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Abstract 

Background: In traumatic brain injury (TBI), large between-center differences in treatment and outcome for patients 
managed in the intensive care unit (ICU) have been shown. The aim of this study is to explore if European neuro-
trauma centers can be clustered, based on their treatment preference in different domains of TBI care in the ICU.

Methods: Provider profiles of centers participating in the Collaborative European Neurotrauma Effectiveness 
Research in TBI study were used to assess correlations within and between the predefined domains: intracranial 
pressure monitoring, coagulation and transfusion, surgery, prophylactic antibiotics, and more general ICU treatment 
policies. Hierarchical clustering using Ward’s minimum variance method was applied to group data with the highest 
similarity. Heat maps were used to visualize whether hospitals could be grouped to uncover types of hospitals adher-
ing to certain treatment strategies.

Results: Provider profiles were available from 66 centers in 20 different countries in Europe and Israel. Correlations 
within most of the predefined domains varied from low to high correlations (mean correlation coefficients 0.2–0.7). 
Correlations between domains were lower, with mean correlation coefficients of 0.2. Cluster analysis showed that 
policies could be grouped, but hospitals could not be grouped based on their preference.

Conclusions: Although correlations between treatment policies within domains were found, the failure to cluster 
hospitals indicates that a specific treatment choice within a domain is not a proxy for other treatment choices within 
or outside the domain. These results imply that studying the effects of specific TBI interventions on outcome can be 
based on between-center variation without being substantially confounded by other treatments.

Trial registration: We do not report the results of a health care intervention.
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Introduction
Traumatic brain injury (TBI) remains a major global 
health issue, being one of the leading causes of mortality 

and disability with 2.5 million reported cases each year 
within the European Union and United Kingdom [1–3].

The primary injury is irreversible, and the main focus 
of treatment is on avoiding and limiting secondary 
brain damage. In patients with severe TBI, this is often 
informed by intracranial pressure (ICP) or brain-meta-
bolic monitoring. Previous studies have debated moni-
toring and treatment choices in TBI [4], and evidence 

*Correspondence:  iris.kohen@gmail.com 
1 Center for Medical Decision Making, Department of Public Health, 
Erasmus Medical Center, PO Box 2040, 3000, CA, Rotterdam, The 
Netherlands
Full list of author information is available at the end of the article

http://orcid.org/0000-0002-9081-6278
http://crossmark.crossref.org/dialog/?doi=10.1007/s12028-021-01386-y&domain=pdf


847

underpinning monitoring and treatment recommenda-
tions is relatively weak.

This uncertainty is reflected in large between-center 
differences in processes and outcomes for patients 
treated in the intensive care unit (ICU) after TBI [5, 6]. 
The differences in treatment policy can be exploited to 
study treatment effectiveness in comparative effective-
ness research (CER). One approach to CER is to identify 
the most effective treatment, by comparing hospitals’ 
treatment choices and relating these to their outcomes. 
In recent years, this approach has gained popularity in 
TBI as a complementary approach to the evidence base 
provided by randomized controlled trials [7]. CER can be 
used to identify a causal relationship between a treatment 
and outcome if known and unknown confounders can be 
adequately adjusted for and if the treatment under inves-
tigation is not correlated with other treatment policies. 
To date, it is unknown whether certain treatment strat-
egies in patients with TBI are related. Such knowledge 
would be essential when comparing outcomes on a hos-
pital level within the framework of CER to study whether 
differences in outcomes can be attributed to the separate 
interventions.

If, on the other hand, multiple treatment choices are 
correlated, it gives the possibility to group these together 
and identify hospitals with, for example, a more aggres-
sive treatment strategy. Conclusions could then only be 
drawn on a very general level: whether a more aggressive 
or a more passive treatment strategy is more effective. 
Within the framework of CER, however, this would make 
it impossible to study specific treatments and their effect 
on outcome because some specific treatment aspects 
within the strategy may be beneficial and others even 
harmful.

