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Hester F. Lingsma,1 Ewout W. Steyerberg,3 Juanita A. Haagsma,1 Marek Majdan,4 Suzanne Polinder,1

and CENTER-TBI Participants and Investigators*

Abstract
Traumatic brain injury (TBI) is a global public health problem and a leading cause of mortality, morbidity,
and disability. The increasing incidence combined with the heterogeneity and complexity of TBI will inev-
itably place a substantial burden on health systems. These findings emphasize the importance of obtaining
accurate and timely insights into healthcare consumption and costs on a multi-national scale. This study
aimed to describe intramural healthcare consumption and costs across the full spectrum of TBI in Europe.
The Collaborative European NeuroTrauma Effectiveness Research in Traumatic Brain Injury (CENTER-TBI)
core study is a prospective observational study conducted in 18 countries across Europe and in Israel.
The baseline Glasgow Coma Scale (GCS) was used to differentiate patients by brain injury severity in
mild (GCS 13–15), moderate (GCS 9–12), or severe (GCS £8) TBI. We analyzed seven main cost categories:
pre-hospital care, hospital admission, surgical interventions, imaging, laboratory, blood products, and reha-
bilitation. Costs were estimated based on Dutch reference prices and converted to country-specific unit pri-
ces using gross domestic product (GDP)-purchasing power parity (PPP) adjustment. Mixed linear regression
was used to identify between-country differences in length of stay (LOS), as a parameter of healthcare con-
sumption. Mixed generalized linear models with gamma distribution and log link function quantified asso-
ciations of patient characteristics with higher total costs. We included 4349 patients, of whom 2854 (66%)
had mild, 371 (9%) had moderate, and 962 (22%) had severe TBI. Hospitalization accounted for the largest
part of the intramural consumption and costs (60%). In the total study population, the mean LOS was 5.1
days at the intensive care unit (ICU) and 6.3 days at the ward. For mild, moderate, and severe TBI, mean LOS
was, respectively, 1.8, 8.9, and 13.5 days at the ICU and 4.5, 10.1, and 10.3 days at the ward. Other large con-
tributors to the total costs were rehabilitation (19%) and intracranial surgeries (8%). Total costs increased
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with higher age and greater trauma severity (mild; e3,800 [IQR e1,400–14,000], moderate; e37,800 [IQR
e14,900–e74,200], severe; e60,400 [IQR e24,400–e112,700]). The adjusted analysis showed that female
patients had lower costs than male patients (odds ratio (OR) 0.80 [CI 0.75–1.85]). Increasing TBI severity
was associated with higher costs, OR 1.46 (confidence interval [CI] 1.31–1.63) and OR 1.67 [CI 1.52–1.84]
for moderate and severe patients, respectively. A worse pre-morbid overall health state, increasing age
and more severe systemic trauma, expressed in the Injury Severity Score (ISS), were also significantly asso-
ciated with higher costs. Intramural costs of TBI are significant and are profoundly driven by hospitalization.
Costs increased with trauma severity and age, and male patients incurred higher costs. Reducing LOS could
be targeted with advanced care planning, in order to provide cost-effective care.
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Introduction
Each year, *1,500,000 people with traumatic brain

injury (TBI) are hospitalized in the European Union,

and *57 000 die as a result of a TBI, translating on av-

erage into 287 hospital admissions and *12 deaths per

100 000 inhabitants.1,2 The population-based incidence

that includes those injuries that are not treated at hospitals

can even be as high as 790 per 100,000.3 The incidence of

TBI may further increase in the future, mainly driven by

an increasing incidence of falls within the growing

elderly population in most high-income countries, and

the increasing number of road traffic incidents in low-

to-middle-income countries where the implementation

and effectiveness of preventative measures are outpaced

by the rapid increase in motorization.4–7 The increasing

number of cases combined with the heterogeneity and

complexity of TBI will inevitably put a substantial bur-

den on health systems, as the consumption of specialized

acute care and long-term rehabilitation or chronic care

will concomitantly increase.1,8

The healthcare costs of TBI, driven by cost prices and

the healthcare consumption of patients, will cause major

economic and societal challenges, as estimates indicate

the worldwide annual economic burden of TBI to be

US $400 billion dollars, which is *0.5% of the gross

world product.1,9–11 This is of concern, as the associated

increase of costs occurs at a time when there is a global

shortage in healthcare personnel, healthcare spending

budgets are under pressure, and justification of healthcare

expenses will become increasingly important.12–15 It is

therefore essential to obtain accurate and timely insight

into healthcare consumption after TBI, and the cost effec-

tiveness of TBI treatments, to optimize future allocation

of restricted healthcare budgets.16 In view of these trends,

cost studies have gained more importance, as measure-

ment of healthcare consumption and accompanied costs

serves as a fundament for improvement of access to

and delivery of healthcare and for identification of poten-

tial savings.1,2,8,17

Published studies report in-hospital costs of patients

with TBI to range from $3,079 to $7,800 (e2,721–

6,893) for mild TBI patients16,18–21 and from $2,130 to

$401,808 (e1,882–355,117) for severe TBI patients.17

Hospital costs increase with higher TBI severity and

are mostly driven by the length of stay at the hospi-

tal.16–21 Unfortunately, the interpretation, comparability,

and generalizability of these study results are difficult

and limited. Most available research on costs after

TBI frequently suffers from major methodological het-

erogeneity and inadequate quality, and is commonly

restricted to one TBI severity level. Additionally, imple-

mentation of clinical guideline recommendations and

personnel costs differ across hospitals and countries,

resulting in different treatment practices and cost pat-

terns.9,10,16,22 As measurement of healthcare consump-

tion and costs after TBI differs among countries,

researchers usually assess strictly local or national ex-

penses, which limits the understanding and possibility

of comparisons on a multi-national scale. In order to

address these shortcomings, this study aimed to provide

a detailed overview of intramural healthcare consump-

tion and healthcare costs arising from hospital admission

and inpatient rehabilitation, across the full spectrum of

TBI in Europe.

