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Abstract: Measurement of cerebral oximetry by near-infrared spectroscopy provides continuous and
non-invasive information about the oxygen saturation of haemoglobin in the central nervous system.
This is especially important in the case of patients with traumatic brain injuries. Monitoring of
cerebral oximetry in these patients could allow for the diagnosis of inadequate cerebral oxygenation
caused by disturbances in cerebral blood flow. It could enable identification of episodes of hypoxia
and cerebral ischemia. Continuous bedside measurement could facilitate the rapid diagnosis of
intracranial bleeding or cerebrovascular autoregulation disorders and accelerate the implementation
of treatment. However, it should be remembered that the method of monitoring cerebral oximetry
by means of near-infrared spectroscopy also has its numerous limitations, resulting mainly from
its physical properties. This paper summarizes the usefulness of monitoring cerebral oximetry by
near-infrared spectroscopy in patients with traumatic brain injury, taking into account the advantages
and the disadvantages of this technique.

Keywords: cerebral oximetry; near-infrared spectroscopy; traumatic brain injury; cerebrovascular
autoregulation; intracranial pressure

1. Introduction

Traumatic brain injuries (TBIs) are some of the main causes of mortality in patients
injured as a result of traffic accidents, falls from a height, battery, or firearm assault. TBIs
are classified in various ways. Depending on the severity of the injury, they are divided
into mild, moderate, and severe injuries. Depending on the mechanism of injury, they are
classified into focal injuries and primary diffuse brain injuries. They can be isolated or part
of a multi-organ trauma. TBI leads to primary brain injury.

Treatment of patients with TBI is primarily focused on preventing secondary brain
injury. For many years, the standard of care for patients with TBI has been the monitoring
of intracranial pressure (ICP) and cerebral perfusion pressure (CPP), estimated as the
difference between ICP and mean arterial pressure (MAP) [1]. Continuous EEG monitoring
is also increasingly used. However, these methods do not provide direct information on
hypoxia and ischemia or the metabolic needs of the brain tissue. Hence, there is a need to
use a method that would allow the assessment of cerebral oxygenation.

For almost 30 years now, a method of non-invasive monitoring of cerebral oximetry
using near-infrared spectroscopy (NIRS) has been available. This technique was initially
used in neonatal intensive care [2] and cardiac surgery [3], and has since been increasingly
employed in adult intensive care.

J. Clin. Med. 2021, 10, 2938. https://doi.org/10.3390/jcm10132938 https://www.mdpi.com/journal/jcm1
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2. Near-Infrared Spectroscopy (NIRS)

Cerebral oximetry measurements are performed using near-infrared spectroscopy
(NIRS). It is a continuous, non-invasive method that enables monitoring of regional cerebral
oxygen saturation. Normal NIRS readings represent a balance between oxygen supply and
consumption in peripheral tissues.

The technique was first described by Jobsis in 1977 [4]. Under physiological conditions,
tissues are relatively translucent to near-infrared light with wavelengths of 700–1000 nm,
and the absorption of light by tissues is low. As a result, light can penetrate to a depth of
up to 8 cm and still be completely detectable. [5]. Near-infrared light beams can penetrate
bones, which is essential for transcranial monitoring of cerebral oximetry.

Cerebral oximetry measurements are cheap and easy to take. Special sensors are
applied to the scalp which allow one to obtain measurements mainly from the external
parts of the brain. For practical reasons, the sensors are commonly attached to the scalp
overlying the frontal lobe, but measurements can be made from above any brain lobe. Each
probe has a near-infrared light generator (diode or laser) and a proximal and distal light
detector. Mixed arterial and venous blood in the brain and external tissues is measured.
The arterial to venous blood ratio in the brain is 15:85 [6]. Hemoglobin oxygenation in brain
vessels is estimated using percutaneous measurements of the amount of light absorbed by
hemoglobin in the cerebral cortex.

The light transmitted through biological tissues is reflected, absorbed and scattered.
Light reflection is determined by the angle between the light beam and the tissue sur-
face. The absorption of light by tissues, causing the attenuation of light, depends on the
chromophores—oxyhemoglobin, deoxyhaemoglobin and cytochrome oxidase. NIRS uses
the different absorption properties of oxyhemoglobin, deoxyhaemoglobin and cytochrome
oxidase to quantify their concentrations in tissues [7]. The relationship between the concen-
tration of chromophore (c), its extinction coefficient (α), distance traveled by light in tissues
(d), and the ratio of the incident light intensity (I0) to the intensity of transmitted light (I) is
determined by the Beer-Lambert equation [5,8]:

A = log(I0/I) = α × c × d (1)

Most photons in tissues are scattered, so the path traveled by photons can be much
longer than the direct distance between the optodes. Most of the total attenuation of an
infrared light beam is due to scattering, and only a small portion is absorbed. That is why
the differential pathlength factor (DPF) and factor G, which depends on light losses other
than attenuation, need to be added to the above equation [5,9]:

A = log(I0/I) = α × c × d × DPF + G (2)

NIRS measurements in adults can be performed with the emitter and detectors placed
on the same side of the head, providing “regional” information on brain oxygenation as
only a small volume of brain tissue between the optodes is examined. In this method, the
light travels along an arc with a tissue penetration depth of approximately half the distance
between the emitter and the detectors. It is recommended that the distance between the
optodes be not less than 2.5 to 3 cm, because the shorter the distance between the optodes,
the more strongly the extracerebral tissues attenuate the light [5].

The first NIRS devices used two or three wavelengths and were mainly trend monitors.
Nowadays, a four-wavelength generation of NIRS monitors are available, which provide
reliable real-time regional cerebral oxygen saturation readings. NIRS devices can use
three different detection modes: continuous wave (CW), frequency domain (FD), and time
domain (TD). CW monitors are the most popular and the simplest devices. They measure
the attenuation of incident light. FD monitors use high-frequency modulation to measure
the phase and intensity of the signals generated. This technique allows a more quantitative
assessment of the optical properties of tissues. TD monitors measure the time of flight of
photons and are the most expensive of all NIRS devices [10].
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3. Usefulness of Monitoring Cerebral Oximetry in TBI Patients by NIRS

3.1. Identification of Episodes of Impaired Cerebral Oxygenation

Adequate cerebral oxygenation is essential in treating patients with TBI. There exist
invasive measurement methods, such as the measurement of jugular bulb oxygen saturation
(SjvO2) or the measurement of brain tissue oxygen pressure (PbtO2). However, cerebral
oximeters using NIRS are more and more frequently employed to obtain non-invasive
measurements of cerebral oxygenation.

In a study by Esnault et al., cerebral oximetry (rScO2) values obtained by NIRS were
compared with the results of an invasive measurement of brain tissue oxygen pressure.
A PbtO2 probe was inserted into the frontal lobe of the cerebral hemisphere with more
severe tissue injury/damage. The rScO2 sensor, on the other hand, was placed on the skin
in the frontal area ipsilateral to the PbtO2 probe. The authors found no correlation between
the readings obtained with NIRS and the tissue oxygen pressure probe. Cerebral oximetry
allowed one to identify only about 15% of the ischemic episodes detected by the PbtO2
measurement. When one of the subjects developed brain death, NIRS continued to show
normal rScO2 values, while PbtO2 dropped to 0 mmHg. Esnault et al. concluded that
rScO2 measurement could not be used interchangeably with PbtO2 as a monitor of cerebral
oxygenation in patients with TBI [11].

The correlation between rScO2 and PbtO2 in TBI patients was also investigated by
Leal-Noval et al. In their study, involving 56 patients, a weak correlation was observed
between rScO2 and PbtO2 measurements. Moreover, rScO2 was shown to have poor
accuracy in detecting moderate cerebral hypoxia [12], which is in agreement with the
observations made by Esnault et al. [11]. Detectability improved when hypoxia reached
PbtO2 values <12 mmHg [12].

Entirely different observations have been reported by Brawanski et al. Over 90% of
their rScO2 readings from the frontal area and PbtO2 measurements from the white matter
of the frontal lobe showed a significant correlation. An analysis of their data indicated
that the PbrO2 and the rScO2 signals contained similar information despite the fact that
they were obtained using completely different technologies [13]. A significant correlation
between PbtO2 and rScO2 readings has also been demonstrated in patients with TBI in
other research [14].

In a study comparing two types of NIRS monitors—NIRO 200, which measures the
cerebral tissue oxygenation index (TOI), and INVOS 5100, which monitors rScO2, jugular
bulb oxygen saturation (SjvO2) and central venous saturation (ScvO2) were also measured.
Thirty one pediatric patients with congenital heart defects were examined. A significant
correlation was demonstrated between the rScO2 and SjvO2 measurements, and an even
higher correlation between rScO2 and ScvO2. Similarly, a high correlation between readings
was observed for TOI [15].

Monitoring of cerebral oximetry using NIRS in septic shock patients allowed investiga-
tion of the relationship between rScO2 and ScvO2. rScO2 and ScvO2 values increased with
the progressing stabilization of the patients’ condition and the decrease in lactic acidosis.
The study demonstrated that there was a significant negative correlation between lactic
acid levels and rScO2 values. On the other hand, a significant positive correlation between
rScO2 and ScvO2 readings was observed at 8, 24, 48, and 72 h after admission to the
ICU [16].

Many authors believe that cerebral oximetry monitoring using NIRS is an unreliable
technique for monitoring oxygen metabolism in the brain tissue compared to measurements
of brain tissue oxygen pressure. However, it should be noted that rScO2 and PbtO2 measure
different parameters using different techniques. Moreover, PbtO2 is not acknowledged
as a gold standard for monitoring oxygen metabolism in the brain. PbtO2 measurements
are representative of a small area of tissue in the immediate vicinity of the probe. On the
other hand, monitoring of rScO2 could prove very useful in patients in whom an invasive
technique cannot or should not be used for various reasons. Both of these parameters could
be monitored simultaneously to obtain a more complete picture of changes in cerebral
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oxygen metabolism [17]. Of note, jugular bulb oxygen saturation measurement, commonly
used in TBI patients, gives a more global picture of cerebral oxygenation, and so local tissue
hypoxia may go unnoticed when using this technique [18].

3.2. Monitoring of Cerebrovascular Autoregulation

Autoregulation of cerebral blood flow (CBF) is one of the most important mechanisms
for maintaining intracranial homeostasis. It keeps CBF at a constant level in the face of
changing cerebral perfusion pressure (CPP). This prevents disturbances in CBF during
significant changes in arterial blood pressure. Autoregulation is extremely important in TBI
patients in the context of the development of secondary injuries. As a result of impaired
autoregulation, the balance between the cerebral metabolic rate of oxygen (CMRO2),
cerebral blood volume (CBV) and CBF can be disturbed. This may lead to ischemic
or hyperemic brain lesions, hypoxia or increased intracranial pressure. There is ample
scientific evidence that abnormal autoregulation of CBF is associated with poorer treatment
outcomes in patients with TBI [19,20]. Monitoring of CBF autoregulation may allow to
individualize CPP targets in patients with TBI, which is associated with improved treatment
outcomes [21,22].

Currently, different methods are available for assessing CBF autoregulation. The most
widely used invasive techniques include measurement of intracranial pressure (ICP) and
direct measurement of oxygen content in the brain tissue (parenchymal PbtO2 monitor-
ing). Among non-invasive methods, transcranial Doppler (TCD) ultrasonography, which
measures CBF velocity [23], and NIRS cerebral oximetry are commonly employed.

The values of cerebral oximetry are mainly influenced by CBF, cerebral metabolic rate
of oxygen and arterial blood oxygen content. Owing to the fact that the factors affecting
oxygen metabolism are relatively stable over short periods of time, NIRS can be used in
place of invasive methods of bedside monitoring of changes in CBF [24,25].

Depending on the manufacturer and the technology used, NIRS devices generate
various measurements, such as regional cerebral oxygen saturation (rScO2), cerebral blood
flow index (rCBFi), tissue oxygenation index (TOI), and relative total tissue hemoglobin
concentration (rTHb) [26].

Analyses of cerebrovascular autoregulation include computing correlations of CBF
or CBV with CPP using mathematical models (e.g., COx for rScO2 or TOx for TOI) [27].
Brady et al. monitored cerebral autoregulation with a NIRS monitor in piglets using the
cerebral oximetry index (COx) as an indicator of autoregulatory vascular reactivity. By
correlating rScO2 values measured using NIRS with mean arterial pressure (MAP) readings,
one can calculate COx. If COx is close to zero, there is no correlation between rScO2 and
MAP because blood pressure is in the autoregulation range. On the other hand, COx values
close to one, point to a strong correlation between cerebral oximetry and MAP, which is
interpreted as impaired CBF autoregulation or as a MAP beyond the limit of autoregula-
tion [25]. In Brady et al.’s study, COx values were compared with invasive measurements
using the laser-Doppler index (LDx). Those authors demonstrated that COx displayed high
sensitivity and specificity in detecting cerebrovascular autoregulation disorders caused
by hypotension in piglets. The COx readings correlated with those obtained using LDx.
Brady et al. showed that COx was sensitive to the loss of cerebrovascular autoregulation
and could be a valuable non-invasive method for continuous monitoring of autoregulation
in patients with TBI.

Monitoring of CBF autoregulation using NIRS has also been studied in patients with
sepsis. NIRS readings were consistent with measurements of changes in autoregulation
performed using TCD [27]. Similar results, showing the compatibility of NIRS with TCD
measurements, were obtained by Zheng et al. [28].

Currently, the market offers a CBF monitoring device called c-FLOW Ornim Medical
LTD device, which uses low-power ultrasound and near-infrared laser light to continuously
monitor blood flow in tissue microcirculation. It tracks CBF trends, continuously measures
blood pressure, and correlates the measurements to provide a real-time autoregulation
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index. This allows to identify the limits of cerebrovascular autoregulation and detect
impairments in autoregulation [29].

