need more cognitive load to perform cognitive
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flexibility responses, which would further cause cognitive fatigue, and finally lead to the
abnormal activation of dorsal caudate [58].

Interestingly, we demonstrated that the abnormal activation of dorsal caudate played
a significant mediating role between information processing speed and cognitive flexibil-
ity in mTBI patients. Many previous studies on traumatic brain injury have shown that
structural and functional abnormalities of the caudate nucleus were significantly related to
executive dysfunction in patients [14,57]. Besides, we showed that information processing
speed was significantly related to cognitive flexibility in mTBI patients. This was consistent
with the findings from previous studies, which showed that an individual’s information
processing speed ability is significantly associated with cognitive flexibility [59,60]. How-
ever, whether the impaired information processing speed or the abnormal dorsal caudate
activation affects cognitive flexibility in mTBI patients remains unknown. Investigating the
relationship between the information processing speed, abnormal dorsal caudate activation,
and cognitive flexibility would help to understand the neural mechanisms of cognitive
flexibility deficit in mTBI patients. Our mediation model showed that the abnormal dorsal
caudate activation was a significant mediator between the patient’s information processing
speed and impaired cognitive flexibility.

There are some limitations that should be noticed. Firstly, it is still unclear whether
the observed abnormal activation changes could be related to structural and resting-state
functional alterations in mTBI patients. Future studies can combine multimodal MRI
imaging to investigate the neural mechanism underlying cognitive flexibility in mTBL
Secondly, the difficulty level of the experimental task in this study was relatively high
for patients. Thus, future studies can apply cognitive tasks with a moderately difficult
level to investigate cognitive function in mTBI. Finally, the sample size of both groups was
relatively small. Future studies with larger samples are needed to improve the reliability of
the results and investigate the effect of different brain injury types on results.

5. Conclusions

In summary, we performed a rule-based task-switching paradigm to investigate the
neural mechanism of impaired cognitive flexibility in mTBIL. The mTBI patients showed
reduced activation in the dorsal caudate, anterior cingulate cortex, and other frontal regions
during the TS condition. Further mediation analysis revealed that impaired cognitive
flexibility was mediated by abnormal dorsal caudate activation in mTBI. These findings
may underscore the importance of dorsal caudate in impaired cognitive flexibility in
mTBI, and abnormal dorsal caudate activation reflected in altered cognitive flexibility
behavior in patients. Furthermore, our findings would provide an alternative target for
clinical interventions for cognitive function improvement in mTBI. In future research,
cognitive intervention together with transcranial magnetic stimulation targeted caudate or
caudate-involved functional networks will be a great treatment intervention for cognitive
impairment in mTBI patients.
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Abstract: Background: Traumatic brain injury (TBI) often results in persistent cognitive impairment
and psychiatric symptoms, while lesion location and severity are not consistent with its clinical
complaints. Previous studies found cognitive deficits and psychiatric disorders following TBI are
considered to be associated with prefrontal and medial temporal lobe lesions, however, the location
and extent of contusions often cannot fully explain the patient’s impairments. Thus, we try to find
the structural changes of gray matter (GM) and white matter (WM)), clarify their correlation with
psychiatric symptoms and memory following TBI, and determine the brain regions that primary
correlate with clinical measurements. Methods: Overall, 32 TBI individuals and 23 healthy controls
were recruited in the study. Cognitive impairment and psychiatric symptoms were examined by Mini-
Mental State Examination (MMSE), Hospital Anxiety and Depression Scale (HADS), and Wechsler
Memory Scale-Chinese Revision (WMS-CR). All MRI data were scanned using a Siemens Prisma
3.0 Tesla MRI system. T1 MRI data and diffusion tensor imaging (DTI) data were processed to
analyze GM volume and WM microstructure separately. Results: In the present study, TBI patients
underwent widespread decrease of GM volume in both cortical and subcortical regions. Among
these regions, four brain areas including the left inferior temporal gyrus and medial temporal lobe,
supplementary motor area, thalamus, and anterior cingulate cortex (ACC) were highly implicated in
the post-traumatic cognitive impairment and psychiatric complaints. TBI patients also underwent
changes of WM microstructure, involving decreased fractional anisotropy (FA) value in widespread
WM tracts and increased mean diffusivity (MD) value in the forceps minor. The changes of WM
microstructure were significantly correlated with the decrease of GM volume. Conclusions: TBI
causes widespread cortical and subcortical alterations including a reduction in GM volume and
change in WM microstructure related to clinical manifestation. Lesions in temporal lobe may lead to
more serious cognitive and emotional dysfunction, which should attract our high clinical attention.

