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Introduction: The incidence of Traumatic Brain Injury (TBI) is increasingly common in older adults aged
>65 years, forming a growing public health problem. However, older adults are underrepresented in TBI
research. Therefore, we aimed to provide an overview of health-care utilization, and of six-month out-

Keywords: comes after TBI and their determinants in older adults who sustained a TBIL.

Traumatic Brain Injury Methods: We used data from the prospective multi-center Collaborative European NeuroTrauma Effective-
Older adults ness Research in Traumatic Brain Injury (CENTER-TBI) study. In-hospital and post-hospital health care uti-
Outcomes

lization and outcomes were described for patients aged >65 years. Ordinal and linear regression analyses
were performed to identify determinants of the Glasgow Outcome Scale Extended (GOSE), health-related
quality of life (HRQoL), and mental health symptoms six-months post-injury.

Results: Of 1254 older patients, 45% were admitted to an ICU with a mean length of stay of 9 days. Nearly
30% of the patients received inpatient rehabilitation. In total, 554/1254 older patients completed the six-
month follow-up questionnaires. The mortality rate was 9% after mild and 60% after moderate/severe TBI,
and full recovery based on GOSE was reported for 44% of patients after mild and 6% after moderate/severe
TBI. Higher age and increased injury severity were primarily associated with functional impairment, while
pre-injury systemic disease, psychiatric conditions and lower educational level were associated with func-
tional impairment, lower generic and disease-specific HRQoL and mental health symptoms.

Conclusion: The rate of impairment and disability following TBI in older adults is substantial, and poorer
outcomes across domains are associated with worse preinjury health. Nonetheless, a considerable number
of patients fully or partially returns to their preinjury functioning. There should not be pessimism about
outcomes in older adults who survive.

Health care utilization
Health-related quality of life
Mental health
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Introduction TBI [5]. This can be explained by a combination of improved traf-

fic safety regulations, resulting in a decrease in road traffic injuries,

Traumatic Brain Injury (TBI) is a growing public health prob-
lem and a major cause of death and disability worldwide [1]. TBI
can cause long-term impairment in physical, cognitive and emo-
tional functioning [2-4]. In recent decades, there is a shift in the
TBI population towards older age groups (>65 years), especially in
high-income countries where falls represent the primary cause of
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and increased life expectancy with greater mobility in older people
[5].

Compared to younger TBI patients, older patients have longer
hospital stays [6,7], a slower recovery [8-10] and are more likely to
die due to their TBI. [11] Recovery after TBI in older adults may be
hampered by the presence of comorbidity, the presence of physical
and mental health problems prior to injury, and the use of med-
ication, which could complicate the treatment of TBI. Prior stud-
ies suggest that measures of pre-injury functioning and frailty are
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stronger predictors of outcome than age [12]. Nevertheless, previ-
ous TBI studies have often excluded older adults, especially those
with pre-existing psychiatric and neurological problems [13]. While
results from younger adult studies suggest a strong relationship
between pre-injury characteristics and outcome after TBI, evidence
from older adult cohorts is needed [14]. Chronic health complaints
are also associated with increased healthcare utilization and costs
[15]. In the general injury population, older patients have a higher
health care utilization after discharge [16,17]. A prior study found
that older patients (75-84 years) had significantly higher rates of
rehospitalisation, home visits and informal care, and significantly
lower rates of out-patient rehabilitation care compared to younger
patients (55-74 years) [18].

Research on both health-related quality of life (HRQoL) and psy-
chological outcomes in older adults after TBI is scarce. Previous
HRQoL studies included small sample sizes and few studies in-
cluded both generic and disease-specific measures of HRQoL [19].
In some studies, individuals showed a higher risk for emergence
of psychiatric disorders including depression, anxiety and post-
traumatic stress disorder (PTSD) after TBI [20], whereas in other
studies older adults reported less psychological distress and less
symptoms of depression and anxiety than younger adults [14].
Nonetheless, a systematic review on psychiatric assessments after
TBI, concluded that psychological outcomes were insufficiently ad-
dressed in the emerging group of older TBI patients [20].

Since the number of older adults with TBI is substantial and
has been increasing, it is important to investigate characteristics
and outcomes in the older TBI population [21]. A recent system-
atic review on outcomes following mild TBI in older adults sug-
gested “cautious optimism” in terms of long-term functional recov-
ery and psychological health [14]. Better understanding of health
care utilization and health outcomes of older people after TBI
might help clinicians to set treatment goals. Furthermore, insight
into patient characteristics related to poor outcomes in older pa-
tients may support the development of prognostic models for the
older TBI population. Therefore, the aims of this study were to:
1) describe health care utilization following TBI in older adults, 2)
assess six-month functional outcome, generic and disease-specific
HRQoL, PTSD, anxiety and depression symptoms following TBI in
older adults, and 3) identify determinants of six-month outcomes
in the older TBI population.

Methods
Study design and population

We analyzed data from the prospective multi-center longitu-
dinal observational Collaborative European NeuroTrauma Effective-
ness Research in Traumatic Brain Injury (CENTER-TBI) core study
(version 3.0; registered at clinicaltrials.gov NCT02210221) [22]. Pa-
tients from 63 centers were invited to participate in the study from
December 2014 to December 2017. Data was collected for patients
with a clinical diagnosis of TBI, an indication for computed to-
mography (CT), who presented to a hospital within 24 hours af-
ter injury. Patients with a severe pre-existing neurological disor-
der, which could confound outcome assessments, were excluded.
In CENTER-TBI core study, data from 4509 participants were avail-
able for analysis. For an overview of baseline characteristics, all
adult (>16 years) patients were included in this study. In all fur-
ther analyses, only patients aged >65 years were included: 1254
patients recruited from 59 participating centres .

