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Abstract

Traumatic brain injury (TBI) can negatively impact patients’ lives on many dimensions. Multi-
ple instruments are available for evaluating TBI outcomes, but it is still unclear which instru-
ments are the most sensitive for that purpose. This study examines the sensitivity of nine
outcome instruments in terms of their ability to discriminate within and between specific
patient groups, selected a priori as identified from the literature, at three different time points
within a year after TBI (i.e., 3, 6, and 12 months post injury). The sensitivity of the instru-
ments to sociodemographic (sex, age, education), premorbid (psychological health status),
and injury-related (clinical care pathways, TBI and extracranial injury severity) factors was
assessed by means of cross-sectional multivariate Wei-Lachin analyses. The Glasgow Out-
come Scale Extended (GOSE)—-the standard in the field of TBI for measuring functional
recovery—demonstrated the highest sensitivity in most group comparisons. However, as sin-
gle functional scale, it may not be able to reflect the multidimensional nature of the outcome.
Therefore, the GOSE was used as a reference for further sensitivity analyses on more spe-
cific outcome scales, addressing further potential deficits following TBI. The physical com-
ponent summary score (PCS) of the generic health-related quality of life (HRQOL)
instruments (SF-36v2/-12v2) and the TBI-specific HRQOL instruments (QOLIBRI/-OS)
were most sensitive in distinguishing recovery after TBI across all time points and patient
groups, followed by the RPQ assessing post-concussion symptoms and the PHQ-9 measur-
ing depression. The SF-36v2/-12v2 mental component summary score and the GAD-7
measuring anxiety were less sensitive in several group comparisons. The assessment of
the functional recovery status combined with generic HRQOL (the PCS of the SF-12v2), dis-
ease-specific HRQOL (QOLIBRI-OS), and post-concussion symptoms (RPQ) can provide a

PLOS ONE | https://doi.org/10.1371/journal.pone.0280796  April 7, 2023

1/32


https://orcid.org/0000-0003-0172-9904
https://doi.org/10.1371/journal.pone.0280796
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0280796&domain=pdf&date_stamp=2023-04-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0280796&domain=pdf&date_stamp=2023-04-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0280796&domain=pdf&date_stamp=2023-04-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0280796&domain=pdf&date_stamp=2023-04-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0280796&domain=pdf&date_stamp=2023-04-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0280796&domain=pdf&date_stamp=2023-04-07
https://doi.org/10.1371/journal.pone.0280796
https://doi.org/10.1371/journal.pone.0280796
https://doi.org/10.1371/journal.pone.0280796
http://creativecommons.org/licenses/by/4.0/

PLOS ONE

Sensitivity of outcome instruments in patient groups after traumatic brain injury

The authors confirm that they received no special
access privileges to the data. CENTER-TBI is
committed to data sharing and in particular to
responsible further use of the data. Hereto, we
have a data sharing statement in place: https:/
www.center-thi.eu/data/sharing. The CENTER-TBI
Management Committee, in collaboration with the
General Assembly, established the Data Sharing
policy, and Publication and Authorship Guidelines
to assure correct and appropriate use of the data
as the dataset is hugely complex and requires help
of experts from the Data Curation Team or Bio-
Statistical Team for correct use. This means that
we encourage researchers to contact the CENTER-
TBI team for any research plans and the Data
Curation Team for any help in appropriate use of
the data, including sharing of scripts. Requests for
data access can be submitted online: https://www.
center-thi.eu/data. The complete Manual for data
access is also available online: https://www.center-
thi.eu/files/SOP-Manual-DAPR-2402020.pdf.

Funding: This study was funded by the European
Union 7th Framework programme [grant no.
602150]. Additional funding was obtained from the
Hannelore Kohl Stiftung (Germany), OneMind
(USA), Integra LifeSciences Corporation (USA),
and NeuroTrauma Sciences (USA). The funders of
the study had no role in study design, data
collection, data analysis, data interpretation, or
writing of the report.

Competing interests: The authors have read the
journal’s policy and have the following competing
interests: Johannes Vester is a senior biometric
consultant of idv Datenanalyse und
Versuchsplanung and received no personal fees
related to the submitted work. Integra LifeSciences
Corporation (USA) and NeuroTrauma Sciences
(USA) provided additional financial support in
respect to data curation. This does not alter our
adherence to PLOS ONE policies on sharing data
and materials. There are no patents, products in
development or marketed products associated with
this research to declare.

sensitive, comprehensive, yet time-efficient evaluation of the health status of individuals
after TBI in different patient groups.

Introduction

Traumatic brain injury (TBI) is a relevant personal health and economic burden worldwide,
which is characterized by multi-level medical [1], neuropsychiatric [2], cognitive [3], emo-
tional [4], and psychosocial sequelae [5]. If the consequences of TBI are left untreated, they
may not only have long-term adverse effects on the health status of those affected, but also on
their health-related quality of life (HRQOL) [6] and the quality of life of their family members
[7,8].

Multiple instruments are available for evaluating outcomes after TBI. However, it is still
unclear which instruments are the most sensitive for this purpose. Using sensitive instruments
is crucial if valid conclusions are to be drawn about the clinical relevance of outcomes (e.g., the
presence or extent of impairment), allowing relevant treatments and therapies to be selected.
Sensitivity is defined as the ability of an instrument to detect changes and/or differences, for
example, in the health status of different patient groups, thus characterizing the clinical useful-
ness of an outcome measure. A distinction is made between cross-sectional sensitivity (i.e., the
discriminative ability at a given point in time) and longitudinal sensitivity (i.e., the sensitivity
to change, which is also called responsiveness) [9]. There are several ways of assessing sensitiv-
ity (e.g., using effect size, relative efficiency, the receiver operating characteristic [ROC] curve,
or measurement sensitivity [10]). Sensitivity can also be compared with a currently preferred
outcome measure, a gold standard assessing the outcome of a particular disease [11]. Combin-
ing such a standard with other outcome measures—particularly measures based on self-reports
capturing patients’ subjective views of a disease—complements the evaluation of problems and
symptoms that may be overlooked when only the clinicians’ perspective is adopted.

Until now, the extended version of the Glasgow Outcome Scale (GOSE) [12] has been the
only core instrument listed among the Common Data Elements (CDE) recommendations on
outcome measures in the field of adult TBI [13, 14]. The GOSE is a clinician-reported outcome
(ClinRO) measure of global functioning and recovery for rating the aggregated effects of cen-
tral and peripheral injuries on disability and global functional recovery [12]. Despite its wide-
spread use, several studies have found evidence of item redundancy [15], information
deficiency [15], item inefficiency (being insensitive to minimal yet relevant functional changes
regarding activities of daily living after TBI), producing ceiling effects [16], as well as the fact
that it may not capture the full extent of problems that patients suffer from after TBI [17, 18].
Further evidence for the sensitivity of the GOSE could therefore strengthen its use as a clinical
standard in the field of TBI.