Keywords: traumatic brain injury; gray matter volume; white matter track; prognosis

1. Introduction

Traumatic brain injury (TBI) is the leading cause of death and disability in individuals
below age 45, which typically caused by motor vehicle crashes, falls, contact sports, or
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assaults. TBI often results in persistent cognitive impairment and psychiatric symptoms,
including memory deficit, anxiety, and depression, which exert a negative impact on quality
of life and rehabilitation process [1-3]. Due to the significant heterogeneity in the clinical
presentation and neuropathological across TBI patients, it is challenging to predict the
risk of comorbid psychiatric disorders and cognitive impairment [4]. Previous studies
found that TBI severity is not correlated with neuropsychiatric outcome [5,6]. Meanwhile,
previous findings for the correlation between lesion location and cognitive function and
psychiatric complaints were inconsistent [7].

Although TBI is heterogeneous in the cause and intensity of impact, it still exhibits a
featured pattern of anatomical injuries. The impact typically results in contusions involving
the basal and polar regions of the frontal and temporal lobes [8,9]. Besides focal brain
injuries, diffuse axonal injuries (DAI) occur after TBI, which frequently affect the frontal
and temporal WM, corpus callosum, and brainstem [10]. Traditionally, cognitive deficits
and psychiatric disorders following TBI are considered to be associated with prefrontal
and medial temporal lobe lesions, however the location and extent of these contusions
often cannot fully explain the patient’s impairments [11-14]. During the acute and suba-
cute stages of TBI, secondary damages including inflammation, apoptosis, excitotoxicity,
and prolonged hypo-perfusion result in progressive and widespread white matter (WM)
atrophy and gray matter (GM) volume loss across large areas of the brain spanning most of
the cortex and subcortical areas over time [14-16]. These abnormalities in the parietal and
occipital lobes and subcortical regions including basal ganglions and thalamus are closely
related to post-traumatic cognitive functions and psychiatric symptoms [14,17,18]. Due to
the heterogeneity inherent to study design and various pipelines of data pre-processing,
parcellation, and analysis among the previous studies, the topographical distribution of
morphometric changes and their clinical associations related to post-traumatic psychiatric
symptoms and memory function remains inconsistent.

In the present study, we assessed the cortical and subcortical GM and WM damage
and its relation to post-traumatic neuropsychological measurements of anxiety and de-
pressive symptoms and memory function. We then investigated the relationships between
disruption of WM microstructure and the decrease in GM volume. We aimed to obtain
a comprehensive understanding of the relationship between the structural alterations
and psychiatric symptoms and memory following TBI and determine the brain regions
correlated with clinical measurements.

2. Materials and Methods
2.1. Participants

Overall, 32 patients with TBI were recruited from the Shanghai Pudong New Area
People’s Hospital. These patients were older than 18 years and with first-ever TBI and
positive finding on cranial CT scans on admission. They were excluded from the study
if suffering neurological or psychiatric disorders prior to TBI. The initial evaluation of
severity of TBI took place within the first 24 h after injury during hospitalization based on
Glasgow Coma Scale (GCS), which classifies TBI into three categories as mild (GCS 13-15),
moderate (GCS 9-12), and severe (GCS 3-8). Twenty-three healthy participants without
history of TBI, neurological, and psychiatric disorders were matched for age, gender, and
education. The ethics committee of the Pudong New Area People’s Hospital approved the
study. Informed written consent for study participation was obtained from all patients and
healthy controls.