Focusing on the domains of ICP monitoring, prophy-
lactic antibiotics, transfusion targets, and general ICU 
management, our aim was to investigate correlations 
between treatment policies and to explore if European 
neurotrauma centers can be clustered based on their 
treatment strategy in patients with TBI.

Methods
Collaborative European Neurotrauma Effectiveness 
Research in TBI Study
The Collaborative European NeuroTrauma Effective-
ness Research in TBI (CENTER-TBI) study is a pro-
spective longitudinal multicenter observational study 
conducted across Europe and Israel (ClinicalTrials.gov 
ref. NCT02210221) [8]. CENTER-TBI aims to better 
characterize and describe TBI in a European context and 
to further advance the care of patients with TBI within 
the broader international framework of the International 
Initiative for TBI Research (https:// intbir. nih. gov/).

Principal investigators of each participating center in 
this study received questionnaires about the structures 
(type of facilities and equipment, the qualifications of 
medical staff and their organizations) and processes 
(treatment policies in different phases of TBI care) of 
their center: the provider profiling questionnaires [9]. 
Participants were explicitly asked for their general pol-
icy rather than for individual treatment preferences. 
General policy was defined as ‘‘the way the large major-
ity of patients (> 75%) with a certain indication would 
be treated.’’ Detailed information about the content, 
development, and validation of the original 321 ques-
tions can be found in an earlier publication [9]. Base-
line characteristics for centers were described using 
frequencies and percentages.

Predefined Treatment Domains
We selected 58 questions on the basis of expert con-
sensus concerning care in the ICU setting, covering the 
domains of coagulation and transfusion, neurosurgery, 
ICP monitoring, prophylactic antibiotics, and gen-
eral management. The selected questions were chosen 
before the analysis on the basis of clinical relevance. 
Follow-up, conditional questions (“if you answered A, 
then specify…”) and all open questions were excluded, 
aiming to obtain a standardized overview of treatment 
approaches.

Questions from predefined domains were chosen to 
enable stratification of hospitals over multiple domains. 
To determine possible underlying treatment strategies, 
polychoric  correlation coefficients between questions 
were calculated [10]. Correlations were visualized with 
correlation plots, using only absolute values (between 0 
and 1), as any negative correlations were as relevant as 
positive correlations in determining treatment strate-
gies. Missing answers were disregarded for calculation of 
the correlation. Of the 58 questions, 44 questions were 
complete, and the other 12 had up to 8 out of 66 answers 
missing. We looked at correlations of questions within 
the predefined domains (exploring consistency in treat-
ment policies within a specific domain) as well as correla-
tions between the domains (exploring interdependencies 
of treatments between domains).

Regrouping of Questions
After correlations were determined, the questions were 
grouped based on the data, ignoring the previously 
defined domains, with an hierarchical cluster analy-
sis using Ward’s minimum variance method, to group 
together the questions with the highest similarity [11]. 
This is an agglomerative clustering method in which the 
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data points (questions) are clustered (across all domains) 
in different steps until only questions with the greatest 
similarity form a cluster. We used the Bayesian inference 
criterion for k-means to determine the number of clus-
ters that were to be formed [12, 13].

Heat Maps
By using the same clustering algorithm, heat maps were 
made for each newly formed group of questions. Heat 
maps allow for the recognition of patterns in the pref-
erence of hospitals and made it possible to determine 
whether we could discern certain types of hospitals. 
This was performed on all complete cases: centers with 
missing answers within the cluster of questions were 
disregarded. For cluster two, 53 of the 66 participat-
ing hospitals were included in the heat map; for clus-
ter five, 47 of the hospitals were included, and all other 
clusters included all participating hospitals. All analysis 
were performed in R version 3.3.0 using the following 
packages: pheatmap, RColorBrewer, foreign, cluster, 
corrplot, dplyr, and fmsb [14–21].