Methods
Study design and patients
The Collaborative European NeuroTrauma Effectiveness

Research in Traumatic Brain Injury (CENTER-TBI)

core study is a prospective longitudinal non-randomized

observational study, registered at clinicaltrials.gov

NCT02210221, which included patients with TBI from

18 countries across Europe and in Israel between 2014

and 2017. Inclusion criteria were: (1) a clinical diagnosis

of TBI, (2) a clinical indication for a computed tomo-

graphic (CT) scan, (3) presentation within 24 h of injury,

and (4) informed consent obtained according to local and

national policies. Patients were excluded if they had a

severe pre-existing neurological disorder that would con-

found outcome assessments. For this particular study,

patients from Israel and those <16 years of age were

excluded. Ethical approval for the CENTER-TBI study
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was obtained from all responsible medical ethical com-

mittees, and informed consent procedures followed appli-

cable regulations.23

Clinical data
Clinical data were prospectively collected by local res-

earch staff using electronic case report forms (eCRF).

Data were de-identified using a randomly generated

Global Unique Patient Identifier (GUPI) and stored on

a secured database by the International Neuroinformatics

Coordinating Facility (INCF) (www.incf.org) in Stock-

holm, Sweden. Data were extracted in January 2021

(version 3.1) and included demographic characteristics,

trauma and injury information, results of neurological

assessment, imaging, and patient outcomes. Using the

baseline Glasgow Coma Scale (GCS) score, patients were

classified into three categories of TBI severity: GCS 13–

15 (mild TBI), GCS 9–12 (moderate TBI), and GCS 3–8

(severe TBI).24 The baseline GCS score is a derived

variable and represents the total GCS score for baseline

risk adjustment. The systemic injury severity score (ISS)

was categorized into three groups: ISS £16 (minor

injury), ISS 17–25 (major injury), and ISS >25 (critical

injury).25 Pre-injury health status was classified using the

American Society of Anesthesiologists (ASA) physical

status classification.26 Brain injury is further described

according to the Abbreviated Injury Scale (AIS) and

classified as minor, moderate, serious, severe, critical, or

unsurvivable.27

Healthcare consumption
Healthcare consumption data were extracted following the

same procedure as with clinical data. The healthcare

consumption of patients included seven main healthcare

service categories: (1) pre-hospital care, including ambu-

lance transportation and, for secondary referral patients,

costs of TBI-related admission and any emergent surgical

interventions in the ‘‘referring hospital,’’ before admission

to a CENTER-TBI study hospital; (2) hospital admission,

including initial assessment and care at the emergency

room (ER) and length of stay (LOS) in days at the ward

or ICU; (3) all surgical interventions, both intra- and

extra-cranial; (4) imaging of the brain; (5) laboratory; (6)

blood products; and (7) rehabilitation; including only

LOS at an inpatient rehabilitation center. Healthcare con-

sumption of outpatient rehabilitation care facilities was

not included. The transitions of care forms, in which the

care pathway of patients was registered, were used to ex-

tract the in-hospital LOS of patients. Inpatient rehabilita-

tion LOS was extracted using the transitions of care

forms and patient-reported outcome forms. Missing LOS

at the ward, ICU, and rehabilitation were imputed using

single imputation. All healthcare services registered within

CENTER-TBI and included in this study are reported in

Supplementary Table S1.

Healthcare costs
Because of the unavailability of country-specific unit

prices for each healthcare service, Dutch reference prices

were used as fundament for this study. In addition, defi-

nitions, calculations, and sources of country-specific

unit prices may vary (e.g., unit prices can differ based

on the inclusion/exclusion of personnel costs), which

could potentially lead to an over- or underestimation

of costs when such unit prices are used. For example, it

was found that the reported monthly salary for a senior

resident ranged from a low between e500 and e800 in

Eastern Europe to a high of e7900 in Norway.28 By

using a uniform price list, this study focuses on differ-

ences in healthcare consumption rather than price differ-

ences among countries.

Reference prices were extracted from the Dutch Guide-

lines for economic healthcare evaluations.29 Reference prices

not mentioned in the Dutch Guidelines were complemented

using unit prices reported by the Netherlands Healthcare

Authority or by using the average national price, based on

declared fees30,31 (Supplementary Table S1). First, using

the Dutch national general consumer price index, all ref-

erence prices were corrected to EURO 2017, the last

year of patient inclusion (Supplementary Table S2).32

Second, in order to calculate the economic burden of a

patient with TBI within Europe, the Dutch reference

prices were converted to country-specific unit prices

by correcting the Dutch reference prices for the purchas-

ing power parity (PPP) for the general domestic product

(GDP) (Supplementary Table S3). The GDP-PPP is the

standard measure when comparing differences in life

standards among countries.33

Third, the total intramural healthcare costs were calculated

by multiplying the number of healthcare units (e.g. length of

days at ward and ICU for hospitalization costs) with the cor-

responding reference price, according to country of admis-

sion. See Supplemental Methods, Supplementary Tables

S2 and S3 for further details about the calculations.

Statistical analysis
Data were analyzed using descriptive statistics. Baseline

characteristics of patients are based on crude data and

presented as absolute numbers and percentages. Con-

tinuous variables are presented as medians (interquartile

range [IQR]) and means (standard deviation [SD]).