2.2. Cognitive Functional Assessment and Neuropsychological Assessment

The global cognition was assessed with the Mini-Mental State Examination (MMSE),
which includes items measuring orientation, attention, memory, language, and visual/spatial
skills. MMSE scores range from 0 to 30, with a higher score indicating better cognitive
performance. The Hospital Anxiety and Depression Scale (HADS), which is a brief self-
assessment questionnaire measuring severity of emotional disorder and has been validated
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in TBI populations, was employed to evaluate the anxiety and depressive symptoms. The
anxiety and depression subscales have seven items respectively. Wechsler Memory Scale-
Chinese Revision (WMS-CR) picture, recognition, associative learning, comprehension
memory, and digit span were administered to evaluate multiple categories of memory
capacity. The sum of five subscales was calculated to reflect general memory function.

2.3. Image Acquisition

All MRI data were collected using a Siemens Prisma 3.0 Tesla MRI system (Prisma,
Siemens, Erlangen, Germany) equipped with a 20-channel head coil. Participants assumed
a supine position in the MRI scanner with cushions to restrict the mobility of their heads,
thus minimizing the head motion. During rs-fMRI scanning, participants were guided to
stay awake with their eyes closed without thinking about anything in particular. Struc-
tural images were acquired using a high-resolution T1-weighted MPRAGE sequence with
192 sagittal slices, TR/TE = 2530/2.98 ms, flip angle = 7°, FOV = 256 x 256 mm, ma-
trix size = 256 x 256, voxel size = 1 x 1 x 1 mm?3, which facilitated the localization and
co-registration of functional data. In addition, transverse turbo-spin-echo T2-weighted
images for lesion localization were obtained with 30 axial slices, slice thickness = 5 mm,
TR/TE = 6000/95 ms, flip angle = 120°, FOV = 220 x 220 mm, matrix size = 320 x 320,
voxel size = 0.34 x 0.34 x 5 mm3. Diffusion tensor images (DTI) were acquired using
an echo planar imaging (EPI) sequence (30 gradient directions, 1 baseline (b = 0) image,
b =1000 s/mm?2, TR = 10,100 ms, TE = 92 ms, FOV = 256 x 256 mm, 75 axial slices, voxel
size =2.0 x 2.0 x 2.0 mm?3.

2.4. T1 MRI Data Processing and Analysis

The T1-weighted MRI images were preprocessed by using the CAT12 (Computational
Anatomy Toolbox; http://dbm.neuro.uni-jena.de/catl2/; accessed on 1 June 2021) for
grey matter extraction, which is an extension of SPM12 (Statistical Parametric Mapping) to
provide computational anatomy. Images were segmented into GM, WM, and cerebrospinal
fluid (CSF), and normalized to a standard template (Montreal Neurological Institute). Raw
images of lower quality (CAT image quality rating <75%) were excluded. Cortical maps
were smoothed using an 8-mm full width at half maximum kernel, prior to building the
statistical model. After preprocessing, the Brainnetome Atlas was used to extract regional
grey matter volume by averaging voxel GM within each regions of interest (ROI). Based on
the Brainnetome Atlas, GM was segmented into 246 ROL

2.5. Diffusion Tensor Imaging(DTI) Data Preprocessing and Analysis

The DTI data were preprocessed by using the FMRIB Diffusion Toolbox (FSL, FMRIB,
Oxford, UK). Briefly, after correcting for the eddy-current effect and brain tissue extraction,
the diffusion tensor model was fit to extract DTI measures. The output yielded voxel-wise
maps of fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD), and
axial diffusivity (AD). Next, DTI data from each participant were registered to a standard
space (Montreal Neurological Institute, NMI, ICBM-152). To obtain a comprehensive WM
segmentation, WM tracts were defined using JHU_ICBM_tracts_maxprob_thr25 atlas [19].
Finally, mean FA, MD, RD, and AD values were computed in each WM ROI in standard
space for each participant.

2.6. Correlation Analysis and Statistical Analyses

Statistical analyses were conducted using Matlab 2018b. Continuous variables were
described using means and standard deviations, and categorical variables were summa-
rized using frequencies. The normality distribution of continuous data was verified with
a one-sample Kolmogorov-Smirnov Test. Pearson correlation was used to investigate
the relationship between the structural measures and clinical scores. Age, gender, and
educational level were regressed out before correlation analysis. The independent f-test
were applied to perform the group comparisons for continuous demographic and clinical
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variables. The categorical demographic was computed using a Chi-square test. Statistical
significance was set at p < 0.05 (false discovery rate [FDR] corrected). Missing data were
not included in all analysis.