3.3. Monitoring of Cerebral Blood Flow

In a study of non-invasive CBF measurement using NIRS and indocyanine green,
Gora et al. obtained CBF values that were low compared to those obtained with conven-
tional positron emission tomography (PET) [30]. Similarly, NIRS measurements of CBV
yielded low results, which appeared to be related to contamination of the path near-infrared
light travels from the emitter to the detector by extracerebral tissues. It is difficult to assess
the volume and density of these tissues and their optical properties [31]. It seems that in
order for NIRS to be used for the measurement of CBF and CBV in clinical settings, the
contribution of extracerebral signals to NIRS readings must be further investigated [30].
Also, the influence of indocyanine green on the values of cerebral oximetry measured with
NIRS does not seem to be entirely clear. Yoo et al. obtained falsely elevated cerebral oxime-
try readings after an intravenous bolus of indocyanine green. This marker mainly absorbs
light in the near-infrared range of 600–900 nm. Therefore, one should expect that, similarly
to indigo carmine or methylene blue, the use of indocyanine green would dampen cerebral
oximetry readings. In Yoo et al.’s study, a several-minute increase in rScO2 co-occurred
with a significantly shorter-lasting decrease in blood saturation (SpO2). The authors lean
towards the theory that indocyanine green reduces the amount of light detected by NIRS
devices at a wavelength of 810 nm, which is interpreted as an increase in the concentration
of oxyhemoglobin and results in falsely elevated cerebral oximetry readings [32].

In contrast to these observations are the results of a study by Keller et al., in which
measurements obtained by NIRS and indocyanine green were consistent with those ob-
tained by MRI [33]. Also in the study by Milej et al. a significant correlation of the CBF
values obtained with the NIRS and indocyanine green was demonstrated with the CBF
measurements obtained by MRI [34].

3.4. Detection of Increased Intracranial Pressure

In patients with TBI, monitoring of ICP is extremely important in preventing secondary
injuries. An increase in ICP is associated with a decrease in CPP, and thus a decline in CBF,
which can lead, among others, to a secondary ischemic phenomenon. Moreover, elevated
ICP values in patients with TBI are associated with a higher risk of death [35].

Typically, ICP is measured invasively using a probe placed inside the brain. However,
attempts are being made at using NIRS cerebral oximetry measurements as a non-invasive
ICP monitor.

Kampfl et al. used NIRS to monitor cerebral oximetry in two groups of patients with
TBI—with ICP higher or lower than 25 mmHg. They observed significantly lower values
of rScO2 in patients with increased ICP compared to the group of patients with ICP below
25 mmHg. Moreover, no differences were observed between CPP, TCD or blood gas values
between these two groups. It seems that cerebral oximetry monitoring using NIRS may be
of help in detecting CBF abnormalities in patients with elevated ICP [36].

Similar observations were made by Dias et al. in a study of the characteristics of
plateau waves of intracranial pressure. They observed that an increase in ICP was associ-
ated with the detection of brain hypoxia by NIRS [37].

By contrast, Zuluaga et al. observed different trends in rScO2 in a pediatric population
depending on the underlying disease causing intracranial hypertension. rScO2 decreased
with increasing ICP in children with brain tumors and hydrocephalus, but increased when
ICP was caused by intracranial hemorrhage. The authors clearly demonstrated that changes
in rScO2 were not significantly related to CPP or ICP. Accordingly, NIRS does not seem to
be an appropriate method for monitoring and predicting changes in ICP [38].

It should be noted that in all the studies reviewed here, authors observed changes in
cerebral oximetry readings in response to an increase in ICP, thus confirming the usefulness
of NIRS in detecting hypoxic episodes. However, these studies do not confirm that NIRS
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allows to directly diagnose changes in ICP. Nonetheless, it seems that monitoring of rScO2
in patients with TBI may be used as an auxiliary method to signal a possible increase in
ICP and the need to initiate more invasive monitoring.

3.5. NIRS and Diffuse Correlation Spectroscopy

A newer method of monitoring CBF that uses infrared light is diffuse correlation spec-
troscopy (DCS), which is based on the use of the intensity fluctuations of near-infrared light.

In a study carried out on neonatal piglets with closed head injury simulating TBI, CBF
was monitored with DCS and cerebral blood oxygenation using NIRS. A significant corre-
lation of the results obtained with the DCS with the values obtained with the fluorescent
microsphere technique was demonstrated. Measurements made with DCS correlated with
the values of arterial oxygen saturation, mean arterial pressure and heart rate. DCS was
also sensitive to changing physiological conditions such as cardiac arrest [39].

Baker et al. monitored CBF and oxidative metabolism in brain-injured adults. In
the research, they used both invasive methods such as ICP monitor or cerebral microdial-
ysis, as well as non-invasive measurement of NIRS and DCS. Conducted observations
confirmed the usefulness of non-invasive methods in monitoring patients with brain
injury. There were no significant correlations between the absolute values of the param-
eters measured with invasive and non-invasive methods. However, the NIRS and DCS
measurements allowed the detection of disproportions between cerebral perfusion and
oxygen metabolism during specific clinical events, which were also observed by invasive
methods. The possibility of longitudinal assessment of cerebral autoregulation, based on
non-invasive measurements, has also been demonstrated [40].

Due to the use of hybrid monitors, using both the NIRS and DCS techniques, it is also
possible to estimate CMRO2 [41]. The combination of both monitoring techniques has also
been successfully used in studies among patients undergoing elective cardiac surgery with
use of circulatory arrest by measuring cerebral oximetry, CBF and CMRO2. DCS allows the
identification of periods of brain hyperperfusion and hypoperfusion during circulatory
arrest [42].

4. Limitations of the Use of Cerebral Oximetry Measurements with NIRS

Although monitoring of cerebral oximetry using NIRS has been refined over the years,
it still has some limitations.

An unquestionable disadvantage of this monitoring technique is the multitude of de-
vices available on the market, which differ in the technical aspects of making measurements,
and therefore cannot be used interchangeably [43].

The results obtained with the use of NIRS are influenced by extracerebral blood flow,
cerebrospinal fluid, thickness of skull bones, and myelin sheaths [44]. Interference from the
lighting used in the room in which oximetry is performed, which is often overlooked in
practice, is important as well. Oximetry readings can also be affected by skin pigmenta-
tion. Another problem is the falsification of measurements by myoglobin, as hemoglobin
and myoglobin have similar optical properties. This may cause an overestimation of
hemoglobin saturation readings [45]. Hirasawa et al. demonstrated that extracranial blood
flow had an effect on cerebral oximetry readings regardless of the distance between the
emitter and the detector [46].

The range of normal cerebral oximetry values is also still being discussed. The most
commonly used lower and upper limits are 60% and 75%, respectively, with deviations
from these baseline values as high as 10%. These limits are individually variable and
depend on comorbidities [47].

In patients with TBI, there are also other issues. These patients very often have
multiple wounds or postoperative sutures on the scalp, as well as subcutaneous hematomas
accompanied by swelling of the soft tissues. These lesions make it impossible to properly
attach NIRS electrodes, or cause disturbances in signal reception and falsify readings.
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The influence of the presence of hematomas and brain edema on the absorption and
scattering of near-infrared light in TBI patients has also been debated [48].

Importantly, there have been reports of measuring devices registering normal cerebral
oximetry values in patients with confirmed absence of cerebral perfusion [49]. These
reports seem to call into question all the other observations and the knowledge gained
from them.

5. Conclusions

Cerebral oximetry monitoring using NIRS is increasingly employed in the therapy
of TBI patients, not only to register cerebral oximetry. The greatest advantage of this
method is that it enables continuous and non-invasive measurement of rScO2. Despite
technical imperfections, cerebral oximetry measurements can be an important complement
to other parameters monitored, providing a more holistic picture of intracranial pathologies.
However, attention should be paid to the still present technical imperfections of the method,
which significantly affect the obtained, often inconclusive results.
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Abstract: Introduction. Tracheostomy can help weaning in long-term ventilated patients, reduc-
ing the duration of mechanical ventilation and intensive care unit length of stay, and decreasing
complications from prolonged tracheal intubation. In traumatic brain injury (TBI), ideal timing for
tracheostomy is still debated. We performed a systematic review and meta-analysis to evaluate the
effects of timing (early vs. late) of tracheostomy on mortality and incidence of VAP in traumatic
brain-injured patients. Methods. This study was conducted in conformity with the Preferred Re-
porting Items for Systematic Reviews and Meta-Analyses (PRISMA) guideline. We performed a
search in PubMed, using an association between heading terms: early, tracheostomy, TBI, prognosis,
recovery, impact, mortality, morbidity, and brain trauma OR brain injury. Two reviewers indepen-
dently assessed the methodological quality of eligible studies using the Newcastle–Ottawa Scale
(NOS). Comparative analyses were made among Early Tracheostomy (ET) and late tracheostomy (LT)
groups. Our primary outcome was the odds ratio of mortality and incidence of VAP between the ET
and LT groups in acute brain injury patients. Secondary outcomes included the standardized mean
difference (MD) of the duration of mechanical ventilation, ICU length of stay (LOS), and hospital LOS.
Results. We included two randomized controlled trials, three observational trials, one cross-sectional
study, and three retrospective cohort studies. The total number of participants in the ET group was
2509, while in the LT group it was 2597. Early tracheostomy reduced risk for incidence of pneumonia,
ICU length of stay, hospital length of stay and duration of mechanical ventilation, but not mortality.
Conclusions. In TBI patients, early tracheostomy compared with late tracheostomy might reduce
risk for VAP, ICU and hospital LOS, and duration of mechanical ventilation, but increase the risk
of mortality.

Keywords: acute brain injury; early tracheostomy; late tracheostomy; tracheostomy timing; mortality;
ventilatory acquired pneumonia

1. Introduction

Traumatic brain injury (TBI) is a complex disorder which can affect the central nervous
system, leading to temporary or permanent physical, cognitive, and psychosocial impair-
ments [1]. The worldwide incidence of TBI is estimated at 939 cases per 100,000 people
with the highest peak of incidence in North America and Europe [2].

In patients with TBI, endotracheal intubation is often necessary to maintain airway
patency and prevent hypoxia [3]. Tracheostomy may facilitate weaning in long-term
mechanical ventilated patients, reduce duration of intensive care unit (ICU) length of stay
(LOS), and decrease complications from prolonged tracheal intubation [4,5].

In TBI patients, the main indications for tracheostomy include weaning failure, absence
of protective airway reflexes, impairment of respiratory drive, and difficulties in managing
secretions [6]. However, the beneficial effects, timing and indications of tracheostomy in
TBI are still debating [7,8].
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In ICU patients, the use of tracheostomy may improve the comfort of patients, allow
more effective secretions suctioning and a more secure airway, decrease airway resistance,
enhance patient mobility, opportunities for speech and eating orally. Early and late compli-
cations after tracheotomy include bleeding, wound infection, subcutaneous emphysema,
laryngeal nerve or esophageal injury, and tracheal stenosis.

Tracheostomies performed during the first week of mechanical ventilation are classi-
fied as early, while tracheostomies performed later than seven days are defined as late [9].
Evidence on the advantages of early over late tracheostomy is conflicting [5], and there are
limited robust data to guide the ideal timing to perform a tracheostomy.

Systematic reviews of randomized controlled trials (RCTs) in general critical care
populations have generally not found benefit from early tracheostomy [8–10], but these
results cannot be generalized to traumatic brain-injured patients, who typically require
tracheostomy for airway protection for depressed airway reflexes rather than respiratory
failure.

Observational studies in traumatic brain-injured patients suggest that tracheostomy
performed earlier may be associated with lower in-hospital morbidity and improved
clinical outcomes [11–14], but the best timing for tracheostomy continues to be debated.

To address these gaps in knowledge, we performed a systematic review and meta-
analysis to evaluate the effects of early vs. late tracheostomy on mortality and VAP
incidence in acutely brain-injured patients.

2. Materials and Methods

Our study was conducted according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guideline [15]. The following terms were used to
perform a PubMed search: early, tracheostomy, TBI, prognosis, recovery, impact, mortality,
morbidity, and brain trauma OR brain injury. Inclusion criteria were (1) English language;
(2) TBI as the main cause of trauma; (3) clear outcome; (4) reliable patient’s admission
assessment; (5) late tracheostomy (LT) clearly defined and not confused with prolonged
intubation; and (6) a minimum of two outcomes: ICU stay, hospital stay, mortality rates,
or ventilator-associated pneumonia (VAP) diagnosis. We included randomized controlled
studies, retrospective and prospective studies. We excluded studies without full reports or
abstracts, commentaries, editorials, and reviews.

3. Data Extraction

Two reviewers (A.M. and M.V.) independently screened studies for inclusion, retrieved
potentially relevant studies, and decided on study eligibility using a standardized data
extraction form, checked by the other authors. Any disagreement was solved by discussion
or by the judgment of a third author (P.B.). We collected the following data from every
study included in our analysis: study design, year, patient’s demographics, mean time
between admission and tracheostomy, neurologic assessment at admission, confirmed
VAP, median ICU stay, median hospital stay, mortality rates, and ICU or hospital costs.
Two investigators (P.B. and C.I.) independently screened the citations to identify other
potentially eligible studies not included in the previous PubMed search.

4. Risk of Bias

Two reviewers (M.V. and P.B.) independently assessed the methodological quality
of eligible studies using the Newcastle–Ottawa Scale (NOS) for assessing the quality of
nonrandomized studies in a meta-analysis [16] for each included trial. Any disagreement
was resolved asking for the opinion of a third reviewer (G.S.).