Median and mean prices were rounded to hundreds. To

compare continuous and categorical variables across all

subgroups, the Kruskal–Wallis test and the v2 test were

applied respectively. A p value <0.05 was considered sta-

tistically significant. Healthcare consumption (i.e., LOS

at ICU, ward, and rehabilitation unit) and total health-

care costs were presented for the total study population,

including all severities, and according to TBI severity.

Missing data were statistically imputed based on

correlations among baseline characteristics, healthcare
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consumption, in-hospital mortality, and Glasgow

Outcome Scale Extended (GOSE) score at 6 months

using the mice package in R.34 To determine between-

country differences in ICU and ward LOS, a mixed

linear regression model was applied, with results pre-

sented in forest plots. The country effect was included

in the model as a random intercept, and case-mix

adjustment was performed using variables in the Inter-

national Mission for Prognosis and Analysis of Clinical

Trials in TBI (IMPACT) prognostic model: age, pupils,

GCS score, hypoxia, hypotension, traumatic subarach-

noid hemorrhage, epidural hemorrhage, Marshall

CT classification, hemoglobin, and glucose measure-

ments.35 Countries including fewer than five pa-

tients per severity group were excluded from this

analysis.

We used a mixed general linear model (GLM) with

gamma distribution and log link function to determine

which baseline characteristics were associated with

the total intramural healthcare costs. GLM models

are recommended for use in linear regression of

costs data, as they provide parametric methods of anal-

ysis in which non-normal distributions can be speci-

fied.36 A random effect for country was added to

both the univariable and multi-variable models to ac-

count for between-country differences in costs. Statis-

tical analysis were performed in STATA and R version

4.0.4.37,38

Results
Patient population
After exclusion of patients from Israel and those

<16 years of age, a total of 4349 out of 4509 CENTER-

TBI patients were included in this study. Patients were

mostly male (67%), with a median age of 51 years

(IQR 32–67). Of the total population, 27% were ‡65

years of age (Table 1). A total of 457 patients (11%),

had severe systemic disease, of whom 291 (64%),

were ‡65 years of age. The most common causes of

TBI were falls (45%), road traffic incidents (37%),

and violence (6%). Of the 4349 patients, 2854 (66%)

had mild TBI, 371 (9%) had moderate TBI, and 962

(22%) had severe TBI. Pupillary reaction was abnor-

mal in 10% of patients. Intracranial CT abnormalities

were found in 55%, with traumatic subarachnoid hem-

orrhage (41%), contusions (31%) and acute subdural

hematoma (26%) as the most common abnormalities.

Total in-hospital mortality was 7%, increasing from

1% for patients with mild TBI, to 22% for those with

severe TBI.

Healthcare consumption
Hospital admission (i.e. including ICU and ward admis-

sion) accounted for over half (60%) of the mean total

intramural costs (mild TBI: e8,200 [55%], moderate

TBI: e33,400 [61%], severe TBI: e48,500 [61%]), of

which 47% were related to ICU admission and

13% were related to ward admission (Fig. 1 and

Supplementary Table S4). For the total study population,

the mean LOS at the ICU and ward were 5.1 and 6.3 days

respectively (Table 2). For mild, moderate, and severe

TBI, mean LOS was 1.8, 8.9, and 13.5 days in the ICU

and 4.5, 10.1, and 10.3 days on the ward, respectively.

The mean LOS for inpatient rehabilitation was 13.5

days for the total population and 5.8, 22.1, and 32.6

days, respectively, for mild, moderate, and severe TBI.

Rehabilitation costs (19%; e6,400) and intracranial sur-

geries (8%; e2,700) were also large cost contributors

(Fig. 1 and Supplementary Table S4). Costs for all cate-

gories were higher for each TBI severity level. Proportion

of total costs related to ICU admission and intracranial

surgery increased with TBI severity, while proportion

of costs related to ward admission, pre-hospital expenses,

and extracranial surgery decreased. Patients who sus-

tained TBI as a result of self-harm had the longest ICU

and ward LOS (11 and 17 days, respectively). Patients

who died during admission had higher median total

costs (e18.900 vs. e8,500) (Table 2).

Healthcare costs
Median intramural healthcare costs for mild, moderate,

and severe TBI patients in Europe were, respectively,

e3,800 [IQR e1,400–e14,000], e37,800 [IQR e14,900–

e74,200], and e60,400 [IQR e24,400–e112,700], with

males (e11,600; IQR [e2,500–e48,600]) having higher

costs than females (e5,900; IQR [e1,600–e27,600])

(Table 3). A similar increase in costs was found for

increasing systemic injury severity: minor injury

(ISS ‡ 16) e2,400 [IQR e1,100–e7,100], major injury

(ISS 17–25), e19,000 [IQR e7,000–e54,700], and crit-

ically injured (ISS >25) e51,800 [IQR e20,300–

e99,200]. The costs for patients 16–25 years of age,

26–40 years of age, 41–64 years of age, and ‡65 years

of age were, respectively, e7,400 [IQR e1,800–e42,700],

e8,900 [IQR e1,800–e46,100], e10,400 [IQR e2,200–

e44,300], and e10,000 [IQR e2,400–e34,600]. Across

all severities, costs increased with age. Although el-

derly patients (‡ 65 years) had shorter ICU LOS and

lower costs for surgical interventions, they had longer

ward LOS (Supplementary Table S5). A worse pre-

morbid overall health state was accompanied by higher

costs in mild and moderate TBI patients, whereas costs

were lower for severe TBI. Patients with CT abnormal-

ities had higher costs than patients without CT abnor-

malities. Self-harm e43,700 [IQR e15,000–e107,000]

and road traffic incidents e14,800 [IQR e3,100–

e57,900], as causes of injury also showed high costs.