Informed consent was obtained according to local regulations
and the Medical Ethics Committees approved the CENTER-TBI
study in all participating centers (https://www.centertbi.eu/project/
ethical-approval).
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Measures

Demographics, pre-injury characteristics

Sociodemographic characteristics (including sex, age, living sit-
uation, education level), medical history and clinical and injury
characteristics were assessed at the time of enrolment in the study.
Age was categorized into three groups: 65 to 74 years, 75 to 84
years, and 85 years or older for descriptive analyses, and used as a
continuous variable in regression analyses.

Living situation was categorized as living alone or not. Level of
education was divided into primary school, secondary school, post-
high school training and college/university. Pre-injury health sta-
tus was assessed with the American Society of Anaesthesiologists
- physical status classification system (ASA-PS) and categorized as
healthy, mild systemic disease and severe systemic disease/threat
to life. Medication use included anticoagulants/platelets aggrega-
tion inhibitor use and beta-blocker use. Pre-injury psychiatric con-
ditions included depression, anxiety, sleep disorder, schizophrenia,
substance abuse disorder and other.

Early computed tomography (CT) assessed the presence of in-
tracranial traumatic abnormalities. TBI severity was rated using the
Glasgow Coma Scale (GCS) [23]. TBI was considered mild in pa-
tients with GCS 13-15, moderate in patients with GCS 9-12, and
severe in patients with GCS of 3-8. The injury severity score (ISS),
which ranges from 0-75, indicates overall injury severity. It is cal-
culated as the sum of square of the three highest values of the
Abbreviated Injury Scale Score (AIS) from different body regions
[24]. Injury mechanism was categorized as falls, road traffic inci-
dent, and other.

Health care utilization

Data on hospital admission, ICU admission, and inpatient and
outpatient rehabilitation were collected. Length of stay at the ward
and ICU were collected using several sources of CENTER-TBI forms.
For rehabilitation, the transitions of care forms were consulted. In
addition to collecting information on post-injury pathways of care
from providers, information on inpatient and outpatient rehabilita-
tion were reported by a patient or proxy in questionnaires assessed
at six-month follow-up. Inpatient rehabilitation included admis-
sion to a general, geriatric, psychiatric or specialized TBI rehabilita-
tion unit, or nursing home unit. Outpatient rehabilitation included
physical therapy, occupational therapy, speech therapy, therapeutic
recreation, cognitive remediation, vocational services, psychologi-
cal services, nursing services, comprehensive day treatment, peer
mentoring, social work, independent living, and home health.

Functional outcome at six months

Functional outcome was assessed at 6 months with the Glas-
gow Outcome Scale Extended (GOSE). When performed outside the
time window (5-8 months), it was imputed based on GOSE mea-
surements at other time points using a multi-state model [25].
The GOSE has eight ordinal categories-Dead (1); vegetative state
(2); lower severe disability (3); upper severe disability (4); lower
moderate disability (5); upper moderate disability (6); lower good
recovery (7); and upper good recovery (8). In this study, the cat-
egories ‘vegetative state’ and ‘lower severe disability’ were com-
bined, as these could not be differentiated for GOSE ratings based
on postal questionnaires because patients in a vegetative state re-
quire specialized tests for responsiveness, and this cannot be as-
sessed by a questionnaire [26].

We gave centres flexibility in outcome assessment to help max-
imize follow-up rates and to tailor approaches to patients. The
GOSE was assessed by a postal questionnaire or a structured inter-
view by a trained assessor (telephone or face to face). Answers to
GOSE questionnaires could be given by patients alone, and if that
was not possible by patients with the help of a relative/ caregiver,
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or by a relative/caregiver alone. The ratings from interviews and
questionnaires showed good agreement [27]. Interviews and ques-
tionnaires were scored centrally, and when both had been carried
out, the rating was based on the interview.

Generic and disease-specific HRQoL at six months

Generic HRQoL was assessed using the 12-item short form
health survey (SF-12v2) [28]. The HRQoL is summarized as a men-
tal (MCS) and a physical component score (PCS). If there was no
available SF-12v2 score, the score was derived using SF-36v2 if
available [25]. The raw PCS-12 and MCS-12 scores were transposed
as norm-based t-scores with a mean of 50 and a standard devia-
tion of 10. Scores <40 were classified as impaired HRQoL [29].

The six-item Quality of Life after Brain Injury Overall Scale
(QOLIBRI-0S) is a disease specific instrument and provides a pro-
file of HRQoL in domains affected by TBI [30]. The instrument as-
sesses the overall satisfaction with different domains of life. The
total score scale ranges from 0-100 and scores <52 were classified
as impaired HRQoL [31].

The measures of HRQoL were completed by patients alone, and
for a small subset of patients by a relative/caregiver/friend [32].

Psychological symptoms at six months

Post-traumatic stress. PTSD symptoms were assessed with the PCL-
5 [33]. The PCL-5 includes 20 items reflecting the Diagnostic and
Statistical Manual of Mental Disorders, 5th edition (DSM-5) diag-
nostic criteria of PTSD. Items are scored on a five-point Likert scale
ranging from 0 (not at all) to 4 (extremely) and the sum of scores
ranges from O to 80. A total score >33 was considered clinically
relevant [34].

Depression. Depression symptoms were assessed with The Patient
Health Questionnaire (PHQ-9) [35]. It contains nine items, which
are scored on a four-point Likert scale ranging from 0 (not at all) to
3 (nearly every day). The sum score ranges from 0-27. A score of 5-
9 indicated mild depressive symptoms and a score of >10 indicate
moderate to severe depressive symptoms.