In recent years, a growing body of TBI research into patient-reported outcome measures
(PROMs) has shown that cognitive disturbances [19, 20], post-concussion symptoms [4],
depressive and anxiety disorders [21, 22], posttraumatic stress disorder symptoms [23, 24] and
deficits in HRQOL [6] may also limit wellbeing and global recovery after TBI [25-27]. Thus,
supplementing the assessment of the recovery status as measured by the GOSE with informa-
tion on other outcome domains potentially affected by the sequelae of TBI could provide a
more comprehensive picture of the patient’s health status.

A wide range of literature, including systematic reviews, meta-analyses, cross-sectional and
longitudinal multinational studies, has addressed the question of identifying protective and
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risk factors for TBI outcome. Previous research has shown that outcomes may be influenced
by the sociodemographic and clinical characteristics of individuals affected by TBI. There are
controversial results concerning men or women having better outcomes, possibly in associa-
tion with the premorbid health status or injury severity [28, 29]. In addition, individuals aged
65 years and older are at a higher risk of mortality and unfavorable outcomes after TBI com-
pared to younger individuals [30]. Individuals with a lower pre-injury level of education tend
to have worse cognitive outcomes after TBI and lower probability of a satisfactory return to
work and life [31]. Furthermore, the premorbid health status [32-34] and injury-related fac-
tors (e.g., different mechanisms of brain trauma [35-37], severity of brain injury [38, 39], or
presence of extracranial injuries or major trauma [40]) may influence the outcome after TBI.
A comparison of outcomes of uncomplicated and complicated mild TBI patients based on the
combination of the Glasgow Coma Scale (GCS) [41] and findings from computed tomography
(CT) scans [42] has shown that individuals after a complicated mild TBI had worse functional
outcomes, decreased HRQOL, and a higher symptom burden compared with those who had
experienced an uncomplicated mild TBI [39, 43]. Overall, lower functional recovery, reduced
generic and TBI-specific HRQOL, and higher symptom burden (i.e., anxiety, depression, post-
traumatic stress disorder, and post-concussion symptoms) were repeatedly associated with
female gender [21, 29], higher age [44-46], lower education [25, 47, 48], the presence of pre-
morbid psychological problems [4, 45, 49-51], being discharged home from the emergency
room [52] or being admitted to the ICU [43, 53, 54], as well as having more severe extracranial
injuries or polytrauma [38, 43, 53, 55-57], and higher TBI severity [24, 38, 56, 58, 59] (see S1
Table for a more detailed overview). Hence, analyzing the sensitivity of outcome instruments
to patient groups based on these characteristics can assist in selecting the appropriate instru-
ments. This may contribute to better clinical decision-making and personalized treatment.

Given the impact of TBI on different domains of health and life, and considering the het-
erogeneity of potential risk and protective factors, a sensitive multidimensional approach is
needed to identify the short- and long-term effects of the injury. To date, only the sensitivity of
individual instruments used in the field of TBI has been assessed, if at all. Systematic analyses
of the multivariate sensitivity of the instruments measuring outcome domains concerning
patient groups selected a priori in the field of TBI is still scarce.

To fill this gap, the sensitivity of the PROMs that assess these domains needs to be investi-
gated with reference to several relevant patient groups, which are known from the TBI litera-
ture, and with reference to functional recovery. We therefore aim to investigate the
multidimensional cross-sectional sensitivity of selected outcome instruments using a patient-
centered, group-based diagnostic approach. This approach includes the analysis of sensitivity
at three different time points (i.e., 3, 6, and 12 months) as the sensitivity of the instruments can
differ depending on the time of assessment post TBI. The aims of our study are:

1. To analyze the sensitivity of nine outcome instruments measuring different dimensions of
health to six patient groups selected a priori based on sociodemographic, premorbid, and
injury-related characteristics:

a. ClinRO: Functional recovery after TBI (GOSE combined with information from assess-
ments using its questionnaire version GOSE-Q [60])

b. PROMs: Generic HRQOL (Short-Form 36 and 12 — Version 2; SF-36v2 [61]; SF-12v2
[62]); TBI-specific HRQOL (Quality of Life after Traumatic Brain Injury and its short
form, the overall scale; QOLIBRI [63, 64], QOLIBRI-OS [65]), anxiety (Generalized
Anxiety Disorder-7; GAD-7 [66]), depression (Patient Health Questionnaire-9; PHQ-9
[67]), posttraumatic stress disorder (Posttraumatic Stress Disorder Checklist for DSM-5;
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PCL-5 [68]), and post-concussion symptoms (Rivermead Post-Concussion Symptoms
Questionnaire; RPQ [69])

2. To analyze the sensitivity of the PROMs with respect to the standard in the field of TBI
measuring functional recovery-the GOSE-in six patient groups selected a priori;

3. To provide general recommendations for clinicians and researchers on selection of the
most sensitive instruments concerning a priori patient group criteria for outcome evalua-
tion during a year after TBI, as well as recommendations for three specific time points.

Materials and methods
Participants

From December 9, 2014 until December 17, 2017 study participants were recruited at 63 cen-
ters across 18 European countries and in Israel for the prospective, multicenter, longitudinal,
observational cohort study Collaborative European NeuroTrauma Effectiveness Research
(CENTER-TBI; EC grant 602150; clinicaltrials.gov NCT0221022). The inclusion criteria for
study participation were a clinical diagnosis of TBI, written informed consent (obtained from
participants or from their legal representatives), presentation within 24 hours after injury, and
an indication for computed tomography (CT) scanning. Individuals were assigned to three
strata corresponding to their primary clinical pathways: all patients were admitted to the emer-
gency room (ER), then either discharged, or admitted to a hospital ward (ADM), or to the
intensive care unit (ICU). Data were collected either at the hospital, through face-to-face or
telephone interviews, or via postal mail. Further study details can be found elsewhere [52].

The core study sample consisted of 4,509 individuals [52]. In this study, we focused on par-
ticipants aged 16 years and above who had completed at least one outcome measure at the
three-, six-, and twelve-months post-TBI assessments. Data were retrieved from the Core 2.0
data set using the data access tool Neurobot.

Ethical approval

The CENTER-TBI study was conducted in accordance with all relevant laws of the EU where
directly applicable or having a direct effect, and all relevant laws of the countries in which the
recruiting sites were located, including but not limited to, the relevant privacy and data protec-
tion laws and regulations (the “Privacy Law”), the relevant laws and regulations on the use of
human materials, and all relevant guidance relating to clinical studies from time to time in
force including, but not limited to, the ICH Harmonized Tripartite Guideline for Good Clini-
cal Practice (CPMP/ICH/135/95) (“ICH GCP”) and the World Medical Association Declara-
tion of Helsinki entitled “Ethical Principles for Medical Research Involving Human Subjects”.
Written informed consent was obtained for all patients recruited to the core data set of CEN-
TER-TBI and documented in the e-CRF. Ethical approval was obtained for each recruiting
site. The list of sites, ethical committees, approval numbers and approval dates can be found
on the project’s website https://www.center-tbi.eu/project/ethical-approval.