Patients with mild TBI who died during hospital ad-

mission had higher median costs than survivors
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Table 1. Baseline Characteristics of Patients According to Trauma Severity

Patient characteristics

Trauma severity

p value

Mild Moderate Severe Total

No. (%) No. (%) No. (%) No. (%)

Total 2854 65.6% 371 8.5% 962 22.1% 4349 100.0%
Sex <0.001

Male 1835 64.3% 254 68.5% 726 75.5% 2926 67.3%
Female 1019 35.7% 117 31.5% 236 24.5% 1423 32.7%

Age <0.001
Median [IQR], years 53 [33-68] 55 [35-70] 47 [29-64] 51 [32-67]
16-25 years 449 15.7% 52 14.0% 197 20.5% 725 16.7%
26-40 years 501 17.6% 64 17.3% 190 19.8% 783 18.0%
41-64 years 1087 38.1% 132 35.6% 358 37.2% 1648 37.9%
‡65 years 817 28.6% 123 33.2% 217 22.6% 1193 27.4%

Medical history <0.001
Healthy patient 1563 54.8% 181 48.8% 528 54.9% 2352 54.1%
Mild systemic disease 951 33.3% 130 35.0% 275 28.6% 1401 32.2%
Severe systemic disease 310 10.9% 47 12.7% 97 10.1% 460 10.6%
Missing 30 1.1% 13 3.5% 62 6.4% 136 3.1%

Cause of injury <0.001
Road traffic accident 973 34.1% 139 37.5% 456 47.4% 1619 37.2%
Fall 1392 48.8% 157 42.3% 352 36.6% 1955 45.0%
Violence 186 6.5% 22 5.9% 28 2.9% 244 5.6%
Self-harm 15 0.5% 6 1.6% 23 2.4% 48 1.1%
Other 240 8.4% 36 9.7% 66 6.9% 362 8.3%
Missing 48 1.7% 11 3.0% 37 3.8% 121 2.8%

Brain AIS <0.001
Minor 773 27.1% 14 3.8% 8 0.8% 803 18.5%
Moderate 470 16.5% 8 2.2% 18 1.9% 503 11.6%
Serious 1081 37.9% 42 11.3% 29 3.0% 1183 27.2%
Severe 371 13.0% 131 35.3% 179 18.6% 714 16.4%
Critical 130 4.6% 166 44.7% 653 67.9% 1000 23.0%
Unsurvivable 2 0.1% 5 1.3% 70 7.3% 86 2.0%
Missing 27 0.9% 5 1.3% 5 0.5% 60 1.4%

ISS <0.001
Minor (£16) 1973 69.1% 169 45.6% 667 69.3% 1256 28.9%
Major (17-25) 506 17.7% 100 27.0% 223 23.2% 862 19.8%
Critically injured (>25) 351 12.3% 97 26.1% 67 7.0% 2167 49.8%
Missing 24 0.8% 5 1.3% 5 0.5% 64 1.5%

Baseline pupillary reaction <0.001
Both reacting 2655 93.0% 315 84.9% 618 64.2% 3654 84.0%
One reacting 46 1.6% 15 4.0% 95 9.9% 162 3.7%
Non-reacting 28 1.0% 20 5.4% 216 22.5% 277 6.4%
Missing 125 4.4% 21 5.7% 33 3.4% 256 5.9%

CT abnormalities
Any CT abnormality <0.001
Absent 1443 50.6% 31 8.4% 59 6.1% 1575 36.2%
Present 1217 42.6% 287 77.4% 789 82.0% 2388 54.9%
Cisternal compression 124 4.3% 89 24.0% 380 39.5% 627 14.4% <0.001
Midline shift 103 3.6% 77 20.8% 252 26.2% 455 10.5% <0.001
Subarachnoid hemorrhage 808 28.3% 244 65.8% 663 68.9% 1793 41.2% <0.001
Epidural hematoma 207 7.3% 73 19.7% 128 13.3% 425 9.8% <0.001
Acute subdural hematoma 472 16.5% 166 44.7% 442 45.9% 1126 25.9% <0.001
Diffuse axonal injury 166 5.8% 48 12.9% 212 22.0% 443 10.2% <0.001
Contusion 563 19.7% 207 55.8% 502 52.2% 1336 30.7% <0.001
No CT scan performed 129 4.5% 35 9.4% 80 8.3% 261 6.0%

In-hospital mortality <0.001
No 2034 71.3% 327 88.1% 742 77.1% 3216 73.9%
Yes 35 1.2% 40 10.8% 207 21.5% 310 7.1%
Missing 785 27.5% 4 1.1% 13 1.4% 823 18.9%

GOSE-6 months disability <0.001
1 89 3.1% 74 19.9% 273 28.4% 470 10.8%
2-3 97 3.4% 33 8.9% 171 17.8% 314 7.2%
4 83 2.9% 25 6.7% 57 5.9% 174 4.0%
5 169 5.9% 47 12.7% 110 11.4% 339 7.8%
6 244 8.5% 36 9.7% 90 9.4% 383 8.8%
7 528 18.5% 39 10.5% 78 8.1% 658 15.1%
8 1160 40.6% 63 17.0% 66 6.9% 1325 30.5%
Missing 484 17.0% 54 14.6% 117 12.2% 686 15.8%

A total of 157 patients were missing information on the baseline Glasgow Coma Scale score.
The p value assesses the null hypothesis of no differences among the mild, moderate, and severe subgroups.
IQR, interquartile range; AIS, Abbreviated Injury Score; ISS, Injury Severity Score; CT, computed tomography; GOSE, Glasgow Outcome Scale

Extended.
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(e3,800 vs. e14,300). In contrast, patients surviving hospi-

tal admission after moderate (e42,000 vs. e22,800) and se-

vere TBI (e75,800 vs. e19,400) had higher costs than

patients who died during admission. Mean costs are avail-

able in Supplementary Tables S5 and S6.