Anxiety. Anxiety symptoms were assessed with the Generalized
Anxiety Disorder questionnaire (GAD-7) [36], a seven-item instru-
ment with a four-point Likert scale ranging from 0 (not at all) to
3 (nearly every day). The sum score ranges from 0-21 with a score
from 5 to 9 indicating mild and a score of >10 indicating moderate
to severe anxiety symptoms.

The measures of psychological symptoms were completed by
patients alone.

All questionnaires that were not available in local languages
of participating centres were translated and linguistically validated
[37]. The questionnaires were scored centrally.

Statistical analysis

Descriptive statistics for baseline characteristics, health care
utilization, and health outcomes were presented with percent-
ages for categorical variables and median and inter quartile range
(IQR) for continuous variables. Differences in baseline characteris-
tics were compared between three types of responders-Those that
completed at least one questionnaire (SF-12v2, QOLIBRI-OS, PCL-
5, PHQ-9, GAD-7) at six months post-injury; non-responders; and
those who died within six months post TBI, making use of chi-
square and Mann-Whitney U tests. Health care utilization was re-
ported for all patients with available data. Health outcomes were
reported separately by age group (65-74, 75-84 and >85 years
of age). Differences by age group were tested using the Kruskal-
Wallis test. The association of possible determinants with multiple
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outcomes following TBI was analyzed with univariable and multi-
variable ordinal and linear regression analyses, and quantified with
odds ratios (ordinal regression) and regression coefficients (linear
regression

For the regression analyses, missing baseline characteristics
were imputed using Multivariate Imputation by Chained Equation
(MICE) approach based on an imputation model including all base-
line characteristics, auxiliary variables (years of education) and all
six-month outcomes, using the mice package in R [38]. For ordi-
nal logistic regression, the model performance was assessed with
the area under the receiver operating curve, which corresponds
to the c statistic. The c statistic was used to quantify the ability
of the model to discriminate between patients with different out-
come levels . The c statistic ranges between 0.50 (no discrimina-
tion) and 1.0 (perfect discrimination). For linear regression, model
performance was quantified with the adjusted coefficient of deter-
mination (R?).

Analyses were performed in SPSS V.25 (statistical package for
social sciences, Chicago, Illinois, USA) and R (version 4.0.4) (R foun-
dational for statistical computing, Vienna, Austria) [39].

Results
Baseline characteristics

The study included 1254 older adults (59% male) with a median
age of 74 (IQR: 69-80) (Table 1). There were 355 (28%) patients
categorized as having moderate/severe TBI, and the median ISS was
16 (IQR: 9-25). Most patients had pre-injury systemic disease (77%)
and 13% had a pre-injury psychiatric condition. Falls were the pri-
mary cause of TBI (67%). In total, 554 of 1254 (44%) patients com-
pleted at least one survey on outcome after injury at six-month
(Table 1). The median ISS was twice as high for deceased patients
(26, IQR 20-43) compared to responders (13, IQR 8-21) and non-
responders (13, IQR 8-25). Of responders, 14% were classified as
moderate/severe TBI patients, while 69% of deceased patients were
classified as moderate/severe TBI patients.

Compared to younger adult (16-64) patients, older patients
were more often female, more often lived alone, reported more
pre-injury psychical and psychiatric conditions and more of-
ten used anticoagulant, platelet aggregation inhibitors and beta-
blockers (Table 1). The mortality at discharge was 19% in the older
age group, compared to 6% in the younger population.

Health care utilization of older patients after TBI

Of 1254 patients, 84% (1046) were admitted to a hospital ward
and/or ICU (Table 2). There were 566 (45%) patients admitted to
an ICU with mean LOS of 9.0 (SD=10.5) days. Discharge to an in-
patient rehabilitation unit occurred in 22% of patients after mild
TBI and in 61% of patients after moderate/severe TBI. About half
of patients age 65-74 years (49%) and age 75-84 years (48%) were
admitted to an ICU with a mean of respectively 10 (SD=11) and 8
(SD=10) days and 20% of persons aged >85 years were admitted
to an ICU with a mean of 6 days (SD=6). Of males, 51% were ad-
mitted to an ICU with the LOS of 10 days (SD=11) and of females,
37% with a LOS of 8 days (SD=9). Of patients who survived dis-
charge (n=1056), 30% of older adults received in-patient rehabili-
tation care and 12% received out-patient rehabilitation care. Of pa-
tients after mild TBI, 22% and of patients after moderate/severe TBI,
61% received in-patient rehabilitation care in the first six months
after injury
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Table 1
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Characteristics of the older adult TBI population in the CENTER-TBI study by response status at six months® ",

Responders vs.