Sociodemographic, premorbid, and injury-related data

The sensitivity of the outcome instruments was examined using a priori selected groups cover-
ing sociodemographic, premorbid, and injury-related characteristics derived from previous
studies. S1 Table provides an overview of these characteristics influencing outcome domains
(i.e., functional recovery, generic and disease-specific HRQOL, anxiety, depression, PTSD,
and post-concussion symptoms) after TBL. The selected factors were found to be both
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significant and clinically relevant in several studies concerning a single outcome domain after
TBI. For this reason, considering them when selecting instruments may have substantial bene-
fits concerning diagnosis and treatment planning. Our multivariate analyses were therefore
stratified according to the following sociodemographic characteristics: sex (male/female), age
(<65/> 65 years), and education (primary and less/at least secondary). Premorbid health sta-
tus and injury-related characteristics were assessed using the following information collected
at the time of study enrollment: individuals’ psychological health status before the injury (emo-
tional disorders, treatment for any mental health problems, or hospital admission for psychiat-
ric reasons; absent/present), clinical pathways (ER/ward/ICU), and total injury severity score
(ISS; with the cut-off values <10 indicating mild injury vs. >10 including moderate, severe
and profound injuries) [70] as measured by the Abbreviated Injury Scale (AIS) [71]. TBI sever-
ity was determined based on the GCS together with the information on CT findings, resulting
in the following groups: uncomplicated mild (GCS > 13 and no CT abnormalities), compli-
cated mild (GCS > 13 and visible CT abnormalities), moderate (9 < GCS < 12), and severe
(GCS < 8) TBL

Instruments

The selection of the instruments used in the present study was informed by the CDE recom-
mendations on TBI outcome measures [13, 14]. Instruments lacking translations in the lan-
guages of the countries participating in the CENTER-TBI study were translated, and
linguistically and psychometrically validated [72, 73].

Functional recovery status after TBI. Functional recovery after TBI was rated using the
Glasgow Outcome Scale Extended (GOSE-Interview) [12] and its self- or proxy-rated version,
the Glasgow Outcome Scale Extended-Questionnaire version (GOSE-Q) [60]. The GOSE is a
19-question clinician-rated interview evaluating functional status and recovery of individuals
after TBI. The GOSE-Q covers similar aspects to the GOSE and includes 14 items with a differ-
ent response format that can be answered either by the affected individual or by their proxy. A
rating scale was established for both versions of the instrument. The GOSE covers eight levels
of recovery (1 = dead, 2 = vegetative state, 3/4 = lower/upper severe disability, 5/6 = lower/
upper moderate disability, 7/8 = lower/upper good recovery) and the GOSE-Q seven levels, as
no differentiation is possible between 2 = vegetative state and 3 = lower severe disability.

To avoid loss of information, missing GOSE values (14%-21% depending on the time of
assessment) were centrally imputed using the ratings derived either from the GOSE-Q or
interviewer ratings. The imputing procedure is described elsewhere [74]. Since the GOSE-Q
cannot distinguish between vegetative state and lower severe disability, these categories were
combined into one. This combined information on the recovery status of the participants is
therefore referred to as GOSE/-Q.

Patient-reported outcome measures (PROMs). The Generalized Anxiety Disorder-7
(GAD-7) [66] questionnaire assesses seven symptoms of a generalized anxiety disorder using a
four-point Likert scale (from “not at all” to “nearly every day”) with a recall period of two
weeks. The total score ranges from 0 to 21, with values of 10 and above indicating clinically rel-
evant anxiety [66].

The Patient Health Questionnaire-9 (PHQ-9) [67] captures the severity of major depression
using nine items based on DSM-IV ([75]) criteria on a four-point Likert scale (from “not at
all” to “nearly every day”) with a recall period of two weeks. The total score ranges from 0 to
27, with a score of 10 and above indicating clinically relevant depression [67, 76].

The Posttraumatic Stress Disorder Checklist for the DSM (PCL-5) [68] assesses 20 symptoms
characterizing PTSD based on criteria of the fifth edition of the Diagnostic and Statistical
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Manual of Mental Disorders (DSM-5) [77] with a recall period of a week or a month. The
items are rated on a five-point Likert scale (from “not at all” to “extremely”). The total score
ranges from 0 to 80, with a cut-off score of 33 indicating clinically relevant impairment [51].

The Rivermead Post-Concussion Symptoms Questionnaire (RPQ) [69] evaluates 16 emo-
tional, cognitive, and somatic post-concussion symptoms. Individuals report how much they
suffered from each of the symptoms over the past 24 hours compared with their condition
before TBI, using a five-point Likert scale (from “not experienced at all” to “a severe prob-
lem”). The total score ranges from 0 to 64, with higher values indicating greater impairment.
For clinical screening, a cut-off score of 12 can be applied [78].

TBI-specific and generic HRQOL were assessed using the long and short forms of the
respective instruments:

The Quality of Life after Brain Injury Scale (QOLIBRI) [63, 64] is a TBI-specific instrument
comprising 37 items and using a five-point Likert response scale (from “not at all” to “very”).
The items cover the following six domains: cognition, self, daily life and autonomy, social rela-
tionships, emotions, and physical problems. The total score is transformed into a percentage
ranging from 0 to 100, with higher values being associated with better HRQOL [64]. In gen-
eral, a score less than 60 indicates impaired HRQOL [79]. Country-specific reference values
can provide more specific information [80].

The Quality of Life after Brain Injury-Overall Scale (QOLIBRI-OS) [65]. In the short version
of the QOLIBRI with six items, physical conditions, cognition, emotions, daily life and auton-
omy, social relationships, and current and future prospects are assessed on a five-point Likert
scale (from “not at all” to “very”). In general, a score below 52 indicates impaired HRQOL
[79]. The use of country-specific reference values is recommended where available [81].

The 36-item Short Form Health Survey-Version 2 (SF-36v2) [61] measures the generic sub-
jective health status using 36 items with various response formats (dichotomous “yes/no” to
polytomous five-point Likert scale responses) on eight scales. Scores range from 0 to 100, with
higher values associated with better HRQOL. These can be transposed into T-values using nor-
mative data. A value below 47 indicates impairment (based on data for the U.S. general popu-
lation) [61]. Items can be summarized to form the physical component summary score (PCS)
and the mental component summary score (MCS). To determine impaired generic HRQOL in
this multicenter study, a cut-off of 40 (i.e., 50-1SD) was applied.

The 12-Item Short Form Survey-Version 2 (SF-12v2) [62] uses twelve items derived from
the SF-36v2 which can also be summed up into the PCS and MCS. Both scores range from 0 to
100, with higher values associated with better HRQOL. Scores can be transposed into T-values
using normative data. The authors recommend using country- and group-specific cut-off val-
ues [62, 82]. To avoid loss of information, missing values in the SF-12v2 items were centrally
replaced by the values derived from the respective items of the SF-36v2 and combined with
reported data. To determine impaired generic HRQOL in this multicenter study, a cut-off of
40 (i.e., 50-1SD) was applied.

Statistical analyses. Descriptive analyses of the sociodemographic, premorbid, and
injury-related characteristics of the participants were reported. To account for the nature of
the GOSE ratings, all statistical approaches chosen were appropriate for ordinal data. Spear-
man correlations investigated the strength of associations between the outcome domains.
Effect sizes were classified as being small (0.10), medium (0.30), and large (0.50) [83, 84].
Medium to high associations between the outcome instruments warrant conducting multivari-
ate analyses.