Sex differences in intramural costs
Male patients (median e11,600 [IQR e2,500–e48,600])

had higher median costs than female TBI patients

(median e5,900 [IQR e1,600–e27,600]) (Table 3).

Male patients incurred higher costs, across almost all

age groups and injury severities (Fig. 2). Male patients

showed higher costs across all seven intramural cost cat-

egories ( p < 0.001). ICU LOS (mean 5.9 vs. 3.5 days) and

ward LOS (mean LOS 6.8 vs. 5.4 days) were both longer

for male than for female patients ( p < 0.001) (Table 2).

Irrespective of adjustment for several patient characteris-

tics, costs remained higher for male patients (Table 4).

Between-country differences
in healthcare consumption
Case-mix of patients varied substantially among countries.

The total number of patients per country ranged from 15 to

962. France (52%), Sweden (35%), and Lithuania (33%)

had a high percentage of severe TBI patients. Patients

with critical injury (Injury Severity Score [ISS] = critical)

were mostly found in France (67%), Italy (42%) and the

United Kingdom (37%) (Supplementary Table S7).

Throughout Europe, costs related to hospitalization were

the largest contributor to the total intramural costs, espe-

cially in Romania (83%), Austria (76%), and France

(72%) (Supplementary Fig. S1). The costs generated

from intracranial surgery were the highest in Denmark

(12%), Lithuania (12%), Sweden (13%), and Hungary

(13%). The multi-variable linear regression model showed

that across all TBI severities and adjusted for patient char-

acteristics, some differences among countries in the LOS

in the ICU and on the ward were present (Fig. 3A–3F).

Most profound differences were visible in the LOS in the

ICU, especially in the moderate and severe patient groups

(Fig. 3D and 3F). Outliers within this analysis are most

profoundly caused by the selective sampling of countries.

The median b value indicates that mild, moderate, and

severe TBI patients with the same baseline characteristics

from a random country will have an average ICU LOS lon-

ger by 0.33 days, 0.54 days, and 0.29 days, respectively,

when compared with another random country (Fig. 3A–F).

Generalized linear model
Female patients showed lower total intramural costs with

an OR of 0.80 [CI 0.75–0.85] times lower than male pa-

tients. Increasing TBI severity was associated with higher

costs for moderate and severe patients: OR 1.46 [CI 1.31–

1.63] and OR 1.67 [CI 1.52–1.84], respectively. Com-

pared with minor brain AIS, severe and critically injured

patients showed higher costs (OR 2.75 [CI 2.43–3.13]

and 2.75 [CI 2.37–3.19]) (Table 4). Hypotension at ad-

mission was also associated with higher costs with an

OR of 1.18 [CI 1.03–1.35]. Increasing severity of CT ab-

normalities, as measured by the Marshall CT score, was

also associated with higher costs.

FIG. 1. Proportion of mean total intramural
costs per cost- category according to severity of
traumatic brain injury (TBI). The proportion of
the total intramural costs from each cost
category are plotted in a histogram for each TBI
severity level separately. The exact percentage
for each cost category (including pre-hospital
costs, intensive care unit and ward admission
costs, intra- and extracranial surgery costs,
laboratory costs, imaging costs, blood products
costs, and rehabilitation costs) are presented in
the table below the figure. For example, of the
total costs within the mild TBI category, 7% of
the expenses were from pre-hospital costs.
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Discussion
The median intramural healthcare costs of a TBI patient

in Europe were e3,800 [IQR e1,400–e14,000] for mild,

e37,800 [IQR e14,900–e74,200] for moderate, and

e60,400 [IQR e24,400–e112,700] for severe TBI. Costs

generally increased with higher age, higher injury sever-

ity, and male gender. For all TBI severity groups and

across all countries, hospitalization was the main driver

for total intramural costs.

Patient population
Studies describing the global burden of TBI, estimated that

mild TBI accounted for 81% of injuries, moderate TBI for

11% and severe TBI for 8% and estimated that the first-year

lifetime costs per person for mild TBI was between

US$3395 and US$4636 and respectively US$21379 and

US$36648 for moderate and severe patients.20,39 In compar-

ison to these studies, the CENTER-TBI population included

only those patients with a CT indication and recruited

mostly patients from academic medical centers, leading to

a lower proportion of mild TBI patients and higher rates

of severely injured patients. Severe TBI patients have longer

LOS and undergo more neurosurgical interventions com-

pared to the other severity levels of TBI, which could result

in higher total intramural costs for the entire CENTER-TBI

population.17,20,40–44 The exclusion of TBI patients without

a CT indication combined with higher proportions of se-

verely injured patients show that the CENTER-TBI study

is not fully representative of the European TBI population.