5. Data Synthesis and Analysis

The primary outcome were the odds ratio of mortality and the incidence of VAP
between the early tracheostomy (ET) and LT groups. The secondary outcomes were the
duration of mechanical ventilation, ICU length of stay (LOS), and hospital LOS. A stan-
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dardized mean difference was used as effect size to compare the two groups. Consequently,
random effects model was used [17]. This model is more conservative and reduces the like-
lihood of type II errors. Heterogeneity was assessed by I2 calculation, and it was considered
low, moderate, or high if I2 values were 25%, 50%, and 75%, respectively. Results expressed
with median and range were converted in mean and standard deviation according to
Hozo et al. [18]. Trial sequential analysis (TSA) was performed to determine the required
information size (RIS), i.e., the number of subjects to enroll in order to confirm or reject the
supposed effect of an intervention. TSA was undertaken using TSA 0.9 beta software if the
number of included trials was more than five. The RIS was estimated using relative risk
reduction and heterogeneity-adjusted information size for dichotomous outcomes. Results
are considered conclusive if the cumulative Z-curve crosses the conventional significance
boundary (Z = 1.96) or the trial sequential boundary (i.e., significance or futility boundaries)
or if the RIS is reached. TSA-adjusted 95% CIs were also presented.

6. Results

A total of nine studies [5,11,13,19–24] were selected for the systematic review (Figure 1)
(Table 1). According to the NOS [16], the quality scores of the included studies ranged from
5 to 8. Most of them (7/9) were greater than or equal to seven stars, as listed. We included
two randomized controlled trials [19,24], three observational trials [5,13,21], one cross-
sectional study [20], and three retrospective cohort studies [11,22,23]. Great heterogeneity
was observed in the definition of the early tracheostomy. Shibahashi et al. [22] performed
tracheostomy within 72 h after admission, in two studies [19,24] early tracheostomy was
performed on post-injury day 3–5, while, in Khalili et al. [21], ET was performed be-
fore or at the sixth day of admission, in 2 other studies [5,23] early tracheostomy was
performed ≤7 days from admission, Alali et al. [11] classified as early tracheostomy a pro-
cedure executed ≤8 days, and in 2 other studies [13,20] ET was defined as the performance
of the procedure within the first 10 days of mechanical ventilation or after decompressive
craniectomy. The total number of participants in the ET group was 2509, while in the LT
group it was 2597. Reduced risk for incidence of pneumonia was found in the ET group
(OR = 0.63, 95% CI = 0.52, 0.76, I2 = 0%, p = 0.89) (Figure 2), but this result was confirmed
only by the analysis including the prospective and retrospective studies but not the RCTs
(OR = 0.62, 95% CI = 0.51, 0.75, I2 = 0%, p = 0.71) (Supplemental Figure S1). ET was
significantly associated to reduced ICU length of stay (MD = −5.96, 95% CI = −7,99, −3.92,
I2 = 88%, p < 0.001) (Figure 3), hospital length of stay (MD = −6.97, 95% CI= −8.25, −5.68,
I2 = 0%, p = 0.59) (Figure 4), and duration of mechanical ventilation (MD = −4.86.56, 95%
CI= −6.98, −2.75, I2 = 93%, p < 0.001) (Figure 5). Increased risk of mortality was found in
the ET group (OR = 1.56, 95%CI = 1.06, 2.3, I2 = 38.3%, p = 0.11) (Figure 6; Supplemental
Figure S2). The TSA adjusted 95% CI was ranged from 0.57 to 46.86. The cumulative z-
curve crossed neither the conventional boundary for benefit nor the trial sequential futility
boundary for benefit, suggesting that the current evidence was inconclusive (Supplemental
Figure S3). Furthermore, we need 151 from randomized controlled trials to assess the
impact of ET on mortality.
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Figure 1. PRISMA 2009 Flow Diagram.
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Table 1. Characteristics of the studies included in this meta-analysis. NA = not available.

Authors Study Design
Age (Years) in ET

vs. LT Groups
Sex (Male) in ET

vs. LT Groups

GCS Score
Information ET vs.

LT Groups

How Early
Tracheostomy

Was Defined by
the Studies

Alali et al. [12] Retrospective
cohort

49 (30–64) vs. 53
(35–68) 75.6% vs. 73% 4 (3–7) vs. 7 (3–13) ≤8 days

Bouderka et al.
[23]

Retrospective
cohort NA NA NA <7 days

Dunham et al. [19] Randomized
controlled trial NA NA NA 3–5 days of

endotracheal tube

Huang et al. [20] Cross-sectional
study NA NA NA

≤10 days after
decompressive

tracheotomy

Khalili et al. [21] Observational
cohort 41.6 vs. 37.8 50% vs. 86% 6.15 vs. 5.70 ≤6 days

Robba et al. [6] Prospective
observational

48.5 (31–67) vs. 44
(28–59 77.2% vs. 76.7% 5.5 (3–10 vs. 5 (3–9) ≤7 days

Shibahashi et al.
[22]

Retrospective
cohort

68 (62–74) vs. 68
(53–74) 33 vs. 33 6 (3–7) vs. 6 (6–9) ≤3 days

Surgeman et al.
[24]

Randomized
controlled trial NA NA NA 3–5 days

Wang et al. [14] Observational
cohort

55.3 (19–80) vs.
57.5 (18–85) 87.5% vs. 66% 5.9 (3–8) vs. 5.7

83–8) ≤10 days

(A) 

(B) 

Figure 2. (A): Forest plot for incidence of pneumonia; (B): Forest plot for incidence of pneumonia in RCTs.
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Figure 3. Forest plot for ICU length of stay.

 

Figure 4. Forest plot for hospital length of stay.

Figure 5. Forest plot for duration of mechanical ventilation.
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Figure 6. Forest plot for mortality in included studies.

7. Discussion

In this systematic review involving 9 studies and 5106 patients, we found that early
tracheostomy, compared with late tracheostomy, might reduce risk for VAP, ICU and
hospital LOS, and duration of mechanical ventilation, while an increased risk of mortality
was found in the LT group.

Tracheostomy is a common procedure performed in critically ill patients. Patients
with severe TBI may need prolonged MV to avoid complications such as hypoxemia and
hypercapnia [13]. Robba et al. [5] found that TBI patients underwent tracheostomy more
frequently than the general ICU population (31.8% vs. 10%, respectively) [25,26]; this could
be due to a higher risk of extubation failure, and the impairment of airways protection
reflexes secondary to the neurological injury.

In ICU patients, tracheostomy is most commonly performed after 14 days from
admission [27,28], and only a quarter of tracheostomies are accomplished in the first
week [25]. In TBI patients, multiple factors, related to severity of neurological injury, pre-
and post-hospitalization management, evolution of trauma, local medical practices, ethical
and legal implications, and costs [5,25,29,30], play a role in the decision-making process
of whether and when to perform the tracheotomy. Literature reported a median time to
tracheostomy of 9 days post-admission, probably reflecting a change in treatment goals [5]
no longer aimed to manage acute intracranial emergencies, but focused on weaning from
ventilator support and rehabilitation [5]. Moreover, this timing of tracheostomy also
prevents the use of the procedure in patients with lesser or higher severities of injury;
in the former case, patients have enough time to recover spontaneous breathing and an
adequate level of consciousness, in the latter case they succumb early because of the rapid
progression of the lesions [5].

This process still leads to performing tracheostomy at an earlier stage than in patients
without TBI, but allows for the identification of patients who are most likely to benefit from
the procedure [21,31–35].

Pneumonia, especially VAP, is one of the major complications of TBI that adversely affects
outcome, and its risk showed a 10% increase per day of mechanical ventilation [36,37]. Similarly
to De Franca et al., our results show that ET, compared with LT, might reduce the risk for VAP,
probably due to the reduction of ventilation days of ET compared to LT [1,3,8,38].

Like other literature reports, we found that early tracheostomy may potentially reduce
hospital stay, duration of mechanical ventilation and mortality rates [1,3,23,24,31,39]. In
a propensity-matched cohort study on TBI patients, early tracheostomy (≤7 days) was
associated with shorter ICU and hospital LOS but did not affect mortality [11]. Khalili
et al. [21], in a cohort of 152 TBI patients, showed similar results on ICU and hospital LOS
and mortality. A meta-analysis by McCredie et al. [39] found that ET might reduce the
long-term mortality, duration of mechanical ventilation, and LOS. Robba et al. [5] found
that each delay of 1 day to perform a tracheostomy was associated with a 4% increase in the
risk of an unfavorable outcome and with a 6% increase in the hazard of death. While this
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association may suggest a benefit from an ET, patients with more severe injury may need
more time to control the intracranial damage evolution and stabilize their condition, thus
delaying tracheostomy, or may have a worse expected outcome, restraining the decision for
the tracheostomy. The same study showed that patients who received LT had a significant
longer ICU and hospital LOS; for every 2 days of deferral in tracheostomy, ICU and hospital
LOS increase of about 1 and 2 days, respectively [5]. De Franca et al. [1] demonstrated that
patients undergoing ET had a shorter ICU and hospital stay, which can reflect the impact
of tracheostomy in patient recovery from hemodynamic instability and in a faster weaning
from mechanical ventilation.

We found that the LT group had an increased risk of mortality. Conversely, Lu et al. [3],
as in other previous finding [8,40–43], found no differences in mortality between the ET
and not-ET groups. These studies showed improved outcomes for the ET groups with no
survival benefit. The high mortality rate in tracheostomy patients could be related to the
complications of tracheostomy (e.g., wound infection, esophageal injury, pneumothorax,
and tracheal stenosis) [44]; moreover, the majority of patients undergoing tracheostomy are
in severe clinical conditions with a probable high risk of death [45], which can influence
the statistical significance of mortality rates. Our results could depend on the fact that
mortality in ICU is a complex outcome, taking into account different variables including
age, sex, comorbidities, and the length of follow-up time. According to this, mortality
could be not driven by a single parameter like timing of tracheostomy, that is, a procedure
that may allow a better management of critically ill patients. In addition, results of TSA
suggested that current evidence is inconclusive and that more randomized controlled trials
are necessary to assess the real impact of ET on mortality.

Despite the known advantages, there are still some controversies regarding tra-
cheotomy in TBI. According to Cox et al., tracheostomy increases the proportion of patients
with chronic burden, contributing to raising the costs outside the hospital [44,46].

This systematic review and meta-analysis added several novelties compared to the
current literature. We included the huge study of Robba et al. [5] that selected TBI pa-
tients from CENTER-TBI, a prospective observational longitudinal cohort study, including
1358 patients, of which 433 (31.8%) had a tracheostomy. Moreover, in our systematic
review and meta-analysis, we carried out a sub-group analysis according to the type of the
included studies (RCT vs. non RCT) and performed a trial sequential analysis on RCTs.

Of note, this meta-analysis has some limitations. First, there is the ambiguous defi-
nition of timing to differentiate an early and a late tracheostomy. Second, heterogeneity
more than 50% was found in 2 out of 5 considered outcomes like ICU LOS and duration of
mechanical ventilation. Third, only published articles were reviewed, which might have
contributed to a publication bias.

8. Conclusions and Future Perspectives

Our meta-analysis suggests that ET in TBI patients could help in reducing duration of
mechanical ventilation, ICU and hospital LOS, contribute to a lower exposure to secondary
injuries and nosocomial adverse events, increasing the opportunity of patients’ early
rehabilitation and discharge.

Further studies, especially multicenter RCTs, are needed to collect more data about
the different outcomes of TBI patients undergoing ET compared to those treated with LT in
order to confirm the superiority of the former airway management in such a challenging
clinical condition.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jcm10153319/s1, Figure S1: Forest plot for incidence of pneumonia in non RCTs, Figure S2: A:
Forest plot for mortality in RCTs; B: forest plot for mortality in non RCTs, Figure S3: Trial Sequential
Analysis on mortality.
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Abstract: Hyperosmotic therapy is commonly used to treat intracranial hypertension in traumatic
brain injury patients. Unfortunately, hyperosmolality also affects other organs. An increase in plasma
osmolality may impair kidney, cardiac, and immune function, and increase blood–brain barrier
permeability. These effects are related not only to the type of hyperosmotic agents, but also to the
level of hyperosmolality. The commonly recommended osmolality of 320 mOsm/kg H2O seems to
be the maximum level, although an increase in plasma osmolality above 310 mOsm/kg H2O may
already induce cardiac and immune system disorders. The present review focuses on the adverse
effects of hyperosmolality on the function of various organs.

Keywords: osmolality; traumatic brain injury (TBI); hypertonic saline; mannitol; osmolar gap

1. Introduction

Hyperosmotic therapy has been recommended for treatment of cerebral edema (CE)
and increased intracranial pressure (ICP) in patients with traumatic brain injury (TBI) and
other cerebral diseases [1,2]. The main purpose of increasing the plasma osmolality is
to force the shift of water from the brain to the vascular space through the blood–brain
barrier (BBB) [2]. According to the Monroe–Kellie doctrine, the sum of the volumes of
intracerebral blood, cerebrospinal fluid (CSF), and brain is constant, therefore a decrease of
water from the interstitial space of the brain reduces cerebral volume and cerebral edema,
which may improve cerebral perfusion [3,4]. Experimental studies have also documented
that hyperosmolar therapy attenuates trauma-related inflammatory response by reducing
neutrophil activation and neutrophil-endothelium binding [5,6]. Currently, mannitol and
hypertonic saline (HTS) have only been recommended for the treatment of intracranial
hypertension (ICH) and cerebral edema, and the final goal of hyperosmotic therapy is the
achievement of plasma osmolality not higher than 320 mOsm/kg H2O [1,2,7]. The choice
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of agents depends on clinical experience and local protocol, however HTS is frequently
used to reduce ICH as well as tissue edema, whereas mannitol is used only to reduce
ICH [8,9].

2. The Most Popular Hyperosmotic Agents

The main problem for choosing hyperosmotic agents is their different osmotic activity.
The reflection coefficient (a number which reflects the difficulty for the molecule to pass
through the endothelium: 0 = fully permeable and 1.0 = completely impermeable) is 0.9 in
the normal brain and a little less in the injured brain [10]. It means that mannitol practically
did not pass through the BBB, but it penetrates the injured BBB and the intact BBB. Mannitol
at a daily dose of 0.5–1.5 g/kg body weight is commonly used as an osmotically active
medication in patients with TBI. Chemically, it is a metabolically inert sugar alcohol
(C6H14O6), which is similar to xylitol or sorbitol. It elevates plasma osmolality, which
enhances flow from the extravascular to the intravascular space. Interestingly, inhaled
mannitol was also indicated by the Food and Drug Administration (FDA) in the treatment
of cystic fibrosis in the lung [11,12].