Non- Responders vs.
Variable Total population  Responders* Non-responders Deceased responders deceased
N N=1254 N=554 N=423 N=277 p-value p-value
Age, median (IQR) 74 (69-80) 73 (68-78) 75 (69-81) 76 (71-82) <0.001 <0.001
65-74 years 634 (50.6%) 318 (57.4%) 209 (49.4%) 107 (38.6%)
75-84 years 479 (38.2%) 193 (34.8%) 158 (37.4%) 128 (46.2%)
>85 years 141 (11.2%) 43 (7.8%) 56 (13.2%) 42 (15.2%)
Sex, male, n (%) 741 (59.1%) 320 (57.8%) 234 (55.3%) 187 (67.5%) 0.445 0.007
Living alone, n (%) 364 (29.0%) 157 (28.3%) 150 (35.5%) 57 (20.6%) 0.016 0.016
Missing, n (%) 4 (0.3%) 1 (0.2%) 2 (0.5%) 1 (0.4%)
Highest educational level <0.001 0.006
Primary school 254 (20.3%) 120 (21.7%) 96 (22.7%) 8 (13.7%)
Secondary school 272 (21.7%) 128 (23.1%) 105 (24.8%) 9 (14.1%)
Post-high school training 172 (13.7%) 96 (17.3%) 60 (14.2%) 6 (5.8%)
College/university 173 (13.8%) 118 (21.3%) 41 (9.7%) 14 (5.1%)
Missing, n (%) 383 (30.5%) 92 (16.6%) 121 (28.6%) 170 (61.4%)
Pre-injury ASA-PS class, n (%) 0.034 <0.001
Healthy 256 (20.4%) 142 (25.6%) 78 (18.4%) 36 (13.0%)
Mild systemic disease 659 (52.6%) 287 (51.8%) 234 (55.3%) 138 (49.8%)
Severe systemic disease/threat to life 300 (23.9%) 118 (21.3%) 101 (23.9%) 81 (29.2%)
Missing, n (%) 39 (3.1%) 7 (1.3%) 10 (2.4%) 22 (7.9%)
Pre-injury physical conditions, n (%) 0.245 0.276
None 133 (10.6%) 66 (11.9%) 44 (10.4%) 23 (8.3%)
1 275 (21.9%) 130 (23.5%) 1 (21.5%) 4 (19.5%)
2 296 (23.6%) 140 (25.3%) 2 (21.7%) 4 (23.1%)
3 236 (18.8%) 99 (17.9%) 78 (18.4%) 9 (21.3%)
4 or more 299 (23.8%) 119 (21.5%) 115 (27.2%) 5 (23.5%)
Missing, n (%) 15 (1.2%) 0 (0%) 3 (0.7%) 12 (4.3%)
Pre-injury psychiatric condition, n (%) 164 (13.1%) 60 (10.8%) 63 (14.9%) 1 (14.8%) 0.034 0.034
Missing, n (%) 47 (3.7%) 4 (0.7%) 18 (4.3%) 5 (9.0%)
Prior TBI, n (%) 107 (8.5%) 50 (9.0%) 40 (9.5%) ]7 (6.1%) 0.694 0.444
Missing, n (%) 122 (9.7%) 29 (5.2%) 35 (8.3%) 58 (20.9%)
Intracranial traumatic abnormality, n 647 (51.6%) 287 (51.8%) 185 (43.7%) 175 (63.2%) 0.110 <0.001
(%)
Missing, n (%) 196 (15.6%) 56 (10.1%) 68 (16.1%) 72 (26.0%)
Anticoagulants and platelets 0.741 <0.001
aggregation inhibitor use, n (%)
Anticoagulant 225 (17.9%) 87 (15.7%) 77 (18.2%) 61 (22.0%)
Platelet aggregation inhibitor 325 (25.9%) 148 (26.7%) 96 (22.7%) 81 (29.2%)
Both 25 (2.0%) 8 (1.4%) 8 (1.9%) 9 (3.2%)
No 618 (49.3%) 303 (54.7%) 216 (51.1%) 99 (35.7%)
Missing, n (%) 8 (1.4%) 26 (6.1%) 7 (9.7%)
Beta blocker use, n (%) 314 (25.0%) 131 (23.6%) 105 (24.8%) 8 (28.2%) 0.362 <0.001
Missing, n (%) 93 (7.4%) 16 (2.9%) 34 (8.0%) 3 (15.5%)
Care pathway, n (%) 0.015 <0.001
ER 209 (16.7%) 127 (22.9%) 76 (18.0%) 6 (2.2%)
Hospital ward 493 (39.3%) 254 (45.8%) 176 (42.3%) 60 (21.7%)
ICU 552 (44.0%) 173 (31.2%) 168 (39.7%) 211 (76.2%)
TBI Severity, n (%) 0.005 <0.001
Mild (GCS 13-15) 862 (68.7%) 468 (84.5%) 326 (78.9%) 68 (24.5%)
Moderate/Severe (GCS 3-12) 355 (28.3%) 77 (13.9%) 87 (21.1%) 191 (69.0%)
Missing, n (%) 37 (3.0%) 9 (1.6%) 10 (2.4%) 18 (6.5%)
Injury mechanism 0.080 0.729
Falls 837 (66.7%) 358 (64.6%) 302 (71.4%) 177 (63.9%)
Road traffic accident 284 (22.6%) 136 (24.5%) 83 (19.6%) 65 (23.5%)
Other 133 (10.6%) 60 (10.8%) 38 (9.0%) 38 (9.0%)
ISS, median (IQR) 16 (9-25) 13 (8-21) 13 (8-25) 26 (20-43) 0.079 <0.001

IQR-Inter quartile range, ASA-PS class: American Society of Anesthesiologists Physical Status classification, TBI: Traumatic Brain Injury, GCS = Glasgow Coma Scale, ISS=

Severity Score, MVA: motor vehicle accident.

Injury

*patients who completed at least one questionnaire (SF-12v2, QOLIBRI-OS, PCL-5, PHQ-9, GAD-7) at six months post-injury.

4 response Vs non-response.
b response vs deceased.

Outcomes of older patients after TBI

Of 722 patients with mild TBI, 9% died within six months com-
pared to 60% of 320 patients with moderate/severe TBI (Table 3).
Around 30% of patients with mild and 83% of patients with mod-
erate/severe TBI had a poor functional outcome (GOSE < 4). Of
patients with mild or moderate/severe TBI, respectively 41% and
42% had impaired physical HRQoL scores and 22% and 21% had im-
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paired mental HRQoL scores. Elevated symptoms of PTSD, depres-
sion and anxiety were present in respectively 5%, 15% and 9% of
patients with mild TBI and 6%, 11% and 9% of patients after mod-
erate/severe TBI.