3. Results
3.1. Demographic and Clinical Characteristics

Thirty-two TBI patients and 23 healthy controls were included in the present study,
with the demographic and clinical parameters shown in Table 1. Overall, 31.25% of patients
had moderate—severe and 68.75% mild TBI. Average time since injury was 8.47 months.
There were no significant differences between the TBI group and healthy controls in terms
of gender (p = 0.949), age (p = 0.422) or education years (p = 0.756). Relative to healthy
controls, TBI patients had lower level of MMSE scores. Moreover, they performed worse
on memory function tests and presented more anxiety and depressive symptoms.

Table 1. The demographic and clinical characteristics in TBI patients and healthy controls.

TBI (n = 32) Healthy Controls (n =23)  p Value

Age, mean (SD), y 35.59 (10.64) 33.35(9.42) 0.422
Male, No. (%) 22 (68.35%) 16 (69.57%) 0.949
Educational lever, mean (SD), y 9.22 (4.16) 9.57 (3.89) 0.756

Time since injury, mean (SD), m 8.41 (7.02) NA NA

GCS, No. (%)

13-15 22 (68.75%) NA NA

9-12 6 (12.89%) NA NA

3-8 4 (12.50%) NA NA

MMSE, mean (SD) 27.281 (2.57) 29.26 (0.92) 0.001
HADS anxiety, mean (SD) 8.63 (4.65) 422 (2.43) <0.001
HADS depression, mean (SD) 7.97 (5.96) 3.09 (2.25) <0.001
Memory, mean (SD) 40.31 (13.54) 52.04 (7.10) <0.001

TBI: traumatic brain injury; GCS: Glasgow coma scale; MMSE: mini mental state examination; HADS: hospital
anxiety and depression scale; NA: not applicable.

3.2. Reduced GM Volumes in Patients with Traumatic Brain Injury

As shown in Figure 1A, focal lesions were mainly present in bilateral orbitofrontal
and temporal cortical regions. Compared to healthy controls, TBI patients underwent
widespread decrease of GM volume in the bilateral frontal and temporal gyrus, left cingu-
late gyrus, and right insular lobe, particularly in the right orbitofrontal, left inferior, and
middle temporal lobe, and subgenual anterior cingulate cortex (Figure 1B, Table 2). In
subcortical regions, decreased GM volumes were observed in the bilateral amygdala, right
hippocampus, left nucleus accumbens, and bilateral rostral temporal thalamus.
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Figure 1. Lesion map following TBI (A) and differences in GM volumes between TBI participants
and healthy controls (B).
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Table 2. Brain regions with statistical difference between TBI patients and healthy controls.