HTS elevates plasma osmolality via plasma increase in osmotically active ions, such
as sodium. Additionally, HTS also reduces single erythrocyte volume, improving their
passage through the capillaries. Its reflection coefficient is 1 [13,14]. It seems to reduce
ICH and improve cerebral perfusion pressure more effectively than mannitol [15–17].
Some studies also documented better outcomes in patients treated with HTS compared
to mannitol, however the osmotherapy-related electrolyte disequilibrium appears to be
an independent predictor of poor outcome, regardless of the type of osmotically active
medication [18–20]. This improves the rheological properties of the blood and the osmotic
activity of aquaporin receptors in the BBB [21,22]. Clinicians commonly use HTS with
different 3%, 7.5%, or 23.4% solutions, and each of those presents a different osmotic activity
(Table 1) [21,22]. Regardless of the type of the osmotically active agents, the main target of
osmotherapy is to maintain plasma osmolality around 300–320 mOsm/kg H2O [1,2].

Table 1. Theoretical osmolality of the most popular osmotically active agents [17–25].

Solution
0.9%
NaCl

3%
NaCl

7.5%
NaCl

23.4%
NaCl

10%
Mannitol

15%
Mannitol

20%
Mannitol

1‰
Ethanol

Osmolality
(mOsm/kg H2O) 308 1026 2567 8008 550 825 1100 22

3. Basic Knowledge

Hyperosmotic therapy is based on osmosis—a phenomenon in which the water
molecules migrate through a semi-permeable barrier from a solution rich in osmotically
active molecules to a solution poor in the concentration of these agents. The difference
in solutes, which cannot pass across the semi-permeable membrane, causes a chemical
potential. According to the Gibbs–Duhen equation, the chemical potential and activity
of water molecules is higher in a solvent in which the activity of saluted agents is lower,
and the movement of water is forced from the solvent to the solution [26]. Osmolarity
is defined as the number of solutes per liter of solution, however the concentration of
solutes is very low in human body fluids. Therefore, the plasma osmolarity is calculated in
milliosmoles (mOsm/L). Osmolality is defined as the number of milliosmoles of solutes per
one kilogram of water (mOsm/kg H2O). Physiologically, Na+, K+, Cl−, HCO3

−, glucose,
and urea are the main osmotically active substances in the human body, however a lot of
medicaments exhibit osmotic properties. Some of them, such as urea and ethanol, freely
cross the cell membranes and are called “ineffective osmoles”, whereas others such as Na+,
K+, Cl−, HCO3

−, and glucose are called effective osmoles because they do not cross the cell
membranes, forcing water shifts through the cellular membranes (tonicity). Chemically,
osmolarity is strongly related to osmolality in solutions with the same composition but
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different concentrations of osmotically active agents. These relationship changes occur in
the blood because the blood contains lipids, proteins, and others small solutes contributing
to plasma osmolality, thus sodium solutions are not completely dissociated in the aqueous
medium. Additionally, the plasma contains only 93% of water [27]. Therefore, plasma
osmolality can be calculated by multiplying the plasma osmolarity by 0.93. Hence, osmotic
pressure is more closely related to plasma osmolality than osmolarity. Plasma osmolality
should be measured by a cryoscopy technique, which is considered as the reference method
for osmolality measurement [28]. However, several clinicians have calculated plasma
osmolality using a different equation. The most popular, the simplest, and the best is
known as the Worthley equation [25,27]:

Plasma osmolality = 2xNa+ +
Glucose (mg/dL)

18
+

BUN (mg/dL)
2.8

= 275 − 295 mOsm/kg H2O

The difference between the measured and the calculated plasma osmolality is called
the osmolal gap. Physiologically, its value ranges between −10 and +10 mOsm/L. An
osmolal gap higher than 10 mOsm/L documents the presence of osmotically active agents
in the blood, while its values above 20 mOsm/L suggest blood intoxication with strong
osmotic substances [29–31]. Despite the beneficial effect of elevated plasma osmolality
on cerebral water content in TBI patients with cerebral edema, hyperosmolality per se or
associated with high osmolal gap may affect organ function, increase the risk of multiorgan
dysfunction, and worsen the outcome in critically ill patients (Figure 1) [30–34]. The aim of
this article was to provide a narrative review regarding the effect of recommended plasma
hyperosmolality on organ function in patients treated for TBI.

Figure 1. General scheme showing the organs that can be damaged as a result of increased
plasma osmolality.

4. Plasma Hyperosmolality and the Heart

The disorders of plasma osmolality can impair cardiac function and increase the risk
of life-threatening cardiac arrhythmias and sudden cardiac death [32,35–38]. An analy-
sis of relationships between plasma osmolality, and the 30-day and 1-year outcomes in
985 patients diagnosed with acute coronary syndrome, showed a significantly higher
mortality rate in patients with hyperosmolal plasma [38]. Another clinical analysis of
3748 patients treated for acute coronary diseases also documented an increase in short and
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long mortality in patients with hyperosmolality [36]. Interestingly, the rate of ventricular
arrhythmias, cardiogenic shock, and major adverse cardiac events was two-fold higher in
those patients. Indeed, an increase in plasma osmolality following mannitol administration
above 313 mOsm/kg H2O significantly increased the risk for prolongation of corrected
QT interval above 500 ms, which is associated with the incidence of atrial fibrillation
in patients without any cardiac history treated for TBI [32]. An experimental study has
shown that HTS-induced hyperosmolality per se may exert potentially deleterious effects
on myocardial contractility, leading to systolic and diastolic dysfunction, cytosolic Ca2+

accumulation with diastolic contracture, and increased susceptibility to life-threatening
arrhythmias [27]. Additionally, HTS-related hyperosmotic stress is associated with an
increase in the intracellular Ca2+ concentration and generation of reactive oxygen species,
which promotes stress in the endoplasmic reticulum, leading to apoptosis and death of
adult and neonatal cardiomyocytes [39,40]. Plasma osmolality plays a crucial role in the
function of cardiac aquaporins. Hyperosmolality increases the mRNA of aquaporin-1,
mRNA of upregulated aquaporin-7, protein glycosylation, and intracellular translocation,
which may modulate water transport in cardiac myocytes [41–43]. A rapid increase in
plasma osmolality following hypertonic saline administration depresses the sensitivity of
the cardiac baroreflex independently of changes in blood pressure, causing an increase in
heart rate [44]. Accumulating data have shown that a rapid increase in plasma osmolal-
ity activates sympathetic nerve activity, both in humans and animals [45–47]. Moreover,
prolonged hyperosmolality also increases sympathetic nerve activity through activation of
osmoreceptors and raised excitatory amino acid release in the forebrain [47,48]. A dysregu-
lation of sympathetic/parasympathetic activity as well as dysfunction of cardiac myocytes
following an increase in plasma osmolality may depress cardiac function, leading to acute
cardiac failure. Thus, it can be speculated that hyperosmolality may play an important role
in cardiac dysfunction that develops in patients treated for TBI, which is commonly known
as the brain–heart interaction.

In some clinical situations, hyperosmolality may also have a beneficial effect on cardiac
function. Experimental studies documented that hyperosmotic perfusion significantly re-
duced total and intracellular myocardial water content, reduced sarcolemmal rupture, and
increased coronary flow in ischemia/reperfusion-induced cellular edema [49,50]. Another
study documented that hyperosmotic pretreatment also reduced the infarct size following
regional-induced ischemia in a rat heart model [51]. The beneficial effect of hyperosmotic
perfusion after cardiac ischemia may be explained by the relatively small osmotic gradient
between the intra- and extra-cellular spaces during reperfusion. An increase of the level of
intracellular lactate following ischemia-induced anaerobic glycolysis results in a relative
hyperosmotic condition within the ischemic area. Hence, the normo- or hypo-osmotic
reperfusion increases the water shift from the vascular into the intracellular space, leading
to cellular edema, whereas hyperosmotic reperfusion does not induce water extravasation
(Figure 2). It is also worth stressing that a lot of research analyzing the beneficial effect of
hyperosmolal reperfusion in ischemic heart with swollen cardiomyocytes showed that the
increased osmolality of the perfusate (with mannitol) had cardioprotective properties [52].
Taken together, we can suggest that hyperosmolality may impair cardiac function in TBI
patients without any previous history of cardiac diseases. Hence, osmotherapy requires
strict control of plasma osmolality (not osmolarity).
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Figure 2. General scheme showing the effect of hyperosmolality on the heart.

5. Plasma Hyperosmolality and the Kidney

Kidneys are especially vulnerable to disorders in plasma osmolality because they play
a crucial role in plasma osmolality regulation. The kidney is responsible for regulation of
salt and water excretion. Under physiological conditions, sodium is the predominant cation
affecting fluid osmolality in mammals, and the osmoregulation and the control of total body
sodium operate independently to its plasma concentration, at least to some extent [53]. Sev-
eral factors play a role in the regulation of kidney excretory function, and inner medullary
cells are especially vulnerable to elevation of plasma osmolality. Hyperosmolality induces
salt excretion, increasing its concentration in urea and inner medullary cells. This process
forces increased urea removal. It is noteworthy that Na+ and Cl− exert different effects on
cells due to their different permeability of the cell membranes, whereas urea penetrates the
cell membrane similarly to water. Extracellular hypertonicity following elevated extracel-
lular salt content increases passive water shift from the intracellular into the extracellular
space, leading to cellular shrinkage. On the other hand, elevated urea concentration in the
extracellular space forces its shift to the inner medullary cells due to osmosis. Accumulated
intracellular urea is a trigger for uncontrolled protein denaturation. Additionally, the non-
specific effect of hyperosmolality may result from osmolar-forced diuresis with activation
of tubulo-glomerular feedback associated with an increase in hydrostatic pressure in the
tubules and a decrease in intrarenal microcirculation flow, which ultimately reduces the
glomerular filtration rate. An impairment of renal blood flow disturbs oxygen delivery to
the renal cells, inducing hypoxia-related cell damage [54]. Hence, hyperosmolality itself
affects cell volume, cell metabolism, intracellular ion homeostasis, and stability of nucleic
acids, which can induce an apoptotic process and upregulate several genes in the renal
inner medullary cells [55–58]. A lot of osmotically active agents may also induce or inten-
sify hyperosmosis-related acute kidney injury (AKI). This pathology is commonly known
as “osmotic nephrosis” or “sucrose nephrosis” (Figure 3). Several studies showed that
intravenous administration of immune globulin, mannitol, contrast media, hydroxyethyl
starch solutions, or glucose can induce AKI injury via osmotic cell destruction [59–65]. It
was well-documented that osmotically active agents entered the tubular cells by means of
pinocytosis, leading to cellular edema with increased lysosomes and endocytotic vacuoles.
Interestingly, the use of iso-osmolar contrast media also results in nephrotoxicity, similar
to the effect of the hyperosmolar media, which cannot be explained by hyperosmolality
itself, but rather the increased viscosity of the iso-osmolar agents [65,66]. However, plasma
osmolality plays an important role for renal function. Clinical observations documented a
significant relationship between plasma osmolality and a higher incidence of AKI noted in
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patients with diabetic ketoacidosis when osmolality exceeded 320 mOsm/kg [67,68]. The
osmotic nephrosis is usually reversible after discontinuation of osmotically active agents;
however, some patients require temporary renal replacement therapy [63,68–71].

Figure 3. General scheme presenting an effect of hyperosmosis on glomerulus and tubular
cells [54–57,66].

Mannitol is not recommended for use in the management of severe TBI when ICP and
brain tissue oxygen are monitored [2]. Several studies documented AKI following mannitol
administration [62,69–71]. Mannitol-induced osmotic nephrosis has been well-documented,
as it exerts nephrotoxic activity [61–63,65,72]. There is a dose–response relationship between
the use of mannitol and the incidence and severity of AKI, with a cut-off of the daily dose
at 1.34 g/kg body weight [73]. Interestingly, the combined therapy of ICH with mannitol
and HTS did not increase the risk of AKI more than HTS alone, however several authors
suggested to use HTS, demonstrating its superiority over mannitol [13,14,16,18,74]. In
conclusion, it can be postulated that an increase in plasma hyperosmolality per se, as
well as the use of osmotically active medications, may impair renal function, and that
maintaining adequate renal perfusion may reduce the risk of AKI.

6. Plasma Hyperosmolality and Immune System

The effects of hyperosmolality on the immune system are still controversial and not
very well-recognized, however several in vitro studies have attributed an important role to
hypertonicity in the inflammatory response [75–80]. Elevated plasma osmolality is espe-
cially associated with stimulation of macrophages and dendric cells [5,75]. An increase in
plasma osmolality by 10 to 20 mOsm/kg suppresses neutrophil function by modulating
cellular signaling, fosters B cell activation and differentiation, and reduces macrophage
activation [5,76–78]. Several experimental studies have documented that increasing tonicity
inhibits the production of proinflammatory cytokines in pulmonary epithelial cells [78,79].
The inhibitory effect of hypertonicity on inflammatory responses is especially important
after brain injury. An increase in plasma osmolality following mannitol or HTS admin-
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istration reduces microglial activation and promotes the anti-inflammatory phagocytic
M2-like microglial phenotype in an experimental model of intracerebral hemorrhage [5].
Such relationships between hyperosmolality and the inflammatory response may result
from direct regulation of nuclear factor in the T cells, which affect TNF-α and lymphotoxin-
β [80]. Additionally, hyperosmotic stress leads to cell apoptosis that involves changes in
the apoptotic signaling molecules such as mitogen-activated protein kinase, c-Jun amino
terminal kinase, mitogen-activated kinase, and p38 mitogen-activated kinase in a primary
cultured nucleus pulpous cells [81]. Hyperosmolarity following mannitol administration at
the dose of 1.0–1.5 g/kg body weight induces programmed cell death in a dose-dependent
manner in both endothelial and smooth muscle cells [82]. The cell loss within the endothe-
lial monolayers was the most pronounced, with serum osmolarity above 320 mOsm/L.
Quite the opposite, it has been documented that hyperosmotic stress is associated with
pro-inflammatory cytokine secretion, such as: TNF, IL1-β, IL-6, and IL-8, and that hyper-
osmolality may be an important factor for survival of macrophages at the inflammatory
site after injection of the Bacille Calmette-Guerin (BCG) vaccine [83]. Additionally, pro-
longed dietary sodium administration increases activation of stress-sensitive neurons of
the hypothalamic paraventricular nucleus and basolateral amygdala, leading to stress
coping behaviors in mice [84]. In a clinical study including 44 healthy volunteers who
received a 250 mL intravenous bolus of 3% saline solution to increase plasma osmolality to
315 mOsm/L, the authors showed that both hyponatremia and plasma hyperosmolality
did not induce an increase in circulating markers of inflammation and led to a decrease
in the level of TNFα and IL-8 at an unchanged level of IL-6 plasma concentration [85].
Another study documented that the increase in plasma osmolality following mannitol
at a dose of 0.5 g/kg body weight significantly limited cardiopulmonary bypass-related
inflammatory response, with a reduction of pro-inflammatory and an increase of anti-
inflammatory cytokines [86]. It is noteworthy that the majority of studies analyzing the
effects of hyperosmolality on the immune system are based on experimental observations.
Therefore, one can only speculate that hyperosmolality seems to have a beneficial effect on
the immune system, and this hypothesis should be confirmed in further studies.