Of patients aged 65-74 years, 75-85, and >85 years, respectively
19%, 31% and 37% died within six months post-injury. For all out-
comes, the differences in outcome between 65-74 years and >85
years were statistically significant, with lower GOSE and HRQoL
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Table 2
Hospital admission and in- and out-patient rehabilitation services for older adults in CENTER-TBI study.

Ward ICU six-month in-patient six-month out-patient
rehabilitation® rehabilitation®
Patients admitted to a Mean number of days Patients admitted to an Mean number of days N (%)¢ N (%)¢
ward, N (%)° (SD)* ICU, N (%)° (SD)*
Total 817 (65.4) 9.6 (15.0) 566 (45.3) 9.0 (10.5) 285 (29.3) 117 (12.2)
Age
65-74 years 408 (64.7) 9.3 (11.4) 306 (48.5) 10.0 (10.9) 139 (26.4) 73 (14.0)
75-84 years 322 (67.2) 10.4 (19.0) 231 (48.2) 8.2 (10.1) 124 (35.3) 42 (12.1)
>85 years 87 (62.6) 8.0 (12.0) 29 (20.9) 5.7 (6.1) 22 (23.2) 2(2.2)
Sex
Male 490 (66.4) 10.2 (13.9) 375 (50.8) 9.8 (10.9) 165 (29.4) 61 (10.9)
Female 327 (64.0) 8.6 (16.4) 191 (37.4) 7.5 (9.4) 120 (29.3) 56 (14.0)
Injury mechanism
Fall 547 (65.6) 8.6 (15.1) 319 (38.2) 8.2 (10.0) 174 (26.4) 70 (10.8)
Road traffic incident 199 (70.3) 10.8 (11.7) 171 (60.4) 9.4 (10.5) 84 (38.9) 39 (18.1)
Other 71 (53.8) 13.4 (20.5) 76 (57.6) 11.5 (11.9) 27 (27.6) 8(8.2)
Pre-injury ASA-PS
class, n (%)
Healthy 182 (71.7) 8.0 (10.6) 114 (44.9) 10.0 (11.8) 51 (23.4) 38 (17.5)
Mild systemic disease 429 (65.1) 9.6 (13.0) 292 (44.3) 8.8 (10.3) 155 (29.8) 57 (11.1)
Severe systemic 192 (64.6) 10.5 (21.0) 127 (42.8) 8.8 (10.0) 70 (32.3) 22 (10.4)
disease/threat to life
TBI Severity, n (%)
Mild (GCS 13-15) 858 (70.2) 8.3 (15.0) 222 (25.9) 7.6 (10.2) 170 (22.0) 86 (11.3)
Moderate/Severe (GCS 197 (55.6) 13.4 (144) 318 (89.8) 9.9 (10.4) 112 (60.9) 29 (15.8)
3-12)
*Length of hospital stay for those patients admitted to a ward/ICU.
@ Based on patients who survived discharge (n=1056).
b 5 (0.4%) missing values.
¢ 5 (0.4%) missing values.
d 84 (8.0%) missing values.
¢ 97 (9.2%) missing values.
Table 3
Distribution of outcome variables for the total population of older adults after TBI and by TBI severity.
Total TBI severity* p-value
Mild Moderate/ Severe
Functional outcome at 6 months
GOSE n=1073/1254 n=722/862 n=320/355 <0.001
1 (dead) 277 (25.8%) 68 (9.4%) 191 (59.7%)
3 (vegetative state/lower severe disability) 120 (11.2%) 65 (9.0%) 54 (16.9%)
4 (upper severe disability) 56 (5.2%) 43 (6.0%) 12 (3.8%)
5 (lower moderate disability) 47 (4.4%) 37 (5.1%) 10 (2.8%)
6 (upper moderate disability) 57 (5.3%) 48 (5.6%) 9 (2.8%)
7 (lower good recovery) 175 (16.3%) 147 (20.4%) 26 (8.1%)
8 (upper good recovery) 341 (27.2%) 314 (43.5%) 18 (5.6%)
HRQoL at 6 months
SF-12v2 PCS (n=541/1254) n=461/862 n=71/355
Impaired SF-12v2 physical score (<40) 218 (40.3%) 187 (40.6%) 30 (42.3%) 0.787
Median (IQR) 43.3 (34.1-50.5) 43.3 (34.6-50.8) 42.3 (31.8-49.8) 0.315
SF-12v2 MCS (n=541/1254) n=461/862 n=71/355
Impaired SF-12v2 mental score (<40) 117 (21.6%) 102 (22.1%) 15 (21.1%) 0.850
Median (IQR) 50.8 (42.1-58.3) 51.2 (42.0-58.3) 49.3 (41.8-58.2) 0.680
QOLIBRI-0S (n=544/1254) n=460/862 n=75/355
Impaired QOLIBRI-OS (<52) 121 (22.2%) 102 (22.2%) 18 (24.0%) 0.725
Median (IQR) 71.0 (54.0-79.0) 71.0 (54.0-82.0) 67 (54.0-79.0) 0.253
Mental health symptoms at 6 months
PTSD, PCL-5 (n=515/1254) n=439/862 n=68/355
PTSD, PCL-5 >33 24 (4.7%) 20 (4.6%) 4 (5.9%) 0.632
Median (IQR) 5.0 (1.0-12.0) 5.0 (2.0-12.0) 6.0 (1.0-13.8) 0.406
Depression, PHQ-9 (n=519/1254) n=439/862 n=71/355 0.077
None 331 (63.8%) 283 (64.5%) 40 (56.3%)
Mild 114 (22.0%) 90 (20.5%) 23 (32.4%)
Moderate/Severe 74 (14.3%) 66 (15.0%) 8 (11.3%)
Median (IQR) 3.0 (1.0-7.0) 3.0 (1.0-6.0) 3.0 (1.0-7.0) 0.650
Anxiety, GAD-7 (n=515/1254) n=436/862 n=70/355 0.944
None 392 (76.1%) 329 (75.5%) 54 (77.1%)
Mild 79 (15.3%) 69 (15.8%) 10 (14.3%)
Moderate/Severe 44 (8.5%) 38 (8.7%) 6 (8.6%)
Median (IQR) 1.0 (0.0-4.0) 1.0 (0.0-4.0) 1.0 (0.0-4.0) 0.897