Regions * TBI (n =32) s HC (n =23) s % of Volumetric p Value
Mean (+SD), mm Mean (£SD), mm Decreases
SFG_L_7_1 679.38 £ 95.23 763.34 £+ 80.17 11.00% 0.019
SFG_L_7_5 688.43 £ 90.55 762.78 +79.24 9.75% 0.033
SFG_L_7_6 617.15 £+ 104.01 704.67 £ 91.78 12.42% 0.033
MFG_R_7_3 770.74 £ 175.19 914.94 £+ 132.80 15.76% 0.041
MFG_R_7_7 724.51 + 155.40 851.19 £ 112.29 14.88% 0.045
IFG_R 6.5 522.33 £ 75.282 601.15 £+ 101.43 13.11% 0.034
OrG_L 6_1 415.58 + 88.91 487.35 + 65.21 14.73% 0.048
OrG_R 6_1 549.00 £+ 129.35 677.97 £+ 98.88 19.02% 0.017
OrG_L 6 3 760.58 + 144.75 886.59 + 110.28 14.21% 0.034
OrG_L 6 5 907.44 + 148.74 1056.28 + 137.44 14.09% 0.017
OrG_R 6.5 755.51 + 134.16 879.01 £+ 112.78 14.05% 0.033
OrG_R_6_6 412.28 £+ 67.12 472.76 £+ 56.05 12.79% 0.034
STG_L_6_1 632.45 £ 129.23 727.36 £ 90.08 13.05% 0.048
MTG_L 4 2 692.60 £+ 151.93 835.50 £ 126.73 17.10% 0.017
ITG_L 71 252.28 4+ 45.31 300.55 £ 45.66 16.06% 0.017
ITG_L 7 3 461.55 + 84.69 568.62 £ 81.82 18.83% 0.005
ITG_ R 73 410.09 £+ 73.29 474.31 4+ 55.33 13.54% 0.034
ITG L 7 4 431.60 4+ 89.55 551.51 + 82.59 21.74% <0.001
ITG_R 7 4 480.15 £+ 80.21 553.43 £ 82.71 13.24% 0.035
ITG_L 77 497.54 £+ 89.74 586.11 £ 92.01 15.11% 0.017
FuG_L 31 997.68 £ 149.18 1154.11 + 146.99 13.55% 0.017
FuG_R 3_1 1111.18 + 164.05 1244.75 + 145.85 10.73% 0.047
FuG_L 3 3 948.99 + 136.76 1061.95 + 148.23 10.64% 0.050
PhG_L 6.5 115.27 +17.03 130.30 + 18.02 11.53% 0.039
INS_R 6_2 246.82 4+ 31.88 276.64 £+ 37.96 10.78% 0.035
INS_R 6_3 285.86 4+ 41.35 323.85 £+ 54.10 11.73% 0.050
CG_L 73 470.88 + 88.78 554.36 + 66.22 15.06% 0.017
CG_L 77 633.52 £+ 147.04 794.16 £ 118.78 20.23% 0.006
Amyg [ 21 185.75 +21.72 207.61 £ 26.65 10.53% 0.034
Amyg R 2 1 267.19 £ 32.58 297.09 £ 38.82 10.07% 0.049
Amyg .2 2 93.16 £ 10.40 103.25 £+ 12.28 9.77% 0.033
Amyg R 2 2 140.75 + 15.64 156.67 + 18.30 10.16% 0.028
Hipp_L 21 666.67 £ 80.30 737.97 + 80.84 9.66% 0.034
Hipp_L 2 2 485.14 £+ 67.36 541.11 £+ 64.92 10.34% 0.050
Hipp_R_2_2 566.44 £+ 75.22 633.31 £ 60.04 10.56% 0.034
BG_L_6_3 368.88 +49.71 411.61 + 48.00 10.38% 0.033
BG_R 6.3 456.63 + 64.02 507.36 & 57.34 10.00% 0.050
Tha_ L 8 4 174.26 + 30.13 198.40 + 24.08 12.17% 0.034
Tha_R_8 4 185.47 + 33.66 213.33 £+ 28.92 13.06% 0.034

# Brainnetome atlas; TBI: traumatic brain injury; HC: healthy controls.
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3.3. Correlations between GM Volume and Clinical Parameters in Patients with Traumatic
Brain Injury

Although extensive atrophy was observed in the cortical and subcortical structures,
only a small set of brain regions correlate with the clinical parameters, as shown in Table 3.
There were significant correlations (p < 0.05 uncorrected) between MMSE scores and GM
volumes in the left inferior temporal gyrus extending to the left fusiform gyrus and mid-
dle temporal gyrus, bilateral hippocampus, left anterior cingulate cortex (ACC), and left
thalamus. Specifically, the total memory scores were associated with the GM volume of
the left thalamus, right middle frontal gyrus, and insular lobe. Analysis of the anxiety and
depressive symptoms showed that the GM volume of the supplementary motor area was
correlated to anxiety and depressive symptoms. In addition, the anxiety symptoms were
also significantly associated with the decreased GM volume of the left hippocampus. In
brief, four brain areas—the left inferior temporal gyrus and medial temporal lobe, supple-
mentary motor area, thalamus, and ACC-were highly implicated in the post-traumatic
cognitive impairment and psychiatric complaints.

Table 3. Significant correlations between the GM volumes and clinical parameters in TBI patients.