A non-parametric Wei-Lachin [85] approach was applied to examine the sensitivity of the
outcome instruments. This approach allows multiple outcome comparisons to be performed
simultaneously relative to a control group, which is suitable for continuous and ordinal data
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[86]. For each instrument, the sensitivity in distinguishing between and within patient groups
was assessed using the Mann-Whitney (MW) effect size, which is equivalent to the area under
the receiver-operating characteristic (ROC) curve [87]. The MW effect size varies from 0 to 1,
with 0.50 indicating group equality. It represents the probability that a randomly chosen partici-
pant from the first patient group of interest (e.g., male after an uncomplicated mild TBI) has a
better outcome (e.g., TBI-specific HRQOL assessed using the QOLIBRI) compared with the sec-
ond group of interest (e.g., female after an uncomplicated mild TBI). The strength of the sensi-
tivity was evaluated using conventional cut-off values indicating small (0.36 < MW < 0.64),
medium (beyond 0.36 or 0.64, but greater than 0.29 or less than 0.71), and large (less than or
equal to 0.29 or greater than or equal to 0.71) effects [84, 88]. Based on these, a MW = 0.29, cor-
responding to a large effect size, indicates that males have better outcomes than females with
respect to TBI-specific HRQOL after an uncomplicated mild TBI. Large effect size represents a
high ability of the QOLIBRI to discriminate between males and females after uncomplicated
mild TBI. All analyses were conducted using the total scores of the outcome instruments, except
for the SF-36v2/-12v2, in which PCS and MCS were considered separately.

First, the Wei-Lachin analyses were carried out for all the instruments, including the
GOSE/-Q, to obtain information about their sensitivity. For this purpose, six patient groups
selected a priori (i.e., sex, age, education, premorbid psychological problems, clinical care
pathways, and injury severity) nested in four TBI severity groups (uncomplicated and compli-
cated mild TBI, moderate and severe TBI) were investigated. Second, the sensitivity of the
PROMs was examined in relation to functional recovery. This approach was chosen to
strengthen the evidence for the GOSE as a core measure in the field of TBI, to review the criti-
cisms formulated regarding its applicability [15-18], and to consolidate the clinical relevance
of the analyses in the present study. The analyses were performed for the patient groups nested
in the following GOSE/-Q states, which differentiate between the three main recovery levels:
severe disability (2/3-4), moderate disability (5-6), and good recovery (7-8) [12]. Since the
cross-sectional sensitivity may vary for different time points of assessment, the analyses were
performed using data collected at 3, 6, and 12 months after TBI. To identify the most sensitive
instruments, we summarized the sensitivity of the instruments displaying at least medium
effects in the pairwise group comparisons using percentages. The number of sensitive group
comparisons varied from 0% (not sensitive to any group comparison) to 100% (sensitive to all
group comparisons). The top three instruments displaying the highest sensitivity at each
assessment point were identified. Finally, we provided recommendations for the selection of
the most sensitive outcome instruments at the three time points after TBI. These were based
on the effect sizes obtained from the Wei-Lachin analyses:

1. Strongly recommended for use (predominantly high sensitivity: MW effect size less than or
equal to 0.29 or greater than or equal to 0.71)

2. Recommended for use (predominantly medium sensitivity: MW effect size beyond 0.36 or
0.64, but greater than 0.29 or less than 0.71)

3. Little information gain (predominantly small sensitivity: 0.36 < MW < 0.64)

Only sensitive instruments can reliably determine the impairment in individual outcome
domains. To provide clinicians and researchers with a further indicator for selecting the
appropriate instrument for their purpose, we calculated the prevalence of impaired outcomes
for each patient group at each time point. For the PROMs, impaired outcomes were deter-
mined using clinical cutoffs reported in previous studies (see description of instruments). For
the GOSE/-Q, an outcome was considered impaired if recovery was rated as not complete (i.e.,
a GOSE/-Q score < 7). For an overview of the sensitivity analyses performed, see Fig 1.
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Missing data. Two different approaches were considered for treating missing data: the
analysis of patient data as available (i.e., at least one outcome assessment at one time point
available) and the analysis of individuals with data available for all three time points (i.e., com-
pleters). We decided against imputing missing outcome data because the non-response rates
were too high to perform imputation [89]. The results of the two approaches were compared,
to determine the possible influence of the missing values. The effects for data as available were
comparable with the data of participants who had completed all outcome measures at all three
time points (completers’ data). The analyses were therefore reported based on the data as avail-
able, as the higher number of cases leads to a higher test power. The completers’ results are
provided in the supplemental material.

Statistical analyses were performed using the TESTIMATE [90] software version V.6.5.14
for Wei-Lachin analyses and R version 4.0.2 [91] for descriptive statistics using the corrplot
[92] package. The alpha level was adjusted for multiplicity using the Bonferroni correction
depending on the type of analysis. For the analyses of sensitivity for all outcome instruments
including the GOSE/-Q, the significance was set at ot,4; = 0.00045; for the group comparisons
0lagj = 0.0001 was applied. For comparisons of the PROMs in relation to the GOSE/-Q, 0,4j =
0.005 was used; for group comparisons o,4; = 0.0001 was applied.

Results

Depending on the outcome instrument and the time of the assessment, the sample size for the
outcome assessments varied from N = 2088 (GAD-7) to N = 2842 (GOSE/Q) at 3 months,
from N = 2181 (GAD-7) to N = 2760 (GOSE/-Q) at six months, and N = 1437 (SF-36v2) to

N = 1977 (GOSE/-Q) at twelve months. Participants were predominately male (> 60%), youn-
ger than 65 years of age (approx. 75%) and had at least a secondary school certificate (approx.
70%). The majority reported having no premorbid psychological problems (> 50%). They had
mainly suffered an uncomplicated (around 30%) or a complicated mild TBI (around 30%), fol-
lowed by severe (10% to 19%) and moderate (5% to 8%) TBI. Patients were mostly admitted to
an ICU (> 40%) and had an ISS > 10 (> 60%). Sample characteristics for each instrument and
time point are shown in S2 Table. Fig 2 provides information on the sample sizes.

Correlations between outcome domains

The outcome domains were moderately to highly correlated, except for the MCS and PCS of
the SF-36v2/-12v2, which had a low correlation (< 0.30) with each other, justifying and requir-
ing the use of multidimensional analyses. For details, see S1 Fig.

Sensitivity of all outcome instruments

The GOSE/-Q displayed the highest sensitivity across all patient groups and time points. The
PCS and MCS of the SF-36v2/-12v2, the QOLIBRI/-OS, and the RPQ were most sensitive in
the group comparisons at one or more point in time (see S3 Table). For more details on the
MW effect sizes, see S4 and S5 Tables.