Cut-off values: SF-12v2 PCS and SF-12v2 MCS < 40, QOLIBRI < 52, PCL-5 > 33, PHQ-9 > 10, GAD-7 > 10; SF-12 PCS = Short Form (12) Health Survey (physical component

score); SF-MCS = Short Form (12) Health Survey (mental component score); QOLIBRI = Quality of Life after Brain Injury.

*Glasgow Coma Score (GCS) is missing for 37 (3.0%) patients.
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Table 4
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Multivariable regression analyses-Odds ratios (OR) for global functional outcome (GOSE), and regression coefficients (B) for generic HRQoL (SF-12v2), disease-specific HRQoL
(QOLIBRI-0S), and post-traumatic stress (PCL-5), depression (PHQ-9) and anxiety (GAD-7) symptoms.

Global functional

Psychological symptoms**

SF-12 MCS (B, CI 95%) QOLIBRI-OS (B, CI

outcome* Health-related quality of life*
Predictor GOSE (1-8) (OR, CISF-12 PCS (B, CI

95%) 95%)
Age ! 0.54 [0.44;0.67] -3.22 [-4.83;-1.62] -0.44 [-2.17;1.29]
Female sex 1.08 [0.84;1.39] -2.03 [-3.84;-0.01] -2.11 [-4.05;-0.18]
High school vs. 1.18 [0.82;1.71]  2.50 [-0.01;5.01] 3.69 [1.02;6.37]
Primary school
Post-high school vs. 1.18 [0.81;1.73]  0.96 [-1.65;3.56] 1.02 [-2.12;4.16]
Primary s.
College/University vs. 1.49 [1.00;2.21] 4.90 [2.32;7.47] 3.33 [0.53;6.12]
Primary s.
Living alone 1.15[0.88;1.52] -0.17 [-2.16;1.81] -0.73 [-2.83;1.37]
Mild disease vs. 0.75 [0.55;1.04]  -2.52 [-4.70;-0.35] -2.51 [-4.82;-0.21]
Healthy
Severe disease vs. 0.53 [0.36;0.79] -5.30 [-8.16;-2.44] -6.13 [-9.15;-3.10]
Healthy
Pre-injury psychiatric 0.54 [0.38;0.76] -3.19 [-5.98;-0.40] -7.73 [-10.70;-4.75]
conditions
Prior TBI 1.27 [0.82;1.98] 1.30 [-1.83;4.44] 2.93 [-0.37;6.23]
Anticoagulants/ 0.76 [0.57;1.00]  -2.26 [-4.25;-0.26] 1.48 [-0.64;3.60]
PAI use
Beta blocker use 0.80 [0.60;1.07)  -1.68 [-3.90;0.54] 0.73 [-1.57;3.04]
Intracranial 0.55 (0.42;0.72) -0.80 [-2.68;1.08] 0.33 [-1.67;2.33]
abnormalities
Road traffic incident 0.97 [0.72;1.30] -0.49 [-2.57;1.60] -1.22 [-3.44;0.99]
vs. Falls
Other vs. Falls 0.81 [0.54;1.23]  -0.47 [-3.29;2.36] -1.84 [-4.87;1.18]

Glasgow Coma Score 2.31 [1.95;2.73] 0.55 [-0.83;1.92] -0.39 [-1.86;1.08]
(GCS) *

Injury severity score 0.50 [0.41;0.60] -1.43 [-2.84;-0.01] -2.49 [-4.00;-0.99]
(ISS) *

Measure of C-statistic 0.79  Adjusted R? Adjusted R?
performance 0.19 0.12

PCL-5 (B, CI 95%) PHQ-9 (B, CI 95%) GAD-7 (B, CI 95%)

95%)
-2.34 [-5.71;1.03] -0.04 [-1.86;1.77] 0.42 [-0.39;1.23]  0.01 [-0.66;0.68]
-3.15 [-6.88;0.59] 1.75 [-0.27;3.78]  1.12[0.21;2.04]  0.99 [0.25;1.72]

7.74 [2.59;12.89]

-3.41 [-6.19;-0.63]

-1.86 [-3.17;-0.55]

-2.12 [-3.20;-1.04]

2.49 [-3.66;8.64] 0.05 [-3.13;3.23] -0.21 [-1.56;1.14] -1.25 [-2.50;0.01]
6.87 [1.03;12.71] -3.15 [-6.20;-0.11] -1.81 [-3.14;-0.47] -1.84 [-3.09;-0.59]
-1.74 [-5.75;2.28] -1.24 [-3.41;0.94] 033 [-0.65;1.31]  -0.65 [-1.44;0.14]
-5.59 [-10.03;-1.14]  2.14 [-0.24;4.52] 0.77 [-0.30;1.84] -0.22 [-1.08:0.64]
-15.9 [-21.66;-10.14] 4.14 [0.95;7.32]  2.06 [0.63;3.49]  0.50 [-0.64;1.64]