MMSE Memory HADS-A HADS-D
Regions #
r_Value p_Value r_Value p_Value r_Value p_Value r_Value p_Value
SFG_L_7_1 NS NS NS NS NS NS 0.36 0.04
SFG_L_7_5 NS NS NS NS 0.37 0.03 NS NS
MFG_R_7_3 NS NS —0.34 0.05 NS NS NS NS
MTG_L_4 2 0.45 0.01 NS NS NS NS NS NS
ITG_L_7_1 0.37 0.03 NS NS NS NS NS NS
ITG_L_7 4 0.49 <0.01 NS NS NS NS NS NS
ITG_L.7.7 0.36 0.04 NS NS NS NS NS NS
FuG_L_3 1 0.45 0.01 NS NS NS NS NS NS
FuG_L_3 3 0.58 <0.01 NS NS NS NS NS NS
INS_R 62 NS NS —0.45 0.01 NS NS NS NS
CG_L 73 0.40 0.02 NS NS NS NS NS NS
Hipp_L 2.2 0.55 <0.01 NS NS 038 0.03 NS NS
Hipp_R_2_2 0.44 0.01 NS NS NS NS NS NS
Tha_L_8 4 0.49 <0.01 0.51 <0.01 NS NS NS NS
# Brainnetome atlas; NS: not significant MMSE: mini mental state examination; HADS-A: hospital anxiety and
depression scale: anxiety; HADS-D: hospital anxiety and depression scale: depression.
3.4. WM Microstructure Alterations in Patients with Traumatic Brain Injury
Compared with the healthy controls, TBI patients showed a significantly decreased FA
value in widespread WM tracts, including the left inferior fronto-occipital fasciculus (IFOF),
left superior longitudinal fasciculus (SLF), bilateral uncinate fasciculus (UF), forceps major,
and forceps minor (Figure 2, Table 4). Mean diffusivity of WM regions showed significant
difference in the forceps minor.
Table 4. Significant outcome of WM integrity between TBI patients and healthy controls.
Fractional Anisotropy Mean Diffusivity
Regions * TBI (1 = 32) HC (n =23) Val TBI (1 = 32) HC (n =23) Val
Mean (£SD) Mean (£SD) p-vatue Mean (£SD) Mean (£SD) p-vatue
Forceps.major 0.68 £+ 0.02 0.70 4+ 0.02 0.03 NS NS NS
Forceps.minor 0.53 +0.03 0.56 4+ 0.03 0.01 Oooggg(;,éi 000(?(?070343% 0.04
Inferior.fronto- 051 +0.03 053 +0.03 0.04 NS NS NS
occipital.fasciculus.L
Superior.longitudinal.fasciculus.L 0.48 +0.03 0.49 +0.03 0.04 NS NS NS
Uncinate.fasciculus.L 0.48 + 0.05 0.52 4+ 0.03 0.03 NS NS NS
Uncinate.fasciculus.R 0.52 +0.05 0.55 +0.03 0.04 NS NS NS

# JHU White-Matter Tractography Atlas; NS: not significant; TBL: traumatic brain injury; HC: healthy controls.
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Figure 2. Voxel-wise Tract-Based Spatial Statistics differences in FA metrics between group.

As UF and IFOF traverse the temporal lobe, which is closely related to the post-
traumatic cognitive function and psychiatric symptoms, we further explored the relation-
ship between these two fiber tracks and the GM structures of the temporal gyrus and
medial temporal lobe. GM volumes were significantly related to the FA of left UF and
left IFOF in multiple regions of left temporal gyrus and left hippocampus (Table 5). No
statistically significant association was found between SLF and the GM volumes of the
supplementary motor area.

Table 5. The relationship between fractional anisotropy and GM volume in the temporal gyrus and
medial temporal lobe of TBI Subjects.

Left Uncinate Fasciculus Left Inferior Fronto-Occipital

Fasciculus
Regions * r P r P
STG_L_6_1 0.358 0.041 NS NS
STG_L_6_2 —0.439 0.011 —0.399 0.021
STG_L_6_5 0.435 0.011 NS NS
STG_L_6_6 0.347 0.048 NS NS
MTG_L_4_1 0.391 0.025 NS NS
MTG_L_4_2 0.555 <0.001 NS NS
MTG_L_4_3 0.491 0.004 0.427 0.013
ITG_L_7_1 0.504 0.003 0.573 <0.001
ITG_L_7_3 0.398 0.022 NS NS
ITG_L_7_4 0.397 0.022 NS NS
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Table 5. Cont.