Sensitivity of the PROMs with respect to functional recovery status

Overall sensitivity of the PROMs. The overall sensitivity of the PROMs with respect to
functional recovery was relatively stable at 3, 6, and 12 months after TBI, as determined by the
average number of pairwise comparisons with an at least medium effect for the three time
points. The PCS of the SF-36v2 and the QOLIBRI and their short forms distinguished best
across all patient groups at all time points. Table 1 provides an overview on the overall
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: Correlation and e
L. . Time L. Sensitivity analyses of the PROMs
A priori patient groups . sensitivity analyses of .
points outcome instruments with respect to recovery status
Sex GOSE/-Q
male | female GOSE/-Q SF-36v2
—_ framework PCS/MCS
PCS/MCS
Age SF-12v2
<6512 65 3 months SF-12v2 resmes
PCS/MCS
QOLIBRI
Education
primary and less | secondary+ QOLIBRI
6 months QOLIBRI-OS
Premorbid psychological
problems QOLIBRI-OS
no | yes
GAD-7
clinical pathways 12 months GAD-7
ER | ward | ICU
PHQ-9
PHQ-9
ISS
<10[>10 PCL-5
PCL-5
TBI severity
uncomplicated mild | RPQ
complicated mild | RPQ
moderate | severe
Prevalence of impaired outcomes for the patient groups at each time point

Fig 1. Overview of sensitivity analyses. ER = emergency room; ICU = intensive care unit; ISS = Injury Severity Scale; GOSE/-Q = Combined information
on recovery status using the Glasgow Outcome Scale-Extended and its questionnaire version; SF-36v2 = 36-item Short Form Health Survey-version 2; SF-
12v2 = 12-Item Short Form Survey-version 2; PCS = Physical Component Summary Score, MCS = Mental Component Summary Score;

QOLIBRI = Quality of Life after Traumatic Brain Injury; QOLIBRI-OS = Quality of Life after Traumatic Brain Injury-Overall Scale; GAD-7 = Generalized
Anxiety Disorder-7; PHQ-9 = Patient Health Questionnaire-9; PCL-5 = Posttraumatic Stress Disorder Checklist for DSM-5; RPQ = Rivermead Post-
Concussion Symptoms Questionnaire.

https://doi.org/10.1371/journal.pone.0280796.9001

sensitivity of the PROMs in the pairwise group comparisons regarding functional recovery sta-
tus. For the sensitivity analyses of the data of the completers, see S6 Table. For more details on
the MW effect sizes including instructions for interpretation, see S7 and S8 Tables. Some other
instruments (e.g., RPQ, PHQ-9) showed differences in sensitivity in the six patient groups
investigated. We will therefore further focus on the sensitivity of the PROMs with respect to
six different patient groups and three time points after TBI with respect to the functional
recovery status in greater detail.

Sensitivity of the PROMs with respect to functional recovery status and sociodemo-
graphic factors. Based on the stratification by sociodemographic characteristics (i.e., sex,
age, education), the PCS of the SF-36v2/-12v2 and the QOLIBRI/-OS again demonstrated the
highest ability to differentiate between good recovery and moderate/severe disability among
all groups, with predominantly high effect sizes (i.e., less than or equal to 0.29 or greater than
or equal to 0.71). Additionally, the RPQ displayed a high sensitivity in differentiating the
recovery status within the group of the male patients at three months after TBI. The other
PROMs demonstrated at least medium sensitivity at all time points, discriminating according
to the functional recovery status and patient groups. The only exception was the GAD-7,
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Exclusion (N = 1228):
- No information on TBI severity

Participated in the core measured by the Glasgow Coma Scale
study > combined with CT scan findings
(N =4509) (n=1762)
- Died within 12 months after TBI
(n3-]2mo = 498)
A

Eligible for inclusion in the
analyses
(N=3281)

Filled in the respective instruments

i N T~

3 months 6 months 12 months 3, 6, and 12 months
y v A
GOSE/-Q* GOSE/-Q* GOSE/-Q* GOSE/-Q*
N=2842 N=2760 N=1977 N=1620
(87%) (84%) (60%) (49%)
SF-36v2 SF-36v2 SF-36v2 SF-36v2
N=2073 N=2192 N=1437 N=1032
(63%) (67%) (44%) (31%)
SF-12v2f SF-12v2% SF-12v2* SF-12v2f
N=2293 N=2297 N=1537 N=1146

(70%) (70%) (47%) (35%)
QOLIBRI QOLIBRI QOLIBRI QOLIBRI
N=2118 N=2186 N=1459 N=1062
(65%) (67%) (44%) (32%)
QOLIBRI-OS QOLIBRI-OS QOLIBRI-OS QOLIBRI-OS
N=2340 N=2320 N=1584 N=1193
(71%) (71%) (48%) (36%)
GAD-7 GAD-7 GAD-7 GAD-7
N=2088 N=2181 N=1465 N=1057
(64%) (66%) (45%) (32%)
PHQ-9 PHQ-9 PHQ-9 PHQ-9
N=2095 N=2186 N = 1455 N=1058
(64%) (67%) (44%) (32%)
PCL-5 PCL-5 PCL-5 PCL-5
N=2082 N=2171 N = 1444 N=1049

(63%) (66%) (44%) (32%)

RPQ RPQ RPQ RPQ
N=2159 N=2257 N=1508 N=1103

(66%) (69%) (46%) (34%)

* Missing GOSE values substituted by the GOSE-Q and/or clinical ratings

* Missing SF-12v2 values substituted by the values derived from the respective items of the SF-36v2
N = number, % = response rates.

Fig 2. Numbers of completed instruments per time point (3, 6, and 12 months after TBI) and for all time points
completed by the same individuals. GOSE/-Q = Combined information on recovery status using the Glasgow
Outcome Scale-Extended and its questionnaire version; SF-36v2 = 36-item Short Form Health Survey-version 2; SF-
12v2 = 12-Item Short Form Survey-version 2; PCS = Physical Component Summary Score, MCS = Mental
Component Summary Score; QOLIBRI = Quality of Life after Traumatic Brain Injury; QOLIBRI-OS = Quality of Life
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after Traumatic Brain Injury-Overall Scale; GAD-7 = Generalized Anxiety Disorder-7; PHQ-9 = Patient Health
Questionnaire-9; PCL-5 = Posttraumatic Stress Disorder Checklist for DSM-5; RPQ = Rivermead Post-Concussion
Symptoms Questionnaire.

https://doi.org/10.1371/journal.pone.0280796.9002

which displayed a low discriminative ability within the female group at three months, and the
age and primary education groups at twelve months.

Sensitivity of the PROMs with respect to functional status and premorbid psychological
health status. Concerning discriminating between individuals with and without premorbid
psychiatric problems with different recovery states, the PCS of the SF-36v2/-12v2 was again
the most sensitive at all time points, followed by the QOLIBRI/-OS. The GAD-7 and the MCS
of the SF-36v2/-12v2 were not able to discriminate well across all time points within the group
having premorbid psychiatric problems. All other PROM:s displayed at least a medium and
thus satisfactory sensitivity across all patient groups and time points.

Sensitivity of the PROMs with respect to functional status and injury-related factors.
Inspecting the injury-related groups, the PCS of the SF-36v2/-12v2 and the QOLIBRI/-OS were
able to distinguish at all time points, followed by the RPQ, with medium to high MW effects. The
HRQOL measures, in particular, displayed high sensitivities in the comparison of TBI severity
groups and functional recovery status as well as of injury severity groups (ISS) and recovery status
at all time points. The RPQ was able to distinguish between good recovery and severe disability in
individuals after a moderate TBI as well as in those affected by moderate, severe, or profound inju-
ries (i.e., ISS < 10) at three months after TBI only. Additionally, the PHQ-9 was highly sensitive
to the functional recovery status in the group of individuals who were primarily admitted to the
ER and then discharged at three and six months after TBI. At twelve months, the PCL-5 was the
most sensitive instrument regarding all injury-related group comparisons. All other PROMs,
except for the GAD-7 and the SF-36v2/-12v2, revealed at least medium effects.