-11.93 [-17.62;-6.25] 5.38 [2.25;8.52] 3.80 [2.37;5.23]  2.44 [1.29;3.58]

0.54 [-5.91;6.98]
-0.65 [-4.68;3.38]

-2.82 [-6.18;0.54]
-0.18 [-2.39;2.03]

-0.45 [-1.98;1.08]
-0.02 [-1.02;0.97]

-0.99 [-2.17;0.19]
0.43 [-0.36;1.23]

-0.39 [-4.85;4.07] -0.95 [-3.34;1.44] -0.49 [-1.59;0.60] -0.31 [-1.18;0.55]

-3.99 [-7.81;-0.18]  -0.25 [-2.36;1.86] 0.37 [-0.59;1.33]  0.17 [-0.63;0.97]
-1.61 [-5.86;2.64] 220 [-0.11;451] 028 [-0.76;1.31]  0.32 [-0.52;1.15]
-2.73 [-8.52;3.05] 322 [0.01;6.42] 0.43 [-1.01;1.88] 0.61 [-0.54;1.76]
245 [-0.31;5.20] 048 [-1.11;2.06] -0.03 [-0.72;0.67] 0.15 [-0.43;0.73]
-1.32 [-4.17;1.53] 2.43 [0.85;4.01] 0.71 [0.00;1.42]  0.52 [-0.04;1.08]

Adjusted R?
0.15

Adjusted R?
0.08

Adjusted R?
0.12

Adjusted R2
0.10

'Continuous predictors scaled by interquartile range that compares the 1st quartile and the 3rd quartile. * Higher score=better outcome. ** Higher score= worse outcome. A
p-value <0.05 and a p-value <0.01. GAD-7 = Generalized Anxiety Disorder questionnaire; GOSE = Glasgow Outcome Scale—Extended; PAl=platelets aggregation inhibitor PCL-
5 =Posttraumatic Stress Disorder Checklist; PHQ-9 = Patient Health Questionnaire; SF-12 PCS = Short Form (12) Health Survey (physical component score); SF-MCS = Short
Form (12) Health Survey (mental component score); QOLIBRI = Quality of Life after Brain Injury.

(SF-12v2 PCS, SF-12v2 MCS, QOLIBRI-OS) scores and higher PCL-
5, PHQ-9, and GAD-7 scores for patients aged 85 years and older
(Supplementary Figure 1; post-hoc pairwise comparison: Supple-
mentary Table 2). The largest difference by age was observed for
SF-12v2 PCS with median scores of 46.7 (37.1-52.4) for patients
aged 65-74 years, 40.2 (30.6-46.7) for patients aged 75-84 years
and 34.7 (24.9-43.6) for patients >85 years (p<0.001).

Determinants of outcomes of older patients after TBI

For six-month outcomes, missing values varied from 14% for
GOSE to 57%-59% for other outcomes (Supplementary Table
3). In multi-variable analyses, lower educational level and pre-
injury psychiatric conditions were associated with worse func-
tional outcome, HRQoL and psychological problems (Table 4,
univariable: Supplementary Tables 4-6). Severe systemic dis-
ease was associated with all outcomes except for GAD-7 scores.
Higher age was associated with poorer functional outcome (OR
(25%:75%)=0.54, Clgsy [0.44, 0.67] for ordinal GOSE), and SF-12v2
PCS (B (25%:75%)=-3.22, Clgsy [-4.83,-1.62]) but was not signifi-
cantly associated with other outcomes (Table 4) . Female sex was
associated with lower SF-12v2 PCS (B=-2.03, Clgsy4 [-3.84,-0.01])
and SF-12v2 MCS (B=-2.11, Clgsy [4.05, -0.18]) and higher PHQ-9
(B=1.12, Clgs4 [0.21,2.04]) and GAD-7 (B=0.99, Clgsy [0.25,1.72])
scores (Table 4). Patients with a higher GCS were more likely to
have a higher GOSE (OR (11:15) 2.31, Clgsy [1.95,2.73] for ordinal
GOSE; Table 4). There was no significant association between liv-
ing situation, prior TBI and beta-blocker use with any of the out-
comes. The c-statistic of the GOSE ordinal logistic regression model
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was 0.79. The R? for the linear regression models ranged from 0.08
to 0.19 (Table 4).

Discussion

We aimed to describe the health care utilization and six-month
functional, physical, and mental health of patients aged 65 years
and older after TBI. Approximately a third of the TBI patients,
consisting mostly of moderate and severe TBI patients, received
in-patient rehabilitation. Furthermore, the majority of patients re-
ported remaining disability after 6 months, especially in the func-
tional and physical domain. However, of patients who survived,
a substantial number of older patients recovered fully or par-
tially to pre-injury health. HRQoL and mental health symptoms
were comparable between patients with mild or moderate/severe
TBI. Age and measures of injury severity were primarily associ-
ated with functional outcome and physical HRQoL. Systemic dis-
ease, pre-injury psychiatric conditions, and lower educational level
were predictors of functional impairment, lower HRQoL and men-
tal health 6 months post-injury.

Notably, nearly half of all patients aged > 65 years were admit-
ted to an ICU. An explanation for this relatively high percentage
could be inclusion of the entire spectrum of TBI severities and re-
cruitment from large university hospitals and specialized trauma
referral centres in the CENTER-TBI study [25]. The mortality rate in
older adults (=65 years) was more than three times as high com-
pared to the younger TBI population (<65 years), which is sup-
ported by other studies which found that TBI-related deaths are
more likely in older age groups [11,40,41]. The mortality rate was
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especially high after moderate/severe TBI (60%), which may be ex-
plained by complications, chronic disease, restricted surgical treat-
ment, extra-cranial injuries or biological ageing [42].