As mentioned, the European TBI population is composed

mostly of mild TBI patients, for whom CT is not always in-

dicated, and neurosurgical interventions are required in

<1%.45 Notwithstanding, stratification on injury severity

in our study was based on the baseline clinical assessment

wherein clinical deterioration was not accounted for. Addi-

tionally, the mild TBI population is a highly heterogeneous

group, and although classified as mild, *50% do not reach

full recovery 6 months after injury. The possibility of clin-

ical deterioration combined with the heterogeneity of this

population and possible presence of extracranial injury

could explain their comparable need for inpatient rehabili-

tation and the observed inhospital mortality rate.46

Sex differences
We showed that male patients incurred higher total intra-

mural costs, in almost all age and severity groups, than

female patients. It is known that TBI most commonly af-

fects younger adults, specifically men, causing substantial

costs to society as a result of their death and disabili-

ty.47–49 Common causes of trauma within the younger

male population are road traffic incidents and interper-

sonal violence, mostly resulting in severe TBI and con-

comitant severe injury to the chest, abdomen, and

extremities.50–52 Compared with patients with isolated

TBI, defined as brain injury without concomitant severeT
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extracranial injury, patients with severe extracranial injury

have longer hospitalizations because of the necessity of

continuing treatment for body sites other than the head.53

The presence of severe extracranial injury could lead to

longer hospital LOS resulting in higher intramural costs

and causing differences in costs between males and fe-

males. However, higher costs for male patients remained

after adjustment for relevant confounders, including extra-

cranial injury. Several studies have shown that in compar-

ison to male TBI patients, female TBI patients have lower

access to trauma centers and are less often admitted to the

ICU. Regarding TBI guideline adherence, CT seems to be

performed less often in women than in men.54–56 Within

CENTER-TBI, differences in care pathways were most

frequently observed in patients who sustained mild TBI,

wherein women with comparable injury severity and de-

mographic characteristics were more likely to be dis-

charged home after presenting to the ER and were less

likely to be admitted to the ICU.56 The differences in

healthcare consumption and costs between males and fe-

males could therefore be explained by differences in man-

agement of TBI and suboptimal healthcare access among

female TBI patients.

The elderly and TBI
We reported that an increase in age is associated with an

increase in costs, which is line with previous studies

showing that increasing age, severe brain injury, and ex-

tracranial injury are related to higher hospital costs.41,57

The cost pattern of the elderly did however, differ from
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FIG. 2. The median total intramural costs for male and female patients are plotted according to injury
severity and age category. The injury severity was determined using the baseline systemic Injury Severity
Score (ISS) and was categorized into three groups: ISS £16 (minor injury); ISS 17–25 (major injury); ISS >25
(critical injury). The four panels represent the four different age categories: (A) 16–25 years, (B) 26–40 years,
(C) 41–64 years, and (D) ‡ 65 years.
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the younger patient group, as they had shorter ICU LOS

and lower costs for surgical interventions. The difference

in healthcare consumption by the elderly could be

explained by (1) mechanism of injury and (2) their pre-

morbid health state.

In the elderly population, low energy falls are a com-

mon cause of TBI, which are most commonly adjoined

by injuries to the lower extremities. Although these

injuries are expected to incur higher costs, the need for

critical care or emergency interventions remains

Table 4. Associations With Total Healthcare Costs Based on Generalized Linear Models

Patient characteristics

Generalized linear model

Multi-variate univariable Multi-variate multivariable

Exp[b] 95% CI p value Exp[b] 95% CI p value

Sex
Male (ref) (ref)
Female 0.72 0.66 - 0.78 <0.001 0.80 0.75 - 0.85 <0.001

Age
16-25 years (ref) (ref)
26-40 years 1.04 0.91 - 1.19 0.547 1.13 1.02 - 1.24 0.015
41-64 years 1.03 0.92 - 1.16 0.580 1.04 0.96 - 1.14 0.353
‡65 years 0.89 0.79 - 1.01 0.074 1.13 1.01 - 1.25 0.026

Medical history
Healthy patient (ref) (ref)
Mild systemic disease 0.97 0.89 - 1.07 0.572 1.06 0.99 - 1.14 0.105
Severe systemic disease 1.09 0.96 - 1.25 0.198 1.28 1.15 - 1.42 <0.001

Cause of injury
Road traffic accident (ref) (ref)
Fall 0.76 0.70 - 0.83 <0.001 0.84 0.78 - 0.89 <0.001
Violence 0.73 0.63 - 0.85 <0.001 0.94 0.85 - 1.05 0.291
Self-harm 0.67 0.56 - 0.80 <0.001 0.75 0.66 - 0.85 <0.001
Other 1.83 1.26 - 2.68 0.002 1.09 0.83 - 1.43 0.536

TBI severity
Mild (ref) (ref)
Moderate 3.52 3.10 - 3.99 <0.001 1.46 1.31 - 1.63 <0.001
Severe 4.88 4.48 - 5.32 <0.001 1.67 1.52 - 1.84 <0.001

Brain AIS
Minor (ref) (ref)
Moderate 1.80 1.60 - 2.03 <0.001 1.30 1.17 - 1.44 <0.001
Serious 2.84 2.58 - 3.13 <0.001 1.61 1.46 - 1.77 <0.001
Severe 9.79 8.77 - 10.93 <0.001 2.75 2.43 - 3.13 <0.001
Critical 17.70 15.99 - 19.59 <0.001 2.75 2.37 - 3.19 <0.001
Unsurvivable 3.79 3.00 - 4.79 <0.001 0.39 0.31 - 0.51 <0.001

ISS
Minor (£16) (ref) (ref)
Major (17-25) 4.51 4.12 - 4.94 <0.001 1.85 1.70 - 2.01 <0.001
Critically injured (>25) 7.10 6.55 - 7.70 <0.001 2.57 2.34 - 2.81 <0.001

Hypoxia
No (ref) (ref)
Yes 2.08 1.74 - 2.50 <0.001 1.15 1.00 - 1.32 0.045

Hypotension
No (ref) (ref)
Yes 2.32 1.96 - 2.76 <0.001 1.18 1.03 - 1.35 0.016

Hemoglobin 0.81 0.80 - 0.82 <0.001 0.91 0.90 - 0.93 <0.001
Glucose 1.15 1.12 - 1.17 <0.001 1.04 1.03 - 1.06 <0.001
Marshall CT classification