Results
CENTER‑TBI Study
Provider profiling questionnaires were completed in 
66 centers (97% response rate), mainly by intensivists 
(n = 33, 50%) and neurosurgeons (n = 23, 35%), but 
otherwise by administrative staff (n = 11, 17%), neu-
rologists (n = 5, 8%), anesthesiologists (n = 5, 8%), and a 
trauma surgeon (n = 1, 2%). The majority of these cent-
ers had an academic affiliation (n = 60, 91%). The center 
characteristics are described in Supplementary Table 1 
and in more detail in a previous publication [9].

Correlation within and Between Domains
Correlation between treatment policies within the pre-
defined domains was variable (Fig. 1a–e). Correlations 
within the domain of prophylactic antibiotics (mean 
correlation coefficient = 0.6, range 0.4–0.8) ranged 
from moderate to strong, but questions were based on 
only one very specific topic. The correlation within the 
other domains was shown to be much lower (Table 1). 
Correlations between domains were lower, with mean 
correlation coefficients of 0.2 for each domain corre-
lated with all other domains (Table 1 and Fig. 1f ).

Data‑Driven Cluster Analysis
The cluster analysis revealed four clusters, one fewer 
compared with the clinically determined domains 
(Fig.  2). The grouping remained very similar to the 

predefined domains, especially for the original domain 
of neurosurgery. A few questions did correlate with 
other subdomains, mainly due to overlap in topic of the 
questions. For example, the question, “Is a coagulation 
panel assessed prior to insertion of an ICP monitoring 
device?” could span the domains of coagulation and 
transfusion as well as ICP monitoring (Supplementary 
Table 2).

Grouping of Hospitals
No hospital types were discernable in the heat maps made 
for each cluster of questions (Fig.  3, for the heat map 
of all the questions see Suppl. Figure  2). The heat maps 
served as a visual indication of the possibility to cluster 
the hospitals. Based on the visualization of these data, 
we have decided that further clustering should not be 
done. Although most similar questions had been grouped 
together, heat maps showed no clear pattern in the pref-
erences of the hospitals, indicating that they could not be 
grouped based on their treatment tendencies.

Discussion
This study aimed to group European neurotrauma cent-
ers into clusters based on their treatment preference in 
patients with TBI in a variety of domains. Hospitals could 
not be clustered based on their reported choices of treat-
ment within the five domains of the provider profiling 
questionnaires. These results imply that it is unlikely that 
hospitals can be categorized as a certain type of hospital 
based on the treatment strategies they follow across mul-
tiple domains of monitoring and treatment in patients 
with TBI.

The lack of evident treatment policies across multiple 
domains might be explained by a lack of strong evidence 
of the effectiveness of certain treatments, leading to weak 
guideline recommendations, which may cause heteroge-
neity in treatment strategies across Europe [22]. How-
ever, it could also be the result of more individualized 
medicine, in which case treatment strategies are based on 
the individual patient and monitoring characteristics [1]. 
TBI is a complex heterogeneous syndrome that might not 
be captured with a single treatment strategy. With the 
advanced monitoring devices and the range of brain and 
system targeted therapies available, variation between 
centers in treatment strategies is likely.

For future statistical analyses, our finding that the ques-
tions correlated mainly within their previously defined 
subdomain implies that all elements of TBI treatment 
can, and have to, be analyzed separately rather than com-
bining different domains when relations between treat-
ment and outcome are explored. The correlation of some 
questions with questions from a different domain could 
be attributed to overlap in the subject of the questions. 
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Fig. 1 Correlation plot showing correlations between questions, grouped (squares) to show the five predefined domains: intracranial pressure (ICP) 
monitoring (a), coagulation and transfusion (b), surgery (c), prophylactic antibiotics (d), and more general ICU treatment policies (e), and correla-
tions within and between the predefined domains (f). The correlations were calculated with Pearson correlations, and a higher correlation is visual-
ized as a darker blue. ICU intensive care unit
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Other reasons for correlations with other domains could 
be dependent on who is responsible for the decisions 
being made: for example, decisions for treatment of the 
patient are made by the neurosurgeon would have a 
higher chance of correlating with other decisions made 
by that neurosurgeon.