7. Plasma Hyperosmolality and the Blood–Brain Barrier

Hyperosmolar therapy is the cornerstone treatment of ICH. Administration of hy-
perosmolar agents increases the osmotic gradient between blood and brain, forcing the
water flux from the brain to blood through the BBB. In the central nervous system of
mammals, the BBB is created at the level of the endothelial brain cells, where multiple
protein complexes accumulate at the cell-junctions, restricting the paracellular diffusion of
ions and other polar solutes, hence effectively blocking the penetration of macromolecules.
Unfortunately, therapeutic hyperosmolar agents can reversibly open thigh junctions in the
cerebrovascular endothelium, and their conductivity depends on the degree of plasma
hyperosmolality [87–90]. An experimental study has shown a temporal induction of neu-
roinflammatory response following intracarotid infusion of mannitol [89]. Elevation of
cytokines, chemokines, trophic factors, and cell adhesion molecules was noted within
5 min after mannitol administration that persisted for 4 days. It is noteworthy that the
BBB’s susceptibility to increase plasma osmolality decreases with age and is the greatest in
fetuses and premature infants [90].

Currently, the effect of a rapid increase of plasma osmolality on the function of the BBB
is used to increase delivery of poorly penetrating medications to the brain (Figure 4). This
type of treatment may be especially attractive for treating malignant brain tumors [91,92].
Administration of a small volume of chemotherapeutics after mannitol into the tumor circu-
lation increases their therapeutic properties without the need for increased systemic doses
and without adverse effects [91]. A lot of preclinical and clinical studies have convincingly
documented the high potency of this approach to elevate the delivery of chemotherapy
and other medications to the brain. Experimental studies have also presented a better brain
delivery of other drugs, such as antiepileptic drugs or docosahexaenoic acid (DHA), in
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hypertonicity-related hyperpermeability of the BBB [93,94]. Interestingly, an increase of
DHA attenuates BBB disruption, and reduces cerebral edema and TBI-induced neuroin-
flammation [94,95].

Figure 4. General scheme showing the effect of hyperosmolality on the blood–brain barrier. Thera-
peutic increase in plasma osmolality intense water removal from the brain. Experimentally raised
osmolality to the high value disrupts the blood–brain barrier from opening the tight junction for
intracerebral shifts of chemotherapeutics, water, and other water-soluble and insoluble agents.

It is difficult to show a destructive effect of plasma hyperosmolality on the BBB in
patients treated for TBI. An experimental and therapeutic decrease in BBB permeability
is induced by intra-arterial administration of mannitol. Hence, many clinicians prefer
HTS over mannitol to increase plasma osmolality, because HTS does not affect the BBB
permeability. However, a decrease in BBB permeability following hypertonicity seems
to be useful in treating secondary brain damage from different antioxidants and anti-
inflammatory agents. This hypothesis needs confirmation in future studies.

8. Conclusions

Osmotherapy is the cornerstone treatment of ICH. An increase in plasma osmolality
to the recommended 320 mOsm/kg H2O is commonly achieved by mannitol or HTS. The
choice of osmotic agents is still the subject of debate, and HTS seems to be preferred over
mannitol. An increase in plasma osmolality may impair cardiac, kidney, immune, and BBB
function, however a deleterious effect of mannitol-induced hyperosmolality has only been
clinically documented with respect to kidney and cardiac function. An increase in plasma
osmolality per se above 313 mOsm/kg H2O may by itself impair cardiac function. Future
trials are awaited to bring more answers and solutions.
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Abstract: The present study aimed to analyze and compare the prognostic performances of the
Revised Trauma Score (RTS), Injury Severity Score (ISS), Shock Index (SI), and Modified Early Warning
Score (MEWS) for in-hospital mortality in patients with traumatic brain injury (TBI). This retrospective
observational study included severe trauma patients with TBI who visited the emergency department
between January 2018 and December 2020. TBI was considered when the Abbreviated Injury Scale
was 3 or higher. The primary outcome was in-hospital mortality. In total, 1108 patients were
included, and the in-hospital mortality was 183 patients (16.3% of the cohort). Receiver operating
characteristic curve analyses were performed for the ISS, RTS, SI, and MEWS with respect to the
prediction of in-hospital mortality. The area under the curves (AUCs) of the ISS, RTS, SI, and MEWS
were 0.638 (95% confidence interval (CI), 0.603–0.672), 0.742 (95% CI, 0.709–0.772), 0.524 (95% CI,
0.489–0.560), and 0.799 (95% CI, 0.769–0.827), respectively. The AUC of MEWS was significantly
different from the AUCs of ISS, RTS, and SI. In multivariate analysis, age (odds ratio (OR), 1.012;
95% CI, 1.000–1.023), the ISS (OR, 1.040; 95% CI, 1.013–1.069), the Glasgow Coma Scale (GCS) score
(OR, 0.793; 95% CI, 0.761–0.826), and body temperature (BT) (OR, 0.465; 95% CI, 0.329–0.655) were
independently associated with in-hospital mortality after adjustment for confounders. In the present
study, the MEWS showed fair performance for predicting in-hospital mortality in patients with TBI.
The GCS score and BT seemed to have a significant role in the discrimination ability of the MEWS.
The MEWS may be a useful tool for predicting in-hospital mortality in patients with TBI.

Keywords: traumatic brain injury; scoring system; modified early warning score; mortality

1. Introduction

Trauma is the leading cause of death in people aged below 46 years [1]. Although the
mortality of trauma patients has declined over the last decades, the cause of trauma-related
death has gradually shifted from multiple organ dysfunction syndrome to central nervous
injury [2]. Therefore, it is important to identify risk factors early and provide intensive care
for patients with traumatic brain injury (TBI).

Several triage tools for TBI have been developed, and studies have reported the
efficacies of these tools for predicting prognosis [3–8]. Among these, the Injury Severity
Score (ISS) and Revised Trauma Score (RTS) are the most commonly used tools in severe
trauma patients, including those with TBI [3,4]. However, the relationship between these
tools and the prognosis of patients with TBI is not well understood, and some studies have
even questioned these relationships [9–11]. The Shock Index (SI), the ratio of heart rate to
systolic blood pressure (SBP), was related to hypovolemic shock in patients with severe
trauma, including TBI [5,6], and may be related to the mortality of patients with TBI [7]. In
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addition, previous studies have reported that early warning scores, such as the Modified
Early Warning Score (MEWS), are related to adverse events, including hypotension and
the need for advanced airway management, need for intensive care, and early mortality in
patients with TBI [8]. However, few studies have shown the association between various
triage tools and outcomes in patients with TBI.

Therefore, this study aimed to analyze and compare the prognostic performances
of the RTS, ISS, SI, and MEWS for in-hospital mortality in patients with TBI. We also
investigated the risk factors associated with in-hospital mortality in patients with TBI.

2. Materials and Methods

2.1. Study Design and Population

We performed a retrospective observational study involving patients with TBI at
Chonnam National University Hospital, Gwangju, South Korea, who were admitted
between January 2018 and December 2020. Severe trauma was defined as an ISS greater
than 15 [12]. TBI was considered when the head Abbreviated Injury Scale (AIS) score was
3 or higher [13]. Isolated TBI was defined as a head AIS score of ≥3 and any other AIS
score of <3 [14]. Combined TBI was defined as a head AIS score of ≥3 and at least one other
AIS score of ≥3 [14]. The following exclusion criteria were applied: age below 18 years;
cardiac arrest following trauma before arrival at the emergency department (ED); specific
trauma mechanisms, such as drowning, burns, or hanging; and missing data. This study
was approved by the institutional review board of Chonnam National University Hospital
(CNUH-2021-064).

Vital sign and Glasgow Coma Scale (GCS) scores were measured by triage nurses who
have received in-hospital education and training in the triage room at ED visits. All the
triage nurses have been working in the ED for at least 2 years before performing triage. The
AIS and ISS scores were calculated by physicians who have received training in Korean
Trauma Assessment and Treatment (KTAT).

2.2. Data Collection

Data on the following variables were obtained for each patient: age, sex, mechanism
of trauma, SBP (mmHg) on admission, respiratory rate on admission, pulse rate on admis-
sion, body temperature (BT, ◦C) on admission, initial Glasgow Coma Scale (GCS) score,
amount of transfused packed red blood cells (PRC), fresh frozen plasma (FFP), and platelet
concentrates (PC) within 24 h after arrival at the ED, and in-hospital mortality.

The RTS was calculated based on vital signs and the GCS score (Table 1) [15]. The SI
was calculated as the heart rate divided by SBP [5]. The AIS score and ISS were calculated
on ED arrival. The MEWS was calculated based on vital signs and AVPU (Alert, Voice,
Pain, Unresponsive) scale data on ED arrival (Table 2) [16]. The primary outcome was
in-hospital mortality.

Table 1. Revised Trauma Score.

The Revised Trauma Score (RTS)

Glasgow Coma Scale
(GCS)

Systolic Blood Pressure
(SBP)

Respiratory Rate
(RR)

Coded Value

13–15 >89 10–29 4
9–12 76–89 >29 3
6–8 50–75 6–9 2
4–5 1–49 1–5 1

3 0 0 0
RTS = 0.9368 (GCSc) + 0.7326 (SBPc) + 0.2908 (RRc).
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Table 2. Modified Early Warning Score.

Modified Early Warning Score (MEWS)

Score 0 1 2 3

Respiratory rate (min−1)
9–14 15–20 21–29 ≥ 30

≤ 8

Hear rate (min−1)
51–100 101–110 111–129 ≥ 130

41–50 ≤ 40

Systolic BP (mmHg) 101–199 ≥ 200
81–100 71–80 ≤ 70

Temperature (◦C) 35.1–38.4 ≥ 38.5
≤ 35

Neurological Alert Responding to Voice Responding to Pain Unresponsive
The total score is the sum of each component.

2.3. Statistical Analysis

Continuous variables did not satisfy the normality test and are presented as median
values with interquartile ranges (IQR). Categorical variables are presented as frequencies
and percentages. Differences between survivors and non-survivors were tested using the
Mann-Whitney U-test for continuous variables. Fisher’s exact test or the chi-square test
was used for the comparison of categorical variables, as appropriate. Receiver operating
characteristic (ROC) curve analysis was performed to examine the prognostic performances
of the ISS, RTS, SI, and MEWS for in-hospital mortality. The comparison of dependent ROC
curves was performed using the DeLong method [17].

We conducted multivariate analysis using logistic regression of relevant covariates
for in-hospital mortality. Variables with p values of <0.20 in univariate comparisons were
included in the multivariate regression model. We used a backward stepwise approach,
sequentially eliminating variables with a threshold p value of >0.10 to build the final
adjusted regression model. We included one of the prognostic tools (MEWS, RTS, ISS,
and SI) into the final model and performed the analysis separately in each group (all
TBI, isolated TBI, and combined TBI groups). The results of logistic regression analysis
are presented as odds ratios (ORs) and 95% confidence intervals (CIs). All analyses
were performed using PASW/SPSS™ software, version 18 (IBM Inc., Chicago, IL, USA)
and MedCalc version 19.0 (MedCalc Software, bvba, Ostend, Belgium). A two-sided
significance level of 0.05 was used to indicate statistical significance.

3. Results

3.1. Patient Selection and Characteristics

In total, 1190 severe trauma patients were identified during the study period who met
the inclusion criteria. Based on the exclusion criteria, 1108 patients were finally included
in this study (Figure 1). There were 822 (74.2%) male patients, and the median age was
64.1 years (53.0–75.0 years). The in-hospital mortality rate was 16.5% (n = 183).

3.2. Comparison of Baseline and Clinical Characteristics between Survivors and Non-Survivors

Table 3 shows the comparison of baseline and clinical characteristics between survivors
and non-survivors. Survivors had higher RTS, GCS score, and BT values and lower ISS,
pulse rate, and SI values. SBP was not significantly different between survivors and non-
survivors. The proportion of patients with hypothermia among non-survivors was higher
than that among survivors. The MEWS (2 (1–3) vs. 5 (4–6); p < 0.001) was significantly
lower in survivors than in non-survivors.
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Figure 1. Schematic diagram showing the number of patients with TBI in the present study. TBI,
traumatic brain injury; ISS, Injury Severity Score; AIS, Abbreviated Injury Scale.

Table 3. Comparison of baseline characteristics of TBI patients according to in-hospital mortality.