1 (ref) (ref)
2 4.05 3.74 - 4.40 <0.001 1.53 1.39 - 1.69 <0.001
3 8.03 6.68 - 9.65 <0.001 2.17 1.78 - 2.66 <0.001
4 5.96 4.05 - 8.79 <0.001 2.40 1.72 - 3.35 <0.001
5 9.93 6.59 - 14.97 <0.001 2.49 1.77 - 3.49 <0.001
6 7.11 6.43 - 7.87 <0.001 2.34 2.05 - 2.67 <0.001

CT abnormalities
Cisternal compression 2.55 2.29 - 2.85 <0.001 0.94 0.81 - 1.08 0.394
Midline shift 2.19 1.92 - 2.48 <0.001 0.86 0.74 - 1.00 0.044
Subarachnoid heamorrhage 2.65 2.45 - 2.87 <0.001 1.03 0.95 - 1.13 0.444
Epidural hematoma 1.59 1.39 - 1.82 <0.001 0.98 0.89 - 1.08 0.654
Acute subdural hematoma 2.11 1.93 - 2.31 <0.001 1.18 1.09 - 1.28 <0.001
Diffuse axonal injury 1.92 1.69 - 2.19 <0.001 0.98 0.90 - 1.06 0.623
Contusion 2.46 2.27 - 2.68 <0.001 0.94 0.85 - 1.04 0.259

CI, confidence interval; TBI, traumatic brain injury; AIS, Abbreviated Injury Score; ISS, Injury Severity Score; CT, computed tomography.
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low.49,58–60 Additionally, although most older patients

initially had mild TBI, proportions of in-hospital mortal-

ity remained high.61 Because of vulnerability and pre-

existing comorbidities, older adults are less likely to

survive their TBI than are their younger counterparts,

which could presumably lead to higher consumption of

care during the end phase life.61,62

Between-country differences
in healthcare consumption
In this study, we found some differences in LOS of TBI

patients in the ICU and on the ward across countries.

Although part of this difference could be explained by a

different case mix of patients in each country, differences

in ward and ICU LOS remained within each TBI severity

level. When interpreting these differences, we should ac-

knowledge that the design of CENTER-TBI, with enroll-

ment of patients in three admission strata (ER, ward, and

ICU) led to different recruitment procedures of TBI severi-

ties among countries (i.e. some countries enrolled only pa-

tients in the ICU stratum, meaning patients admitted

directly to the ICU upon presentation). Although we per-

formed extensive case-mix adjustment, we cannot exclude

the possibility of remaining differences in the patient pop-

ulation. Besides differences in patient population, the ob-

served between-country differences in healthcare

consumption can still be for other reasons, such as the

overall health status of the residential population, the pro-

portion of patients with insurance, pharmaceutical costs,

and personnel costs.63 Additionally, the economic devel-

opment of a country determines the health spending per

person.64 In general, differences in expenditure also affect

the outcome of TBI patients, as lower- resource, develop-

ing countries experience significant higher mortality rates

than the higher-resource countries.65 Using GDP-corrected

prices, we have adjusted for this factor within this study. In

addition to these economic factors, the organization of care

and guidelines adaptation is an important key factor in

healthcare expenditure. The difference in organization of

care can result in a difference of guidelines being used;

for example, it is known that some countries are more

likely to perform CT scans in patients with mild

TBI.54,66 Within TBI care, clinical guidelines are scarce

and adherence is suboptimal, resulting in considerable

between-country variation in treatment of TBI and subse-

quently different expenditure patterns across coun-

tries.54,67 A previous study has shown that there is

considerable variation regarding ICU admission policies,

especially in the mild TBI population, wherein it is unclear

whether a liberal admission policy is truly benefiting the

patient while costs are rising.68

Strength and limitations
The most important strength of this study is the availabil-

ity of detailed data of high quality collected from several

European countries. The data provide a detailed perspec-

tive for all severities of TBI, including data about dif-

ferent age groups with detailed clinical presentation,

neuroimaging, and performed interventions. However,

several limitations should be acknowledged. The CENTER-

TBI study consisted mostly of trauma levels I and II hos-

pitals, resulting in a population of relatively severely

injured patients. This may not correctly represent the

total TBI population in Europe, as trauma level I centers

are known to have overall higher expenses resulting

in higher costs.69 This, combined with the selective sam-

pling per country, makes it overall difficult to interpret

between-country differences.

Total costs were calculated using inflation- and GDP-

corrected cost prices, as health financial systems are

determinative of the care products‘ cost prices. Because

of the use of inflation- and GDP-corrected prices in this

study, we were able to compare the cost of TBI across coun-

tries, and focus on healthcare consumption rather than price

differences. However, it should be noted that adjustment for

GDP-PPP does not fully compensate for actual cost differ-

ences among countries. Second, our study did not include

detailed information about the interventions in the first hos-

pital for referred patients, despite the burden of TBI in acute

care being substantial.11 With 17% of our study population

consisting of secondary referrals, missing data on the total

healthcare consumption in acute care setting at the referring

hospital, could cause an underestimation of the total costs.