Fig 3 provides an example concerning which PROM can distinguish between good recovery
(GOSE 7-8) and moderate disability (GOSE 5-6) in complicated mild TBI, and to what extent.
Overall, the entire ensemble of PROMs displayed a high sensitivity in differentiating between
the patient groups selected a priori. The pooled effect was slightly above 0.29, CI195% [0.25,
0.33]. The group with good recovery displayed better outcomes compared with the group with

Table 1. The overall sensitivity of the PROM:s to pairwise group comparisons with respect to functional recovery status for three time points (patient data as

available).

Instrument

SE-36v2 PCS
SF-12v2 PCS
SF-36v2 MCS
SF-12v2 MCS
QOLIBRI
QOLIBRI-OS
GAD-7
PHQ-9
PCL-5
RPQ

Three months Six months Twelve months Average

n =49 n=45 n=42

100% 96% 76% 91%
100% 93% 71% 88%
59% 62% 50% 57%
61% 60% 55% 59%
92% 71% 90% 84%
98% 73% 79% 83%
57% 60% 43% 53%
67% 69% 64% 67%
69% 64% 69% 68%
69% 69% 67% 68%

Note. n = number of pairwise comparisons, % = percentage, average = average relative frequencies from 3 to 12 months. Bold values indicate the top three instruments

with the highest sensitivity in most group comparisons.

https://doi.org/10.1371/journal.pone.0280796.t001
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PROM High sensitivity Equality High sensitivity
SF-36v2 (MCS) .
SF-12v2 (MCS) &
SF-36v2 (PCS) -+
SF-12v2 (PCS) —'—
QOLIBRI —
QOLIBRI-OS —
GAD-7 0
PHQ-9 —
PCL-5 —
RPQ ——
Wei-Lachin
Pooled Effect ‘
0.29 0.36 0.44 0.50 0.56 0.64 0.71

MW statistic

Better outcome in less severe group (GOSE 7-8) Better outcome in more severe group (GOSE 5-6)

Fig 3. Sensitivity of the PROM:s in differentiating between good recovery (GOSE 7-8) and moderate disability (GOSE 5-6) for complicated mild TBI
three months post-injury. MW statistic: Mann-Whitney effect size with 95%-CI: confidence interval, Wei-Lachin pooled effect: pooled effect size combined
across all PROMs for each group of interest. Green shaded area of the plot: large effect or high sensitivity (MW effect size less than or equal to 0.29 or greater
than or equal to 0.71); blue shaded area: medium effect or medium sensitivity (MW effect size beyond 0.36 or 0.64, but greater than 0.29 or less than 0.71);
transparent background: small effect or low sensitivity (0.36 < MW < 0.64).

https://doi.org/10.1371/journal.pone.0280796.9003

the less favorable recovery, which was reflected by the high MW effect sizes. The RPQ, the PCS
of the SF-36v2, and the QOLIBRI-OS presented the strongest effects and were thus most sensi-
tive to the differences concerning the recovery status after complicated mild TBI. All other
instruments had medium sensitivity, with CIs not exceeding the cut-off of 0.36. This indicated
that the effect was stable medium with a 95% probability. An exception was the MCS of both
forms of the SF instruments, where the lower CI cut-off was in the low sensitivity range (i.e.,
below 0.36). For details concerning the pooled (i.e., combined) MW effect sizes of the PROMs
and respective effects in different groups of interest, see S1 Text.

Recommendations for the selection of the most sensitive PROMs with respect to func-
tional status and six different patient groups at 3, 6, and 12 months after TBI. Most
PROMs displayed a high to medium sensitivity with respect to the recovery status, across all
the investigated patient groups and at all time points. However, the MCS of the SF-36v2/-12v2
and the GAD-7 did not discriminate well in some patient groups (e.g., sex, age, premorbid
health status). Figs 4-6 summarize these recommendations.

Based on the overall sensitivity of the PROM:s as well as the findings of the patient-group
and time point analyses, the PCS of the SF-36v2/12v2, the QOLIBRI/-OS, extended by an
assessment of post-concussion symptoms using the RPQ, can be recommended to comple-
ment information on the recovery status. In addition, an assessment of depression using the
PHQ-9 would provide additional information on the psychological state, especially in those
discharged from the ER but showing less favorable functional recovery.

Prevalence of impaired outcomes

Because all instruments were moderately to highly sensitive with respect to all patient groups,
the prevalence of impaired outcomes could be reliably calculated to provide additional
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Fig 4. PROMs recommended for use with respect to different sociodemographic, premorbid, and injury-related
patient groups and recovery statuses (i.e., GOSE/-Q as reference) at three months after TBI based on the MW
effect sizes. Numbers are documented in S7 Table (data as available) and in S8 Table (completers).

https://doi.org/10.1371/journal.pone.0280796.9004

PLOS ONE | https://doi.org/10.1371/journal.pone.0280796  April 7, 2023

13/32


https://doi.org/10.1371/journal.pone.0280796.g004
https://doi.org/10.1371/journal.pone.0280796

PLOS ONE

Sensitivity of outcome instruments in patient groups after traumatic brain injury

Six months
after TBI

TBI related and generic
mental HRQOL

Physical
generic
HRQOL

Psychological and TBI-related symptoms

/

Male
(good recovery vs.
‘moderate/severe
disability)

QOLIBRI/
-0S

(g00d recovery vs,
moderate/severe
disability)

QOLIBRI/
-08

Sex \
Female
(g00d recovery vs. QOLIBRI/
‘moderate/severe _0S
disability)
<65 years
(g0od recovery vs. QOLIBRY/
moderate/severe -0S
disability)
Age
65+
\4 (sood ecovey v QOLIBRI/
‘moderate/severe -0S
disability)
primary and less
(good recovery vs. QOLIBRI/
‘moderate/severe .08
disability) >
Ed
at least secondary
\4 (so0d recovery vs QOLIBRYI/
moderate/severe 0S8
disability)
absent =
(good recovery vs. QOLIBRY/
‘moderate/severe .08
Premorbid disability)
psych.
problems \ present
(ot reoenvs || SF-36v2/-
moderate/severe 12v2 MCS
disability)
ER
(g00d recovery vs. QOLIBRI/
moderate/severe -0S
disability)
Clinical admission
care gl (z00d recovery vs QOLIBRI/
moderate/severe -0S
pathways disability)
ICU 3
(good recovery vs, QOLIBRI/
‘moderate/severe .08
disability)
uncomplicated
(good recovery vs. QOLIBRYI/
‘moderate/severe _0S
disability)
complicated
(g00d recovery vs. QOLIBRY/
moderate/severe -0S
disability)
TBI severity
moderate
(good recovery vs. QOLIBRY/
moderate/severe -0S
disability)
severe
(g00d recovery vs. QOLIBRY/
moderate/severe _0S
disability)
<10
(g00d recovery vs QOLIBRY/
-0S
Injury / disability)
severity
- \ o M

strongly recommended for use
ominantly high sensitivity atl

ffect size less th
0.29 or greater than or equal to 0.71)