Variables
TBI Patients

(N = 1108)
Survivors
(N = 925)

Non-Survivors
(N = 183)

p Value

Age, years, IQR 64.1 (53.0–75.0) 64.0 (53.0–75.0) 67.0 (53.0–76.1) 0.199
Male, n (%) 822 (74.2) 683 (73.8) 139 (76.0) 0.550

Mechanism of trauma 0.416
Blunt, n (%) 1,103 (99.5) 922 (99.7) 181 (98.9)

Penetrating, n (%) 5 (0.5) 3 (0.3) 2 (1.1)
Revised Trauma Score,

IQR 5.97 (5.03–7.84) 5.97 (5.64–7.84) 4.09 (2.83–5.64) <0.001

Injury Severity Score,
IQR 22 (16–25) 21 (16–25) 25 (20–29) <0.001

Glasgow Coma Scale,
IQR 14 (7–15) 15 (10–15) 4 (3–9) <0.001

Systolic BP, mmHg,
IQR 130 (110–140) 130 (110–140) 120 (90–160) 0.050

Respiratory rate,
/min, IQR 20 (20–20) 20 (20–20) 20 (20–22) 0.022

Pulse rate, /min, IQR 84 (74–96) 84 (74–94) 90 (72–104) 0.006
BT, ◦C, IQR 36.4 (36.1–36.7) 36.4 (36.2–36.8) 36.2 (36.0–36.5) <0.001

BT ≤35 ◦C, n (%) 44 (4.0) 17 (1.8) 27 (14.8) <0.001
PRC, unit 0 (0–2) 0 (0–1) 6 (5–12) <0.001
FFP, unit 0 (0–2) 0 (0–0) 4 (2–8) <0.001
PC, unit 0 (0–0) 0 (0–0) 6 (0–10) <0.001

Shock Index 0.65 (0.54–0.82) 0.65 (0.54–0.80) 0.69 (0.54–1.13) 0.002
MEWS 2 (1–4) 2 (1–3) 5 (4–6) <0.001

TBI, traumatic brain injury; IQR, interquartile range; BP, blood pressure; BT, body temperature; PRC, packed red
blood cell; FFP, fresh frozen plasma; PC, platelet concentrates; MEWS, Modified Early Warning Score.

In the isolated TBI group, survivors had higher RTS, GCS score, and BT values and
lower ISS and PR values than non-survivors. The MEWS (2 (1–3) vs. 4 (3–6); p < 0.001) was
significantly lower in survivors than in non-survivors (Table 4).

In the combined TBI group, survivors had higher RTS, GCS score, SBP, and BT values
and lower ISS and SI values than non-survivors. The MEWS (2 (1–4) vs. 6 (5–7); p < 0.001)
was significantly lower in survivors than in non-survivors (Table 4).
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Table 4. Comparison of baseline characteristics according to in-hospital mortality in isolated TBI and combined TBI groups.

Variables

Isolated TBI (N = 845) Combined TBI (N = 263)

Survivors
(N = 720)

Non-Survivors
(N = 125)

p Value
Survivors
(N = 205)

Non-Survivors
(N = 58)

p Value

Age, years, IQR 65 (54–75) 67 (53–78) 0.366 60 (50–71) 65 (53–74) 0.104
Male, n (%) 533 (74.0) 93 (74.4) 1.000 150 (73.2) 46 (79.3) 0.437

Mechanism of
trauma 0.927 0.920

Blunt, n (%) 718 (99.7) 124 (99.2) 204 (99.5) 57 (98.3)
Penetrating, n

(%) 2 (0.3) 1 (0.8) 1 (0.5) 1 (1.7)

ISS, IQR 17 (16–25) 25 (16–25) <0.001 25 (22–29) 31 (25–38) <0.001
RTS, IQR 5.97 (5.64–7.84) 4.09 (2.83–5.97) <0.001 6.38 (5.64–7.84) 4.09 (2.83–5.23) <0.001
GCS, IQR 14 (9–15) 4 (3–10) <0.001 15 (10–15) 4 (3–8) <0.001

SBP, mmHg,
IQR 130 (110–150) 140 (100–160) 0.224 110 (100–130) 90 (70–110) <0.001

RR, /min, IQR 20 (20–20) 20 (20–22) 0.199 20 (20–22) 20 (20–24) 0.086
PR, /min, IQR 82 (72–92) 87 (71–103) 0.046 90 (79–104) 96 (76–110) 0.237

BT, ◦C, IQR 36.4 (36.2–36.8) 36.2 (36.0–36.5) <0.001 36.4 (36.1–36.8) 36.2 (36.0–36.4) <0.001
PRC, unit 0 (0-0) 1 (0–4) <0.001 2 (0–4) 4 (2–10) <0.001
FFP, unit 0 (0-0) 0 (0–2) <0.001 0 (0–2) 3 (0–8) <0.001
PC, unit 0 (0-0) 0 (0–0) <0.001 0 (0–0) 0 (0–0) <0.001
SI, IQR 0.62 (0.53–0.74) 0.63 (0.49–0.87) 0.726 0.81 (0.64–1.00) 1.09 (0.73–1.38) <0.001

MEWS, IQR 2 (1–3) 4 (3–6) <0.001 2 (1–4) 6 (5–7) <0.001

TBI, traumatic brain injury; IQR, interquartile range; ISS, Injury Severity Score; RTS, Revised Trauma Score; GCS, Glasgow Coma Scale; SBP,
systolic blood pressure; RR, respiratory rate; PR, pulse rate; BT, body temperature; PRC, packed red blood cell; FFP, fresh frozen plasma;
PC, platelet concentrates; SI, Shock Index; MEWS, Modified Early Warning Score.

3.3. Prognostic Performance of the ISS, RTS, SI, and MEWS for in-Hospital Mortality

The areas under the curve (AUCs) of the ISS, RTS, SI, and MEWS for predicting in-
hospital mortality were 0.638 (95% CI, 0.603–0.672), 0.742 (95% CI, 0.709–0.772), 0.524 (95%
CI, 0.489–0.560), and 0.799 (95% CI, 0.769–0.827), respectively (Figure 2A).

Figure 2. Receiver operating characteristic curve analyses of the ISS, RTS, SI, and MEWS for predicting in-hospital mortality.
(A) Total TBI group: the AUCs of the ISS, RTS, SI, and MEWS were 0.638 (95% CI, 0.603–0.672), 0.742 (95% CI, 0.709–0.772),
0.524 (95% CI, 0.489–0.560), and 0.799 (95% CI, 0.769–0.827), respectively. (B) Isolated TBI group: the AUCs of the ISS,
RTS, SI, and MEWS were 0.608 (95% CI, 0.574–0.641), 0.750 (95% CI, 0.719–0.778), 0.510 (95% CI, 0.476–0.544), and 0.803
(95% CI, 0.774–0.829), respectively. (C) Combined TBI group: the AUCs of the ISS, RTS, SI, and MEWS were 0.679 (95% CI,
0.619–0.735), 0.824 (95% CI, 0.773–0.868), 0.657 (95% CI, 0.597–0.715), and 0.809 (95% CI, 0.757–0.855), respectively. ISS,
Injury Severity Score; RTS, Revised Trauma Score; SI, Shock Index; MEWS, Modified Early Warning Score; TBI, traumatic
brain injury; AUC, area under curve; CI, confidence interval

The AUC of the MEWS was significantly different from the AUCs of the ISS, RTS, and
SI (Table 5).

In the isolated TBI group, the AUCs of the ISS, RTS, SI, and MEWS for predicting in-
hospital mortality were 0.608 (95% CI, 0.574–0.641), 0.750 (95% CI, 0.719–0.778), 0.510 (95%
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CI, 0.476–0.544), and 0.803 (95% CI, 0.774–0.829), respectively (Figure 2B). The AUC of the
MEWS in the isolated TBI group was significantly different from the AUCs of the ISS, RTS,
and SI (Table 5).

In the combined TBI group, the AUCs of the ISS, RTS, SI, and MEWS for predicting in-
hospital mortality were 0.679 (95% CI, 0.619–0.735), 0.824 (95% CI, 0.773–0.868), 0.657 (95%
CI, 0.597–0.715), and 0.809 (95% CI, 0.757–0.855), respectively (Figure 2C). The AUC of the
MEWS in the combined TBI group was significantly different from the AUCs of the ISS
and SI but not from the AUC of the RTS (Table 5).

Table 5. Pairwise comparison test of the ROC curves including MEWS, RTS, ISS, and SI for in-hospital
mortality in TBI patients.

Difference between Areas SE 95% CI p Value

All TBI group
MEWS vs. RTS 0.0575 0.0218 0.0147 to 0.100 0.0085
MEWS vs. ISS 0.161 0.0297 0.103 to 0.219 <0.0001
MEWS vs. SI 0.275 0.0311 0.214 to 0.336 <0.0001
RTS vs. ISS 0.104 0.0341 0.0368 to 0.170 0.0024
RTS vs. SI 0.217 0.0386 0.142 to 0.293 <0.0001
ISS vs. SI 0.114 0.0403 0.0347 to 0.193 0.0048

Isolated TBI group
MEWS vs. RTS 0.0532 0.0217 0.0106 to 0.0958 0.0144
MEWS vs. ISS 0.195 0.0301 0.136 to 0.254 <0.0001
MEWS vs. SI 0.293 0.0324 0.229 to 0.356 <0.0001
RTS vs. ISS 0.142 0.0332 0.0770 to 0.207 <0.0001
RTS vs. SI 0.240 0.0390 0.163 to 0.316 <0.0001
ISS vs. SI 0.0976 0.0444 0.0107 to 0.185 0.0278

Combined TBI group
MEWS vs. RTS 0.0147 0.0277 −0.0397 to 0.0691 0.5957
MEWS vs. ISS 0.130 0.0433 0.0453 to 0.215 0.0026
MEWS vs. SI 0.152 0.0350 0.0834 to 0.221 <0.0001
RTS vs. ISS 0.145 0.0445 0.0575 to 0.232 0.0011
RTS vs. SI 0.167 0.0479 0.0728 to 0.261 0.0005
ISS vs. SI 0.0220 0.0591 −0.0939 to 0.138 0.7104

MEWS, Modified Early Warning Score; RTS, Revised Trauma Score; ISS, Injury Severity Score; SI, Shock Index;
ROC, receiver operator characteristic; SE, standard error; CI, confidence interval.

3.4. Multivariate Logistic Regression Analysis for in-Hospital Mortality

Table 6 shows the results of the multivariate analysis performed for in-hospital mortal-
ity. In all TBI group, age (OR, 1.013; 95% CI, 1.001–1.025), low GCS score (OR, 0.86; 95% CI,
0.54–0.820), low BT (OR, 0.537; 95% CI, 0.382–0.753), FFP (OR, 1.216; 95% CI, 1.129–1.310),
and PC (OR, 1.018; 95% CI, 1.000–1.037) were independently associated with in-hospital
mortality. In the isolated TBI group, low GCS score (OR, 0.792; 95% CI, 0.754–0.831), low BT
(OR, 0.574; 95% CI, 0.398–0.830), FFP (OR, 1.226; 95% CI, 1.100–1.367), and PC (OR, 1.026;
95% CI, 1.002–1.049) were independently associated with in-hospital mortality (Table 6);
while in the combined TBI group, age (OR, 1.033; 95% CI, 1.007–1.060), low GCS score (OR,
0.759; 95% CI, 0.698–0.824), low BT (OR, 0.424; 95% CI, 0.186–0.965), and PRC (OR, 1.153;
95% CI, 1.061–1.254) were independently associated with in-hospital mortality (Table 6).

Among the prognostic tools assessed, MEWS and RTS were associated with in-hospital
mortality in all TBI, isolated TBI, and combined TBI groups, after adjusting for confounders
(Table 7). ISS and SI were not associated with in-hospital mortality in all TBI, isolated TBI,
and combined TBI groups.
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Table 6. Multivariate logistic regression analysis for predicting in-hospital mortality in TBI patients.

All TBI Group Isolated TBI Group Combined TBI Group

Adjusted OR (95% CI) p Value Adjusted OR (95% CI) p Value Adjusted OR (95% CI) p Value

Age, years 1.013(1.001-1.025) 0.036 1.033 (1.007–1.060) 0.014
GCS score 0.786 (0.754–0.820) <0.001 0.792 (0.754–0.831) <0.001 0.759 (0.698–0.824) <0.001

SBP, mmHg 1.002 (0.997–1.008) 0.428 1.003 (0.992–1.013) 0.616
RR, /min 1.038 (0.966–1.115) 0.315 1.020 (0.931–1.119) 0.670 1.086 (0.965–1.221) 0.173
PR, /min 1.006 (0.997–1.015) 0.203 1.006 (0.995–1.017) 0.324

BT, ◦C 0.537 (0.382–0.753) <0.001 0.574 (0.398–0.830) 0.003 0.424 (0.186–0.965) 0.041
PRC, unit 0.988 (0.897–1.087) 0.802 0.922 (0.814–1.043) 0.196 1.153 (1.061–1.254) 0.001
FFP, unit 1.216 (1.129–1.310) <0.001 1.226 (1.100–1.367) <0.001 1.047 (0.853–1.285) 0.661
PC, unit 1.018 (1.000–1.037) 0.048 1.026 (1.002–1.049) 0.030 1.002 (0.969–1.036) 0.914

TBI, traumatic brain injury; OR, odds ratio; CI, confidence interval; GCS, Glasgow Coma Scale; SBP, systolic blood pressure; RR, respiratory
rate; PR, pulse rate; BT, body temperature; PRC packed red blood cell; FFP fresh frozen plasma; PC, platelet concentrates.

Table 7. Multivariate logistic regression analysis of MEWS, RTS, ISS, and SI for predicting in-hospital mortality in TBI 1 patients.