The rehabilitation needs in the older TBI population are high
and there is a high prevalence of unmet rehabilitation needs
[43,44]. Our study showed that just over 60% of the patients after
moderate/severe TBI and 22% of patients after mild TBI received in-
patient rehabilitation. Previous research reported that older adults
received less intensive rehabilitation services than younger pa-
tients [21]. However, multiple studies have shown that (aggres-
sive) treatment and rehabilitation benefits older adults, resulting in
functional gain and a higher change of being able to return home
[45-47]. It is suggested that a presumed poor outcome in older
adults leads to reduced management intensity, which subsequently
leads to a higher mortality risk [48].

While the mortality and morbidity rates were high, nearly half
of older adults with mild TBI still returned to pre-injury function-
ing and 20% of older adults after moderate/severe TBI did not re-
port severe disability or death. Additionally, health-related qual-
ity of life and mental health symptoms were comparable between
older patients with mild or moderate/severe TBI.

Impaired mental and disease specific HRQoL were seen in
nearly a quarter of older patients, which is comparable to the
general TBI population [25]. Impaired physical HRQoL were found
in 40% of older TBI patients which is considerably higher than
the 29% found in the general TBI population [25]. This could be
explained by a higher occurrence of pre-existing comorbidities,
a worse pre-injury functional status and physical frailty in older
adults. In CENTER-TBI, older adults do not seem to have higher
proportions of depression and anxiety than TBI adults in general
[49]. This is consistent to previous studies, which found that older
adults report less psychological distress than younger adults [14].
However, the proportion of patients with severe depression and
anxiety symptoms is higher than in the general population without
TBI [50,51]. These long-term impairments in a considerable propor-
tion of older TBI patients underline the importance of appropriate
follow-up and treatment of older patients with disability after TBI.

Research on outcome following TBI in older adults has predom-
inantly focused on subgroups of TBI severity and functional out-
come [14]. In CENTER-TBI, we found that age and injury character-
istics were associated with lower functional outcome but were not
significant predictors of mental HRQoL and psychological symp-
toms when controlled for other important factors. This indicates
that older age alone is not sufficient when we want to predict and
understand outcomes in older TBI patients, which is in line with
previous research suggesting that measures of pre-injury function-
ing and frailty are more strongly associated with the outcome
than the age [12]. One previous study on prognostic factors of
poor recovery after TBI in older adults suggested that recovery
may be associated more with psychosocial than with biomedical
or injury factors [52]. Additionally, previous studies in the adult
mild TBI population and the older adult general injury popula-
tion, showed that those with pre-injury morbidity recovered more
slowly [53,54], which is consistent with our findings. These re-
sults can eventually be used for targeted rehabilitation programs
and prognostic models in order to improve patient outcome. De-
tailed assessment, inclusion of socio-economic characteristics and
pre-injury physical and mental health factors would help to iden-
tify older adults with a higher risk of poor outcomes after TBI, who
should be monitored and provided early interventions.

This study included a large data sample from multiple European
countries in which long-term outcome after TBI in older adults
were examined. A variety of both health outcomes and predictors
were assessed, including medical history and pharmacotherapy. We
also recognize several limitations of our study. First, there are sev-
eral unmeasured factors including pre- and post-injury frailty, pre-
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injury HRQoL, mental health at the time of injury, social support
and type and frequency of interventions which could be of impor-
tance for prediction of outcome in the older population. Moreover,
it could explain why the models for mental health domain do not
have a high proportion of explained variance.

Second, for several outcome measures at six-months the pro-
portion of missing values was high. Non-responders were older,
reported higher pre-injury morbidity, ISS, and GCS and were more
likely to be admitted to the ICU. Non-response could therefore be
related to the inability to complete the questionnaire due to gen-
erally worse pre-injury health, cognitive impairment, or language
difficulties. In addition, patients with severe pre-existing neurolog-
ical disorder were not included.[25] Thus, a subgroup of older pa-
tients with profound disabilities was potentially underrepresented,
which may be particularly relevant for the moderate/ severe group
with a very low response rate. This highlights the importance of
adapting the assessments to older patients and patients with dis-
abilities to facilitate their response. Third, this study only included
patients with an indication for CT and who presented to univer-
sity hospitals and specialized trauma centers, which could limit
generalizability to older patients with minor TBIs. Finally, the re-
cruitment of patients was not consecutive but influenced by logis-
tic considerations, which might introduced some bias [25].

Conclusions

With an ageing population, the number of older patients who
sustain TBI through incidental falls or road traffic incidents will
increase, resulting in rising health care utilization and costs,
functional impairment, and physical and mental health problems
among older adults. There is a need to study TBI in older adults
and to develop consensus on management guidelines for this pop-
ulation. This study reported a high mortality rate and a substantial
rate of impairments and disabilities following TBI, especially in the
functional and physical domain. Nonetheless, a substantial num-
ber of older patients recovers to pre-injury health or reports symp-
toms rates comparable to the general TBI population. The older pa-
tients who survive after TBI should receive the treatment and re-
habilitation care to help them regain pre-injury health. Moreover,
our study found that patient characteristics, including pre-injury
systemic disease, pre-injury psychiatric conditions, and lower edu-
cational level are important predictors of poorer outcomes. These
results underline the importance of a health care assessment in
which these predictors are measured. An important overall impli-
cation for management of TBI patients in the acute stage is that
there should not be pessimism about outcomes in older adults
who survive, among which a substantial number fully or partially
return to their preinjury functioning.
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