(MW effect size beyond 0.3

SF-36v2/-
12v2 PCS

SF-36v2/-
12v2 PCS

SF-36v2/-
12v2 PCS

GAD-7

SF-36v2/-
12v2 PCS

SF-36v2/-
12v2 PCS

SF-36v2/-
12v2 PCS

SF-36v2/-
12v2 PCS

PHQ-9

PHQ-9

PCL-5

PHQ-9

RPQ

PHQ-9

PHQ-9

RPQ

PHQ-9 RPQ

SF-36v2/-
12v2 PCS

PHQ-9 RPQ

12v2 PCS

SF-36v2/-
12v2 PCS

SF-36v2/-
12v2 PCS

SF-36v2/-
12v2 PCS

SF-36v2/-
12v2 PCS

SF-36v2/-
12v2 PCS

SF-36v2/-

recommended for
more than a medium s

0.29 or than .71)

6 or 0.64 but greater than

PHQ-9 RPQ

PHQ-9

RPQ

PHQ-9 RPQ

PHQ-9 RPQ

=
5]
=}

PHQ-9

PHQ-9

. ... .- ..
]
(=}

little information gain
predominantly small effect
(0.36 < MW <0.64)

Fig 5. PROMs recommended for use with respect to different sociodemographic, premorbid, and injury-related
patient groups and recovery statuses (i.e., GOSE/-Q as reference) at six months after TBI based on the MW effect
sizes. Numbers are documented in S7 Table (data as available) and S8 Table (completers).

https://doi.org/10.1371/journal.pone.0280796.9005
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Fig 6. PROMs recommended for use with respect to different sociodemographic, premorbid, and injury-related
patient groups and recovery statuses (i.e., GOSE/-Q as reference) at six months after TBI based on the MW effect
sizes. Numbers are documented in S7 Table (data as available) and in S8 Table (completers).
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information for clinicians and researchers (for details, see S9 Table). Impairment varied across
the instruments and time points. The functional recovery status was impaired in 41% to 46%
of the patients, followed by clinically relevant post-concussion symptoms (37% to 38%), and
impaired physical generic HRQOL as measured by the PCS of the SF-12v2 (27% to 36%) from
three to twelve months. Overall, 22% to 26% reported impaired TBI-specific HRQOL, with a
slightly higher number of impaired individuals at three months. From three to twelve months
after TBI, the number of individuals with unfavorable outcomes decreased. Overall, the preva-
lence of impaired outcomes varied from 10% (depression and PTSD) to 41% (functional
recovery status).

Individuals with the following sociodemographic, premorbid, and injury-related characteris-
tics were more likely to show impaired outcomes across all instruments and time points: being
male, younger than 65 years of age, having graduated from at least secondary school, reporting no
premorbid psychological problems, being admitted to ICU, having had an ISS of 10 and above,
and having suffered either a mild or severe TBI. Individuals after mild TBI were most impaired in
all outcome domains except for functional recovery, whereas individuals after severe TBI more
frequently displayed an unfavorable recovery but reported no impairments in other domains.
Individuals after uncomplicated mild TBI were impaired slightly more frequently regarding cer-
tain psychological outcomes, such as anxiety and PTSD, compared to those after a complicated
mild TBI at three and six months. In contrast, individuals after a complicated mild TBI in general
more often experienced impaired generic and TBI-specific HRQOL.

Discussion

The present study aimed to analyze the multidimensional cross-sectional sensitivity of the out-
come instruments commonly used in the field of TBI. The study results present evidence for
the sensitivity of these instruments to different clinically relevant patient groups selected a pri-
ori, at three time points after TBI. Thus, a general recommendation has been given for select-
ing appropriate measures for clinicians and researchers for administration within one year
after injury as well as for three different time points post TBI.

The GOSE/-Q showed the highest discriminatory ability. Therefore, in line with other stud-
ies [93, 94] and contradicting some of the critical findings [15-18], its administration as a clin-
ical standard in the field of TBI and its use as a reference for further sensitivity analyses was
supported.

Recent studies [93, 95, 96] suggest that the use of a single outcome instrument, such as the
GOSE, may not provide a comprehensive picture of patients’ health status. For a comprehen-
sive representation of a patient’s clinical picture, it is reccommended that multidimensional
outcome assessments are performed. The medium to high sensitivity of the PROMs to the
recovery status of the patients supports the approach of complementing the sole GOSE assess-
ment by other clinically relevant outcome measures. Based on the results of our analyses, the
use of the physical generic HRQOL component of the SF-36v2/-12v2 instruments (PCS), the
disease-specific HRQOL measures (QOLIBRI/-OS) and the RPQ to assess post-concussion
symptoms can be recommended to provide a sensitive and valid multidimensional assessment
of outcomes and impairments in combination with the GOSE.

The short forms of the HRQOL instruments (i.e., QOLIBRI/-OS measuring TBI-specific
and SF-36v2/-12v2 measuring generic HRQOL) showed comparable sensitivity to their longer
versions. Therefore, they could be useful in both routine clinical assessment and research to
reduce patient burden and to save assessment time. If recovery status is not assessed, the results
of the first analytic approach of sensitivity (i.e., irrespective of recovery status) can be used to
select the most sensitive outcome instruments.
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As the sensitivity of the outcome instruments differed slightly at the three time points, it
will now be discussed in greater detail along the timeline of one year post TBI.

At three months, PROMs assessing generic physical and TBI-specific HRQOL, and post-
concussion(-like) symptoms are most sensitive in detecting differences in the recovery states,
followed by PROMs assessing depression. Patients with moderate/severe disability tend to
report lower HRQOL, more intense post-concussion symptoms, and severe major depression
symptoms. Similar findings have already been reported based on univariate analyses [55, 95,
97]. Individuals discharged from the ER still recover poorly and experience more severe
depressive symptoms, which is reflected by the MW effect sizes. These findings indicate a pos-
sible undertreatment of those discharged from the ER. For example, Ganti and colleagues
(2015) [98] found that 5% of individuals discharged after a mild TBI return to the ER within
72 hours. Especially those with CT abnormalities are at risk of developing post-concussion
symptoms and pain needing further treatment. Additionally, as in other studies [4], we
observed a relatively high prevalence (>30%) of clinically relevant post-concussion symptoms
in this study, especially in individuals after (complicated) mild TBI. Since depression post TBI
has a significant impact on health, work participation, social relationships, and HRQOL in all
TBI severity groups [99, 100], it should be properly clinically diagnosed and treated early on
during the clinical care pathway, as well as in outpatient care [101]. If time and patient burden
allow and there is no clinical assessment of depression, the severity of major depression should
be assessed using the PHQ-9 (also longitudinally) even though only a medium sensitivity was
observed.