Left Uncinate Fasciculus Left Inferior Fronto-Occipital

Fasciculus

Regions # r r r p
ITG_L_7_5 0.403 0.020 NS NS
ITG_L_7_6 0.542 0.001 0.530 0.002
FuG_L_3_1 0.471 0.006 NS NS
FuG_L_3_3 NS NS 0.379 0.029
PhG_L_6_1 0.422 0.014 NS NS
PhG_L_6_2 NS NS 0.387 0.026
PhG_L_6_4 0.464 0.007 0.359 0.040
PhG_L_6_5 0.598 <0.001 NS NS
Hipp_L 21 0.559 <0.001 NS NS
Hipp_L 21 0.512 0.002 NS NS

# Brainnetome atlas; NS: not significant.

4. Discussion

In this work, we systemically investigated differences in whole-brain GM and WM
between participants with TBI and healthy controls and explored their relationships with
clinical measurements. We first demonstrated TBI patients underwent widespread decrease
of GM volume in both cortical regions and subcortical regions. Among these regions, four
brain areas including left inferior temporal gyrus and medial temporal lobe, supplementary
motor area, thalamus, and ACC were highly implicated in the post-traumatic cognitive
impairment and psychiatric complaints. We then found WM microstructure was disrupted
in TBI patients, involving a decreased FA value in widespread WM tracts including the left
IFOF, left SLF, bilateral UF, forceps major, and forceps minor, with an increased MD value
in the forceps minor. Finally, we explored the consistency of structural damage in gray and
WM, showing GM volumes were significantly related to the FA of left UF and left IFOF in
multiple regions of left temporal gyrus and left hippocampus.

About 1.7 million people in the United States develop TBI each year, and more than
50,000 people have severe cognitive impairment [20]. In China, TBI occupies second place
in the incidence of systemic trauma and first place in the fatality and disability rate [21].
Most TBI patients are young and middle-aged patients, and may suffer from long-time
loss of living and working ability. The primary injury of TBI may not be serious, but due
to changes in the local pathological environment after trauma, it is easy to induce diffuse
axonal injury, which indicates damage to axons and surrounding fibers [22]. Patients
gradually develop affective and cognitive dysfunction. Therefore, it is of great clinical
significance to study the changes of brain microstructure after TBI and its relationship with
cognitive—emotional function.

In accordance with previous reports, TBI patients presented common abnormalities
of brain morphology despite heterogeneity in injury severity and mechanisms, extent of
focal insults, and time since injury [23-25]. Despite widespread atrophy across the cortical
and subcortical regions, only a relatively small subset of this pattern of damage-mainly
in the left inferior temporal gyrus and medial temporal lobe, supplementary motor area,
thalamus, and ACC-were highly implicated in the post-traumatic cognitive impairment and
psychiatric complaints. Among 32 TBI patients, those with temporal lobe injury had more
severe symptoms than those with frontal lobe injury, especially those with lesions on the
inferior temporal gyrus. Moreover, TBI causes extensive changes in the WM microstructure,
including the left IFOF, left SLF, bilateral UF, forceps major, and forceps minor. GM volumes
in multiple subregions of left temporal lobe and left hippocampus were significantly related
to the FA of left UF and left IFOF. This provides some inspiration for our clinical work.
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Although the frontal lobe and temporal lobe are most likely to be injured in TBI, differences
exist in their clinical manifestation and outcome [26,27]. Injury of the temporal lobe should
be paid more attention; due to its anatomical position in the brain, the temporal lobe
contains a large number of association fibers and commissural fibers. It has a complex
integration effect on the frontal lobe, occipital lobe, and the sensory motor areas of parietal
lobe, and plays a coordinating role between the anterior—posterior and left-right brain.
The completion of brain function depends on the multi-synaptic information transmission
of nerve fibers, and damage to the temporal lobe interrupts or affects the transmission
of this information, resulting in cognitive and emotional dysfunction. Therefore, even
small lesions in the temporal lobe should attract our high clinical attention. Early clinical
monitoring of cognitive and emotional functions in patients with craniocerebral injury,
and timely, comprehensive cognitive rehabilitation intervention is of great significance to
prevent further functional decline and improve the quality of life of patients.