All TBI Group Isolated TBI Group Combined TBI Group

Adjusted OR (95% CI) p Value Adjusted OR (95% CI) p Value Adjusted OR (95% CI) p Value

MEWS 1.605 (1.470–1.753) 1 <0.001 1.695 (1.519–1.891) 4 <0.001 1.515 (1.302–1.762) 7 <0.001
RTS 0.594 (0.534–0.659) 2 <0.001 0.614 (0.544–0.693) 5 <0.001 0.513 (0.408–0.644) 8 <0.001
ISS 1.014 (0.984–1.045) 3 0.357 1.015 (0.967–1.067) 6 0.543 1.013 (0.964–1.065) 9 0.605
SI 1.385 (0.840–2.282) 3 0.202 1.479 (0.769–2.843) 6 0.241 1.143 (0.469–2.787) 9 0.769

Each prognostic tool was individually entered into the final model and analyzed separately. Each prognostic tool was not adjusted for other
tools. TBI, traumatic brain injury; OR, odds ratio; CI, confidence interval; MEWS, Modified Early Warning Score; RTS, Revised Trauma
Score; ISS, Injury Severity Score; SI, Shock Index; PRC packed red blood cell; FFP fresh frozen plasma; PC, platelet concentrates; GCS,
Glasgow Coma Scale; BT, body temperature. 1 Adjusted for age, FFP, and PC. 2 Adjusted for age, BT, FFP, and PC. 3 Adjusted for age, GCS,
BT, FFP, and PC. 4 Adjusted for FFP, and PC. 5 Adjusted for BT, FFP, and PC. 6 Adjusted for GCS, BT, FFP, and PC. 7 Adjusted for age and
PRC. 8 Adjusted for age, BT, and PRC. 9 Adjusted for age, GCS, BT, and PRC.

4. Discussion

In the present study, the MEWS showed fair performance for predicting in-hospital
mortality in patients with TBI. The GCS score and BT were associated with in-hospital
mortality in all groups, including the total TBI, isolated TBI, and combined TBI groups.

The SI (the ratio of heart rate to SBP) showed poor performance for predicting in-
hospital mortality in the present study. It was assumed that in all groups, SBP and heart
rate had no relationship with the mortality of patients with TBI. McMahon et al. showed
that the SI responded later to hemorrhage in the TBI group compared to the non-TBI group,
and responded later in non-survivors compared to survivors [18]. Moreover, factors such as
medication for hypertension and beta blockers can modulate SI at the compensation stage
of the shock. The ISS was not associated with in-hospital mortality in all TBI, isolated TBI,
and combined TBI groups. An important disadvantage of the ISS is that only one injury is
considered in each body part. Since TBI patients with head AIS score of ≥ 3 were included
in the present study, other injuries could have been overlooked. In contrast, previous
studies have reported the association of ISS with mortality in TBI patients [19,20]. Thus,
further research may be needed to clarify the relationship between ISS and prognosis of
TBI. In this study, the RTS and MEWS were related to the mortality of patients with TBI. A
previous study revealed that the RTS was related to the mortality of patients with TBI [20],
and the MEWS was also likely to be related to the outcomes of patients with TBI in other
studies [8,21]. As both the RTS and MEWS include the GCS score, which was associated
with the prognosis of TBI, they were expected to show good performance for predicting
mortality. However, the MEWS showed better performance than the RTS in the total TBI
and isolated TBI groups in the present study. In our study, BT was associated with mortality
in all groups. As the MEWS includes BT, which is not included in the RTS, the MEWS would
be more accurate in predicting mortality than the RTS. In addition, since RTS includes GCS,
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there may be difficulties in measuring RTS when compared to measurements of MEWS,
including AVPU. In particular, it is challenging to measure GCS-motor or GCS-verbal of
intubated patients.

Several studies have demonstrated that the GCS score was related to the mortality
of patients with TBI [3,22]. In a study by Han et al., a GCS score of ≤5 was associated
with mortality in most groups, and the GCS score of non-survivors was 4 (3–9) in this
study [22]. In another study on patients with TBI, the OR of the GCS score for mortality
was 0.765, similar to that obtained in the present study [3], in which the GCS score of non-
survivors corresponded to the unresponsiveness parameter in the AVPU scale [23]. Thus,
it corresponded to 3 points in the MEWS and was believed to have played an important
role in the performance of the MEWS [16].

Previous studies have revealed that a low BT was associated with mortality in patients
with TBI [24–26]. In patients with severe trauma, including patients with TBI, bleeding
caused hypovolemia, which can lead to lower BT; this accelerates coagulation disorders
and eventually affects prognosis [27]. In contrast, low BT at the time of ED visit was related
to mortality, even though the major injury was limited to a head injury, such as isolated TBI,
in the present study. In other studies on isolated TBI, low BT at admission was associated
with mortality [28,29]. This can be explained by the fact that a low BT at admission in
patients with TBI reflects severe head injury. De Tanti et al. speculated that hypothalamic
dysfunction due to brain injury may contribute to mortality in patients with severe TBI [30].

In the present study, the SBP of patients with isolated TBI was not associated with
in-hospital mortality. A previous study also showed that SBP may be insufficient to predict
the mortality of patients with TBI [31]. This could be attributed to the effect of cerebral
autoregulation in patients with TBI with elevated intracranial pressure (ICP). Cerebral
autoregulation is a homeostatic process that regulates and maintains cerebral blood flow
across a range of blood pressures [32]. Thus, the elevation of ICP increases arterial blood
pressure to maintain the perfusion pressure to the brain [33]. In contrast, SBP was associated
with in-hospital mortality in the combined TBI group in the present study. The reason for
this may be the difference in SBP between the combined TBI (110 (90–130) mmHg) and
isolated TBI (130 (110–150) mmHg) groups. The combined TBI included bleeding from
other body regions, such as the head, as well as head injury; thus, SBP would be lower in
the combined TBI group than in the isolated TBI group. In a study of patients with TBI,
including those with combined TBI, mortality increased when the SBP dropped from 110
to 100 mmHg [34].

This study had several limitations. First, it was a retrospective study that was per-
formed at a single center. Therefore, its findings are not immediately generalizable to the
overall population. Further multi-center studies with larger sample sizes and prospective
designs are needed to substantiate our findings. Second, we did not analyze the effects of
essential procedures (such as interventions, operations, and transfusions) on in-hospital
mortality. Further research is needed to address these effects. Third, the measurements for
vital signs and GCS scores may be inconsistent and vary from person-to-person. Although
triage nurses have been constantly educated and trained, the results may be affected by
individual medical experience. Fourth, we did not specifically record the site of tempera-
ture measurement as BT can vary depending on the region of the body. Thus, this may be
considered as a confounder to our data analyses. Fifth, we did not consider the natural
circadian rhythm of body temperature, although these effects would be limited during
acute illnesses, such as TBI [35]. Sixth, the patient’s clinical condition, such as the effects
of comorbidities and drugs, was not investigated. Since such conditions can affect the
patient’s prognosis, these factors should be included in future research. Finally, we did not
investigate the cause of death in patients with TBI. The most common causes of trauma-
related death are central nervous injury and blood loss, and we did not compare and
analyze the relationship between these causes and the various prediction tools, including
the MEWS.
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5. Conclusions

In the present study, the MEWS showed fair performance for predicting in-hospital
mortality in patients with TBI. The GCS score and BT seemed to have a significant role
in the discrimination ability of the MEWS. Therefore, the MEWS may be a useful tool for
predicting in-hospital mortality in patients with TBI.
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Abstract: Traumatic brain injury (TBI) may lead to impairments in various outcome domains. Since
most instruments assessing these are only available in a limited number of languages, psychometri-
cally validated translations are important for research and clinical practice. Thus, our aim was to
investigate the psychometric properties of the patient-reported outcome measures (PROM) applied
in the CENTER-TBI study. The study sample comprised individuals who filled in the six-months
assessments (GAD-7, PHQ-9, PCL-5, RPQ, QOLIBRI/-OS, SF-36v2/-12v2). Classical psychometric
characteristics were investigated and compared with those of the original English versions. The
reliability was satisfactory to excellent; the instruments were comparable to each other and to the
original versions. Validity analyses demonstrated medium to high correlations with well-established
measures. The original factor structure was replicated by all the translations, except for the RPQ,
SF-36v2/-12v2 and some language samples for the PCL-5, most probably due to the factor structure
of the original instruments. The translation of one to two items of the PHQ-9, RPQ, PCL-5, and
QOLIBRI in three languages could be improved in the future to enhance scoring and application at
the individual level. Researchers and clinicians now have access to reliable and valid instruments to
improve outcome assessment after TBI in national and international health care.

Keywords: psychometric properties; patient-reported outcome measures; traumatic brain injury;
classical test theory

1. Introduction

Traumatic brain injury (TBI) causes alterations in brain function, as a result of an
external force [1], for example, due to falls, road traffic accidents, sports, assaults, or
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violence. It is a considerable source of disability and death worldwide. The sequelae of TBI
not only impact the lives of those affected and their relatives on many different levels [2],
but they can also result in high direct and indirect costs [3,4].

Concerning the global prevalence of TBI, the vast majority of individuals experience
mild TBI (70–90%), approximately 10% to 30% suffer from moderate or severe TBI [5,6].
Regardless of the severity, individuals after TBI may suffer from short- or long-term im-
pairments in cognition [7,8], psychosocial functioning [9], health-related quality of life
(HRQoL) [10,11], mental health [12,13], and/or functional disability [14]. These impair-
ments can be assessed using domain-specific outcome measures.

The data analyzed in this study were collected in the international Collaborative
European NeuroTrauma Effectiveness Research in TBI observational study (CENTER-TBI;
clinicaltrials.gov NCT02210221), which has been conducted since 2014 in 18 European
countries and Israel, with enrolment being completed at the six-month outcome assessment
in 2018. This study aimed to capture a contemporary picture of TBI with respect to all
severity groups, its care and outcome, to develop precision medicine approaches and apply
comparative effectiveness research to identify best practices. It provides insights into the
longitudinal detection of somatic, functional, behavioral, psychiatric, cognitive, psycholog-
ical, and psychosocial sequelae after TBI and can serve as a basis for the development of a
new multidimensional assessment approach [15,16].

An important criterion when selecting instruments for research and clinical practice
is their psychometric quality. For most patient-reported outcome measures (PROMs)
administered in the CENTER-TBI study this had not yet been examined in the field of
TBI, nor had the newly translated versions of the instruments been psychometrically
investigated. Hence, the present study aims to investigate the classical psychometric
properties of the newly and previously translated PROMs in the field of TBI administered
in the CENTER-TBI study.

In research and clinical contexts, instruments offer insights into outcome after TBI. The
comparability of the translated instruments with their original version and the validation
in the field of TBI enables the reliable and valid aggregation of data in multi-center national
and international studies on outcomes after TBI.

The study aims are the investigation of:

1. The reliability (total score, scale, and item level) of the PROMs, comparing them with
the values of the original instrument versions to ascertain the quality and comparabil-
ity of the translations and applicability in the field of TBI;

2. The convergent and discriminant validity of the PROMs with established measures
assessing functional recovery after TBI (GOSE), generic HRQoL (SF-36v2/SF-12v2),
and TBI severity (GCS);

3. The factorial validity using confirmatory factor analyses (CFA) to replicate the original
factorial structure of the translated instruments.

2. Materials and Methods

2.1. Participants

Participants were recruited at 63 centers across 18 countries, from 19 December 2014
to 17 December 2017. Ethical approval was secured for each site and informed consent was
obtained from all patients or from their legal representatives. The inclusion criteria for the
core study were a clinical diagnosis of TBI, presentation within 24 h after injury, and an
indication for a computed tomography (CT) scan. Patients were differentiated into three
strata: emergency room (ER; patients primarily evaluated at an ER), admission (ADM;
patients admitted primarily to a hospital ward), and intensive care unit (ICU; patients
who were primarily admitted to an ICU). Further details can be found elsewhere [16].
Data were retrieved from the core 2.1 of the CENTER-TBI database using the data access
tool Neurobot.

The core study sample included 4509 individuals. In the present study, we focused on
participants aged 16 years and above who had completed at least one outcome measure
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at the six months’ assessment after the TBI. The data were collected either on-site at the
hospital by personnel, by face-to-face or telephone interviews (clinical ratings), or via mail
(PROMs) and centrally entered using a web-based electronic case report form.

2.2. Sample Charachteristics

Language, sex, age, education, employment, marital status, and living situation were
selected as sociodemographic characteristics. Samples were then aggregated by language.
More specifically, individuals from German-speaking communities in Austria, Belgium,
and Germany were integrated into the German sample, individuals from French-speaking
communities in Belgium and France into the French sample, and individuals from Dutch-
speaking communities in Belgium or the Netherlands were merged into the Dutch sample.
Only few participants (N = 20) received the outcome questionnaires in a language other
than in the local language of the participating site. These individuals were classified
according to their respective language group: Dutch (7), English (8), German (1), Romanian
(3), and Swedish (1).

The following variables were used to characterize extracranial and brain injuries:
the individuals’ mental health status before the injury, clinical care pathways, cause of
injury, loss of consciousness (LOC), post-traumatic amnesia (PTA), TBI severity (GCS),
abnormalities on computed tomography (CT) scans, total injury severity score (ISS), and
brain injury severity score from the Abbreviated Injury Scale (AIS) [17].

2.3. Pataient-Reported Outcome Measures (PROMs)

Since most instruments applied in the CENTER-TBI study only existed in English,
they had to be translated into the languages of the participating countries following a
formalized approach (i.e., linguistic validation) to ensure their linguistic, cultural and
conceptual comparability in the respective languages [18,19]. For more details, see von
Steinbuechel et al. [20].

The selection of the outcome measures was informed by the Common Data Elements
(CDE) recommendations [21,22]. For six out of eight PROMs (see instrument description
marked with an asterisk * below), at least one translation had to be performed. In this
study, we report psychometrics for all eight PROMs newly and previously translated yet
not validated instruments in the field of TBI.

The Generalized Anxiety Disorder 7 Item Scale (GAD-7)* [23] measures the level of
generalized anxiety disorder using seven items and a four-point Likert scale (from 0 “not
at all” to 3 “nearly every day”). The total score ranges from 0 to 21 with values of 10 and
above indicating impairment and cut-offs of 5, 10, and 15 representing mild, moderate, and
moderately severe to severe anxiety, respectively [23].