Based on our study, we may conclude that future 
CER analyses will be likely to measure a direct effect 
of one intervention on outcome instead of a general 
effect of multiple treatment effects. This is important 
knowledge to continue CER research within TBI, in 
which outcomes between centers are compared to find 
underlying differences in treatment. Although unmeas-
ured confounders will always have to be considered, 
knowing that multiple treatments are not interde-
pendent is a first step in further elucidating the effects 
of treatment choices. This study has its strengths and 
limitations. This study was conducted in multiple neu-
rotrauma centers across Europe. The development and 
dissemination of the questionnaires was done in differ-
ent phases. Two methods were used to determine rela-
tions between and within certain treatment strategy 
domains. With hierarchical cluster analyses, we con-
firmed the results of correlation analyses. However, our 
study also has its limitations; in a survey study using 
provider profiling questionnaires, centers only indicate 
their treatment strategy and do not provide an objective 
measure of real-time practice. This could overestimate 
or underestimate the use of general policies. The cent-
ers included in this study are mostly academic medical 
centers, and a more heterogeneous group of care pro-
viders could have potentially shown a clearer division 

in hospital types. Previous studies from CENTER-TBI 
show that, even within the sample of mostly academic 
centers, substantial practice variation exists [23–25].

Further, the study is focused on hospitals in Europe, 
and it is possible that these findings cannot be extrapo-
lated to other large regions, such as the United States.

Possibly better suited for the purpose of grouping hos-
pitals would be a questionnaire that is more specific. 
Future research using a more detailed questionnaire 
might be a solution to increase reliability of indicated 
treatment preferences. More targeted questions could 
allow for a better and more thorough understanding. This 
would give insight into why decisions are made and by 
whom. However, the better we understand and the more 
specific the information is, the harder it will be to visual-
ize, generalize, and simplify enough to be able to present 
it graphically.

This is the first study that studied underlying relations 
in treatment strategies, and these results need to be con-
firmed in other studies.

Conclusions
We found correlations in treatment policies within 
domains, especially for neurosurgical interventions, but 
no evidence that hospitals could be clustered, indicat-
ing that a specific treatment choice within a domain is 
not a proxy for other treatment choices within or out-
side the domain. Because we did not find an indication 
that some centers, in general, were more eager to treat or 
reach higher treatment intensity levels overall, future TBI 
analyses should be conducted per specific treatment item 

Table 1 Overview of the correlation coefficient calculated for questions within and between predefined domains

We used the Pearson correlation coefficient to determine correlations within domains (upper panel) and between domains (lower panel)

ICP intracranial pressure, Max maximum, Min minimum, SD standard deviation

Domain Mean (SD) Min Max Number 
of ques‑
tions

Correlation coefficients for correlation between questions within the predefined domains

 Coagulation & transfusion targets 0.2 (0.2) 0 0.9 8

 Neurosurgery 0.2 (0.2) 0 0.8 19

 ICP monitoring 0.3 (0.2) 0 0.9 17

 Prophylactic antibiotics 0.6 (0.2) 0.4 0.8 4

 General management 0.3 (0.2) 0 1 9

Correlation coefficients for questions between the predefined domains

 Coagulation & transfusion targets versus rest 0.2 (0.1) 0 0.7

 Neurosurgery versus rest 0.2 (0.2) 0 0.9

 ICP monitoring versus rest 0.2 (0.2) 0 0.9

 Prophylactic antibiotics versus rest 0.2 (0.2) 0 0.9

 General management versus rest 0.2 (0.1) 0 0.7
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Fig. 2 Sankey diagram showing regrouping of questions according to hierarchical clustering. On the left, questions are grouped according to what 
was decided to be clinically relevant. On the right, the questions are regrouped, and the shifting of questions is visualized, with a thicker gray line 
indicating a larger number of questions. ICP, intracranial pressure
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instead of per treatment domain. Furthermore, within 
the CER paradigm, this implies that analyzing effects of 
an intervention on outcome is likely to measure a direct 
effect of that intervention without being substantially 
confounded by a general effect of multiple treatments.
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