In our research, we demonstrated a widespread GM volume reduction in both cortical
regions and subcortical regions. In addition to the reduction in GM volume at the immediate
injury lesion, some deep structural GM volumes were also reduced and correlated with
the patient’s clinical presentation. Changes in the local metabolic environment and the
occurrence of DAI may be responsible for this [28-30]. Eventually, patients have axonal
and fiber damage, and gradually develop cognitive impairment and altered affective
function. We also calculated the FA and MD values of the WM fiber tracts, and found a
significantly decreased FA value in widespread WM tracts including the left IFOF, left SLF,
bilateral UF, forceps major, and forceps minor, with a significantly increased MD value
in the forceps minor. Among these fiber tracks, the forceps minor and forceps major are
the interhemispheric fibers of the frontal cortex and occipital cortex, respectively, and the
UEF, IFOF, and SLF are intrahemispheric association fibers. The UF and IFOF connect the
temporal lobe with orbital and polar frontal cortex, and the SLF links the frontal lobe with
parietal lobe. This means that although the damage mostly occurs in the cerebral cortex
in TBI patients, irreversible structural damage to WM fiber tracts still occurs, and both
intrahemispheric associative fibers and interhemispheric fibers will break, leading to the
appearance of symptoms in patients.

The human brain has an overall leftward posterior and rightward anterior asymmetry,
which may help to provide cognitive advantages and solve spatial constraints [31,32].
Existing studies have confirmed that there is brain asymmetry in normal aging or neu-
ropsychiatric and neurodegenerative diseases [33,34]. Under pathological conditions, the
left hemisphere may be mainly affected [35]; we found such leftward lateralization in our
research. Damage to the integrity of the left IFOF and left SLF is significantly stronger
than that of the right side, which is also consistent with the reduction of GM volume of
left temporal gyrus and left hippocampus. This can be explained as TBI promotes the
degradation of WM in the non-dominant hemisphere or leads to the transformation of
structure to the dominant hemisphere. However, any inference about the change direction
of symmetry after TBI is complex and needs further exploration.

Early parcellation efforts aimed at defining regional boundaries using limited samples,
including the widely used Brodmann atlas and automated anatomical labeling (AAL)
atlas [36,37]. The Brainnetome Atlas is a connectivity-based parcellation of the brain, which
establishes a priori, biologically valid brain parcellation scheme of the entire cortical and
subcortical GM into sub-regions showing a coherent pattern of anatomical connections
and provides a new framework for human brain research and in particular connectome
analysis [38-41]. Thus, in this research we used The Brainnetome Atlas to more accurately
describe the locations of the activation or connectivity in the brain.

We also analyzed the limitations of our research for further improvement. First, the
population enrolled in this study was relatively small and consisted of Chinese only. With
the different brain injured regions of patients, the degree of injury is not consistent, which
may lead to high heterogeneity among patients and an impact on the results. Secondly,
patients are often accompanied with cognitive impairment and emotional dysfunction;
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these confounding factors will add to the difficulty of analysis of drawing conclusions on
the correlation between changes in gray and WM structure and cognitive and affective
dysfunction. Thirdly, the HADS scale for emotional dysfunction is a self-reported question-
naire. It is possible that TBI patients with cognitive impairment tend to overestimate or
underestimate their mood problems, which may reduce the credibility of the conclusion.
Finally, as a retrospective cross-sectional study;, it is prone to produce selection bias and
recall bias, which affects the precision of the outcome.

In conclusion, we shed light on differences in whole-brain GM and WM maps and
explored their clinical significance. Briefly, four brain regions, including the left inferior
temporal gyrus and medial temporal lobe, supplementary motor area, thalamus, and ACC,
correlated to cognitive performance and psychiatric complaints following TBI, and injury
of the temporal lobe should be paid more attention.
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