Not only the TBI itself, but also other injuries related to the cause of the trauma can affect
the outcome and recovery of the patients [40, 102]. It is therefore important to monitor the sta-
tus of trauma severity, as measured by the ISS. In our study, three months after TBI, lower ISS
and poorer recovery status were associated with worse outcomes, particularly concerning
generic and disease-specific HRQOL and post-concussion(-like) symptoms. We therefore rec-
ommend the use of SF-36v2/12v2, QOLIBRI/-OS, and the RPQ also in patients after extracra-
nial injuries and TBI to assess these domains and determine intervention needs.

At six months after TBI, especially the physical generic HRQOL component of the SF-
36v2/12v2 instruments displayed a high sensitivity in distinguishing within and between the
different patient groups. The TBI-specific HRQOL measures, in particular, are highly sensitive
when it comes to detecting patients following different clinical care pathways and those after a
moderate TBI. These instruments have a medium discriminative ability across the other
patient groups, which might be attributable to the fact that functional recovery is relatively
strongly associated with the physical HRQOL component of the SF-36v2/12v2 measures.
Thus, those individuals who recover well are more likely to report a higher physical generic
HRQOL than those who are still experiencing functional problems. Additionally, individuals
who were only treated as outpatients (i.e., in the ER) and recovered less well still seem to suffer
more from depression and post-concussion symptoms compared to those who made a good
functional recovery. This again indicates that follow-up screenings during the hospital stay, as
well as later during outpatient care, are of great importance so as to detect symptom manifesta-
tion or aggravation, to provide appropriate treatment, and to facilitate the recovery process. In
addition, particular attention should be paid to patients with extracranial injuries and major
trauma, and to their HRQOL [103].

At twelve months, the HRQOL instruments were especially sensitive in detecting changes
in the recovery status. However, the GAD-7 assessing generalized anxiety disorders was less
sensitive in distinguishing between the different patient groups, whereas the PHQ-9 assessing
depression displayed stable medium sensitivity. The prevalence of major depression in our
study was around 10% in the total sample, whereas in a meta-analysis of 99 studies [104] it was
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38%. The authors of that study reported a high association between mild TBI and depressive
symptoms for three time points. If we consider the TBI severity when calculating prevalence,
we obtain comparable results. Around 13% of patients after an uncomplicated and 36% after a
complicated mild TBI report clinically relevant depression. Taken together, these findings
underline that an adequate early and longitudinal evaluation using a sensitive measure allows
depression to be treated, facilitating a successful return to everyday life. The PCL-5 assessing
PTSD was moderately sensitive. It captured an increase in the inpatient group admitted to a
hospital ward at twelve months compared to the three- and six-month assessments. These
findings are in line with a recent meta-analysis involving 52 studies [24] in which the authors
reported that PTSD, if persistent, remains high a long time (i.e., up to five years) after the TBI
and shows no clear decrease.

Summarizing the detailed information on the sensitivity of the instruments at the three
points in time after TBI, the instruments are best at discriminating between and within all
patient groups with reference to functional recovery at three months. This can potentially be
attributed to the fact that the symptom burden is most prominent at this time point. At six
months, however, the impairments decrease slightly, as the symptom burden may fluctuate,
whereas at twelve months the negative impact of the TBI may have chronified but remains
lower compared to three months after TBI.

To further develop post-TBI care, treatment, and rehabilitation, an assessment of potential
deficits should be conducted as early as possible and longitudinally using reliable, valid, and
sensitive instruments that measure the consequences of the TBI multidimensionally in all rele-
vant health states and life domains. The PROMs analyzed in the present study provide this
basis. The use of these instruments in combination with the GOSE would again allow timely
diagnosis and treatment at follow-up visits, which should be performed at several time points
at least up to one year after TBI to help to control, prevent, or reduce the manifestation of
symptoms in various outcome domains.

Limitations

Despite a relatively high total sample size, not all pairwise comparisons could be carried out
because of the small number of cases within certain patient groups. Therefore, the significance
of small effects could be compromised by lower test power, and the generalizability of the
results may be limited. We are aware that the Bonferroni correction, which was used to avoid
alpha-error inflation in multiple group comparisons, is a conservative adjustment method
associated with diminished test power [105]. However, it allows group comparisons to become
significant with a low probability of error, making our results more stable. Minor differences
in sensitivity at different time points may be attributed to differences in the number of partici-
pants at the 3-, 6-, and 12-month outcome assessments. Nonetheless, the analyses of the com-
plete data suggest a stable sensitivity of the PROMs, even if the number of observations
available for all time points is reduced.

Due to the general design of the CENTER-TBI study, some groups within the care pathway
were not involved in all follow-up assessments (i.e., the ER group at twelve months). A further
investigation at later time points (i.e., beyond six and twelve months) could therefore provide
helpful insights into the longitudinal development of outcomes in individuals after TBI, espe-
cially those discharged from the ER.

In the present study, the investigation of some areas affected by TBI may be underrepre-
sented. First, our sample consisted predominantly of individuals after mild TBI. Therefore,
transferring the recommendations concerning the selection of outcome instruments to moder-
ate and severe TBI should be done with caution. Second, we lacked data concerning work
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participation and return to daily life, for example, as well as family and caregiver burden [7, 8].
In addition, some protective factors, such as resilience [106] and a stable social and economic
environment, as well as social participation [107, 108], could be included in future research to
provide more insight into a multidimensional longitudinal development of outcomes after
TBL. In our study, the information regarding psychiatric problems before and after the TBI of
the participants was based solely on self-reported data. Standardized clinical diagnoses of
depression, anxiety, and PTSD as well as information on psychopharmacological treatment
effects would contribute to a more precise differentiation, providing valuable directions for
future studies. The sensitivity to detecting drug effects can however only be evaluated once the
sensitivity of instruments to relevant predictors or risk factors has already been established.
Furthermore, the functional recovery status of the study participants was determined using the
GOSE, with missing values substituted based on the GOSE-Q and/or clinical assessments.
Therefore, it is not possible to compare the sensitivity of the GOSE interview with its question-
naire version. In a recent study, GOSE ratings showed good agreement with GOSE-Q scores
and a similar association with other outcomes after TBI [109]. However, future studies should
further address the sensitivity of the two GOSE forms to provide more evidence for their appli-
cability and mutual substitution. Finally, the sole use of the PCS of the SF-36v2/-12v2, which
has shown the highest discriminatory ability among other PROMs with respect to functional
recovery, should be further validated in the field of TBL

To gain better insight into the course of recovery after a TBI, future research should exam-
ine how multiple psychological and symptom-related PROMs are associated with trajectories
of the functional recovery status.

Conclusion

The present study provides the first systematic multidimensional sensitivity analyses of out-
come instruments at three time points within one year after TBI using a literature-based a pri-
ori selection of groups with and without reference to recovery status. For a sensitive, reliable,
economic, yet comprehensive assessment of outcomes after TBI, the evaluation of the recovery
status should be combined with self-reports on physical generic HRQOL (e.g., PCS of the SF-
12v2), disease-specific HRQOL (e.g., QOLIBRI-OS), and post-concussion symptoms (RPQ). If
time and patient burden allow, the severity of major depression should additionally be assessed
with the PHQ-9 if it was not diagnosed clinically. The suggested, relatively short multidimen-
sional yet comprehensive outcome assessment of individuals after TBI of all severities may
help to evaluate treatment effects sensitively and tailor interventions and care after TBI.
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