In our study, information on long-term healthcare

consumption, such as outpatient rehabilitation care and out-

patient clinic visits, was not available. Outpatient rehabilita-

tion care and outpatient clinic visits are inevitably large

contributors to the overall costs of TBI. After TBI, a

range of problems can persist, including cognitive impair-

ment, post-concussion symptoms, emotional difficulties,

and functional limitations, requiring long-term outpatient

care.46 A study conducted in the United States has shown

that patients receiving inpatient rehabilitation still experi-

ence major health consequences 5 years after injury,

wherein 12% were living in an institutional setting and

‰

FIG. 3. This panel shows forest plots reporting the random country effect (random intercept estimate and 95%
confidence intervals) on the length of stay at the ICU and ward for mild (A–B), moderate (C–D) and severe (E–F)
TBI patients. Countries including fewer than five patients per severity group were excluded from this analysis. The
models included adjustment according to the International Mission for Prognosis and Analysis of Clinical Trials in
TBI (IMPACT) prognostic model. The median b reflects the between-country variation; a median b equal to 0
represents no variation, the larger the median b, the larger the variation.
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almost 50% were readmitted to the hospital at least once.70

A study from New Zealand showed that in the first year

after trauma, patients use their general practitioner in 36%

of the cases, allied health in 18% of cases, and specialized

services in 14% of cases, increasing respectively with TBI

severity.20 In our study, we observed that inpatient rehabil-

itation accounted for 19% of the total costs across all TBI

severities. This is most probably an underestimated contri-

bution to the total costs, as a previous study has shown that

the need for rehabilitation services is largely unmet within

the TBI population.71 We should additionally acknowledge

that the long-term consequences of TBI are the drivers of

the indirect costs caused by loss of productivity, disability,

and reduced quality of life.46 These indirect costs are con-

templated to be the largest contributors to the overall costs

related to TBI, indicating that the economic impact of TBI

is even higher than shown in this study.

Recommendations
Intramural costs of TBI are significant, with hospital admis-

sion being the largest contributor. Costs increased with

trauma severity, male patients incurred higher costs, and

cost patterns of the elderly differed from those of the overall

TBI population. This knowledge about healthcare expenses

could be a leading step toward more cost-efficient TBI care.

Hospitalization (ICU LOS in particular), incurs the highest

costs and differs among countries. Improvements in resource

allocation and eventual reduction of costs could be effected

by the development of admission guidelines wherein only

those who would truly benefit will be admitted to the ICU,

combined with special attention to gender differences in as-

sessment of patients. A leading step toward tailored and cost-

effective TBI treatment, is, for example, the use of acute

serum biomarkers to determine CT indication in mild TBI

patients, thereby preventing unnecessary imaging.72 Addi-

tionally, discharge planning according to patient needs and

preventive interventions targeting in-hospital complications

are highly valuable in reducing unnecessary healthcare con-

sumption. The long-term consequences of TBI are of sub-

stantial concern for the patient, the healthcare provider,

and, eventually, society. Advanced care planning, wherein

patients start early on with rehabilitation, could lead to re-

duction of hospitalization and better patient outcome,

which will subsequently lead to a reduction of the indirect

costs related to TBI. Differences in healthcare consumption

between males and females should also be explored more

extensively, as differences in the management of TBI

could also lead to different outcomes. Conclusively, TBI pa-

tients must be considered as a distinct patient population,

with targeted interventions that suit the different sub-

groups within TBI, in order to reduce costs.

Acknowledgments
We are grateful to all patients and investigators who par-

ticipated in the CENTER-TBI study. Portions of this work

were presented at the 15th International Neurotrauma

Symposium, Berlin, Germany, July 17–20, 2022 and the

44th Annual North American Meeting for the Society of

Medical Decision Making, October 23–26, 2022.

CENTER-TBI Participants and Investigators
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Bartels,10 Pál Barzó,11 Romuald Beauvais,12 Ronny Beer,13

Bo-Michael Bellander,14 Antonio Belli,15 Habib Benali,16

Maurizio Berardino,17 Luigi Beretta,9 Morten Blaabjerg,18

Peter Bragge,19 Alexandra Brazinova,20 Vibeke Brinck,21

Joanne Brooker,22 Camilla Brorsson,23 Andras Buki,24

Monika Bullinger,25 Manuel Cabeleira,26 Alessio Cacciop-

pola,27 Emiliana Calappi,27 Maria Rosa Calvi,9 Peter

Cameron,28 Guillermo Carbayo Lozano,29 Marco Carbo-

nara,27 Simona Cavallo,17 Giorgio Chevallard,30 Arturo

Chieregato,30 Giuseppe Citerio,31,32 Hans Clusmann,33

Mark Coburn,34 Jonathan Coles,35 Jamie D. Cooper,36
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büchel,38 Daphne Voormolen,64 Petar Vulekovic,46 Kevin

K.W. Wang,142 Daniel Whitehouse,47 Eveline Wiegers,64

Guy Williams,47 Lindsay Wilson,69 Stefan Winzeck,47 Ste-

fan Wolf,143 Zhihui Yang,113 Peter Ylén,144 Alexander

Younsi,90 Frederick A. Zeiler,47,145 Veronika Zelinkova,20

Agate Ziverte,60 Tommaso Zoerle27

1Department of Physiology and Pharmacology, Sec-

tion of Perioperative Medicine and Intensive Care, Karo-

linska Institutet, Stockholm, Sweden
2János Szentágothai Research Centre, University of
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ogy, Universitätsmedizin Göttingen, Göttingen, Germany
39Oxford University Hospitals NHS Trust, Oxford, UK
40Intensive Care Unit, CHU Poitiers, Potiers, France
41University of Manchester NIHR Biomedical

Research Centre, Critical Care Directorate, Salford

Royal Hospital NHS Foundation Trust, Salford, UK
42Movement Science Group, Faculty of Health and

Life Sciences, Oxford Brookes University, Oxford, UK
43Department of Neurosurgery, Antwerp University

Hospital and University of Antwerp, Edegem, Belgium
44Department of Anesthesia & Intensive Care, Mag-
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