The Patient Health Questionnaire (PHQ-9)* [24] assesses self-reported symptoms of
major depression using nine items and a four-point Likert scale (from 0 “not at all” to 3
“nearly every day”). The PHQ-9 total score ranges from 0 to 27 with a score of 10 and above
indicating clinically relevant impairment and cut-offs of 5, 10, 15, and 20 indicating mild,
moderate, moderately severe, and severe depression, respectively [24,25].

Both the GAD-7 and PHQ-9 were available in almost all languages except for Latvian
(GAD-7 and PHQ-9) and Serbian (GAD-7 only). Nevertheless, we conducted analyses on
both instruments to examine their psychometric properties in individuals after TBI.

The Posttraumatic Stress Disorder Checklist-5 (PCL-5)* [26] comprises 20 symptoms
of post-traumatic stress disorder (PTSD) based on the Diagnostic and Statistical Manual
of Mental Disorders, 5th edition (DSM-5) [27], using a five-point Likert scale (from 0
“not at all” to 4 “extremely”). The total score ranges from 0 to 80 with higher values
indicating greater impairment. For clinical screening, either a cut-off score of 31 [28] or 33
is applied [29].

The Rivermead Post-Concussion Symptoms Questionnaire (RPQ)* [30] uses a five-
point Likert scale (from 0 “not experienced at all” to 4 “a severe problem”) to evaluate the
following 16 post-concussion symptoms: headaches, dizziness, nausea and/or vomiting,
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noise sensitivity, sleep disturbance, fatigue, irritability, depression, frustration, forgetfulness
and poor memory, poor concentration, slow thinking, blurred vision, light sensitivity,
double vision, and restlessness. Participants rate how much they have been suffering from
these symptoms during the past 24 h compared with their condition before the accident.
The RPQ total score ranges from 0 to 64 with cut-offs of 13, 25, and 33 indicating mild,
moderate, and severe symptoms, respectively [31].

The Quality of Life after Brain Injury Scale (QOLIBRI)* [32,33] measures TBI-specific
HRQoL in individuals after TBI. It consists of six domains comprising 37 items using a five-
point Likert scale (from 0 “not at all” to 4 “very”). The six domains comprise cognition, self,
daily life and autonomy, social relationships, emotions, and physical conditions. The total
score is transformed linearly to range from 0–100, whereby higher values indicate better TBI-
specific HRQoL [34]. Patients after TBI with a score below 60 may be assumed to display
impaired HRQoL [34]; country-specific reference values can be found elsewhere [35]. For
the QOLIBRI, psychometric criteria of almost all target language versions involved in
the present study (except for Swedish) had already been published [32,36]. The Spanish
translation was published after CENTER-TBI had started [37]. To be congruent with the
analyses of other PROMs, we replicated the psychometric analyses for the nine language
versions of the QOLIBRI.

The Quality of Life after Brain Injury—Overall Scale (QOLIBRI-OS)* [38] is the short
version of the QOLIBRI measuring the physical condition, cognition, emotions, daily
life and autonomy, social relationships, and current and future prospects with using six
items. The items are answered on a five-point Likert scale (from 0 “not at all” to 4 “very”).
Patients after TBI with a score below 52 may be assumed to display impaired HRQoL [34];
country-specific reference values can be found elsewhere [39]. For the QOLIBRI-OS too,
psychometric properties have already been examined in almost all languages, except for
Spanish and Swedish [38]. Here, again, psychometric analyses were replicated in all
languages to be congruent with the other PROMs.

The 36-item Short Form Health Survey—Version 2 (SF-36v2) [40,41]. The SF-36v2
measures subjective health status using 36 items with various response formats for each
of the eight scales (from dichotomous “yes/no” to polytomous five-point Likert scale
responses). The scales can be summed to produce the physical component score (PCS) and
mental component score (MCS) measuring physical and mental functioning, respectively.
Both scores range from 0 to 100 with higher values indicating better HRQoL. The values
can be transformed into T-scores (M = 50, SD = 10) based on a normative U.S. sample. A
value below 47 on a single health domain scale or component summary score is indicative
of functional impairment in comparison to the U.S. population [40].

The 12-Item Short Form Survey—Version 2 (SF-12v2) [42] is a short, 12-item version of
the SF-36v2. The scores range from 0 to 100 with higher values indicating better HRQoL.
The raw values can be transformed into T-scores (M = 50, SD = 10) based on a normative
U.S. sample. However, the authors recommend using country- and group-specific cut-off
values as not every country/group has a mean health of 50 [42,43]. In the CENTER-TBI
study, the SF-12v2 was found to have more missing data than the SF-36v2. Therefore, to
increase the power for the calculation of the PCS and MCS of the SF-12v2, missing values
were replaced by values derived from the respective items of the SF-36v2 and combined
with reported data. For the analyses on the item level, only reported data were used.

The SF-36v2 and SF-12v2 translations were already available in the target languages
and had to be purchased from Optum for one-time use [44]. However, since most translated
versions of both the SF-36v2 and the SF-12v2 were not subjected to psychometric analyses
in the field of TBI, they were included in the analyses of the present study. Both instruments
were also used for validity analyses.

2.4. Clinician-Reported Outcome (ClinRo) and a Clinical Scale

The instruments listed below were used to analyze convergent and discriminant
validity.
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The Glasgow Outcome Scale Extended (GOSE) [45] is a clinician-reported outcome
(ClinRo) of functional recovery after TBI using an eight-point scale (1 = dead, 2 = vegeta-
tive state, 3/4 = lower/upper severe disability, 5/6 = lower/upper moderate disability,
7/8 = lower/upper good recovery) and is based on structured interviews (GOSE) or self-
ratings by individuals after TBI or their proxy (the questionnaire version; GOSE-Q [46]).
Missing GOSE values were centrally replaced by values derived from the GOSE-Q. Since
the GOSE-Q is not able to differentiate between vegetative state and lower severe disability,
GOSE levels 2 and 3 were collapsed into one category. The missing values at six-months
outcome assessments were imputed using a multi-state model; the imputation procedure
is described elsewhere [47]. The GOSE was not subjected to reliability analyses, as it
would require data from independent raters to provide interrater reliability, which was not
available in the CENTER-TBI database.

The Glasgow Coma Scale (GCS) [48] allows healthcare professionals to consistently
evaluate the level of consciousness of individuals after TBI, also classifying the severity of
TBI. The GCS scores range from 3 (no response) to 15 (normal level) with higher values
indicating less impaired consciousness and lower TBI severity. Scores of 13 to 15 indicate
mild TBI, 9 to 12 moderate TBI, and 3 to 8 severe TBI.

2.5. Statistical Analyses

The present study focuses on the analyses of reliability, convergent and discriminant
validity of eight PROMs in nine TBI language samples with enough participants (i.e., at
least 50 participants in the Dutch, English, Finnish, French, German, Italian, Norwegian,
Spanish, and Swedish samples) as well as factorial validity in six samples (i.e., at least
150 participants in the Dutch, English, Finnish, Italian, Norwegian, and Spanish samples).
Figure 1 provides an overview of our psychometric analyses according to the classical test
theoretical (CTT) criteria with the respective cut-off values [49].

Figure 1. Criteria of classical test theoretical psychometric analyses and their application in this study. The white boxes
indicate analyses performed in this study; the grey boxes describe psychometric properties investigated either during
instrument development (i.e., content validity), or alternative methods of retest reliability or parallel form reliability, or
analyses deferred to further studies (i.e., measurement invariance and interpretation).
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2.6. Descriptive Statistics

Descriptive statistics include information on the sample sizes, percentage of missing
data, mean (M), standard deviation (SD), skewness (SK), and kurtosis (KU) for each item
per language version of an instrument and an average of the item characteristics across all
languages. For skewness, values less than −1 or greater than 1 indicate a highly skewed
distribution; values from ±1 to ±0.5 show that the distribution is moderately skewed;
values from −0.5 to +0.5 denote a symmetrical distribution. For asymmetry and kurtosis,
values between −2 and +2 are considered acceptable [50].

2.7. Reliability

For reliability analyses, researchers often accept data of 30 participants as being
sufficient to detect a required minimal effect of 0.70 as a cut-off value for reliability coeffi-
cients [51]. However, some researchers argue that larger sample sizes are required to avoid
bias [51,52]. In the present study, reliability coefficients were therefore only calculated if the
sample size comprised at least 50 individuals per language, to provide more robust results.

To examine the reliability of each instrument, Cronbach’s alpha, split-half reliability
with the Spearman–Brown correction (odd vs. even items), and Cronbach’s alpha if an
item is omitted were reported. Both, the split-half reliability and the Cronbach’s alpha
if item omitted were calculated for scales with at least three items. Although different
recommendations in terms of cut-off points for the Cronbach’s alpha do exist, there is an
agreement that in group comparisons Cronbach’s alpha should reach at least a value of
0.70 implying acceptable internal consistency [53]; an alpha above 0.90 indicates excellent
internal consistency [54]. The Cronbach’s alpha value, if an item has been omitted, should
not exceed the total Cronbach’s alpha of a scale. A value higher than the total Cronbach’s
alpha indicates that the excluded item decreases the reliability of the instrument and
requires further revision [55].

To evaluate the discriminating ability of the items, item–total correlations either at
the scale or at the total score level, or both were calculated. A correlation coefficient of
0.30, corresponding to a medium effect size, was chosen as the cut-off criterion, based
on the guidelines for effect size proposed by Cohen [56,57]. An item–total correlation
below 0.30 implies that the item cannot discriminate well between high-performing and
low-performing individuals. Furthermore, low item–total correlations, especially at the
scale level, may identify irregularities of the factorial structure of an instrument.

2.8. Validity
2.8.1. Convergent and Discriminant Validity

All language samples analyzed in this study included at least 50 observations, which
is recommended for validity analyses [58].

Spearman correlation coefficients were used to examine associations between the
GOSE, physical (PCS) and the mental component score (MCS) of the SF-36v2 and SF-12v2,
and the total scores/domain-specific scores of all other measures.

Discriminant validity was investigated by calculating Spearman correlation coeffi-
cients for the GCS and the total and scale scores of all instruments, to be in line with
analyses already provided in the field of TBI [59]. To evaluate the strength of correlations,
the Cohen criteria [56,57] were applied to identify small (0.10), medium (0.30), and large
(0.50) effect sizes.

2.8.2. Factorial Validity

Factorial validity was examined by means of confirmatory factor analyses (CFA) and
a robust weighted least squares estimator (WLSME) for ordinal data, whereby only the
original factor structure of the instruments was analyzed. Therefore, one-factor solutions
were estimated for the GAD-7 [23], the PHQ-9 [24], the RPQ [30], and the QOLIBRI-OS [38].
For the other instruments, respective multiple scale models were inspected: a four-factor
model for the PCL-5 [26], a five-factor model for the QOLIBRI [32], an eight-factor model
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with two second-order factors for the SF-36v2 [40], and finally, a two-factor model for
the SF-12v2 [42]. In CFA analyses, samples should comprise at least 150 observations
to provide stable results [60]. Therefore, only language samples fulfilling this criterion
were analyzed.

The model fit was evaluated based on the following fit indices using the respective cut-
off values (in paratheses): χ2 statistics with respective p-values (p > 0.01) [61], comparative
fit index (CFI > 0.95) [62], Tucker–Lewis index (TLI > 0.95 [63]) root mean square error
of approximation (RMSEA < 0.06) [64] with a 90-percent confidence interval (CI), and
standardized root mean square residual (SRMR < 0.08) [63]. As some of the fit indices
may be biased (e.g., χ2 test can be influenced by large sample size [61]), all indices were
considered simultaneously to evaluate the model fit. Furthermore, item loadings over 0.50
were considered acceptable and over 0.70 desirable [53].

Analyses were performed using the packages psych [65] for psychometric characteris-
tics and lavaan [66] for the factorial validity analyses applying the R version 4.0.2 [67].

2.9. Comparability of the Translated Versions

To evaluate the quality of the translated versions of the eight PROMs, psychometric
criteria obtained from the CENTER-TBI language samples were compared with those
reported for the original English instrument versions. For this purpose, a systematic
literature search was carried out. Psychometric characteristics were compared with those
obtained from the original validation studies in the original populations, for which the
respective instrument was developed. If available, they were also compared with the
validation studies in the field of TBI. If the original articles did not provide information on
all coefficients, these were retrieved from more recent studies.

These comparisons were confined to the reliability coefficients (i.e., Cronbach’s alpha
coefficients, split-half or test–retest reliability), as validity testing in the original studies
was performed using instruments not applied in the CENTER-TBI study. Instruments
showing reliability within the same ranges (i.e., <0.70—acceptable, 0.70–0.89—good, ≥0.90—
excellent) or higher in both original and the PROMs applied in the CENTER-TBI study
were considered comparable.

3. Results

3.1. Sample Characteristics

For the CENTER-TBI study, eight PROMs were translated or already available in
20 target languages (Figure 2). As some countries withdrew from the project early (Bulgar-
ian and Czech centers) or no participants were recruited (Arabic and Russian), 16 countries
participated in the study. Seven out of 16 language samples (i.e., Danish, Hungarian,
Hebrew, Lithuanian, Latvian, Romanian, and Serbian) were not psychometrically analyzed
due to a low number of observations (N < 50). Additionally, three language samples
(French, Norwegian, Swedish) had to be excluded from the reliability analyses of the
SF-12v2, also because of insufficient sample sizes. For the factorial validity, six language
samples comprising at least N = 150 observations (i.e., Dutch, English, Finnish, Italian,
Norwegian, and Spanish) were investigated for all instruments except for the SF-12v2, as
only three SF-12v2 language samples (i.e., Dutch, Finnish, and Spanish) fulfilled the sample
size criteria.

The number of participants varied between PROMs, since not every participant filled
in each instrument at the six-months outcome assessment. Sample characteristics for
each instrument and language are provided in the Online Supplement (OS 1: Sample
characteristics, Tables S1–S8). A brief overview on the sample compositions used for the
analyses is presented in Figure 2. Appendix A (Table A1) provides additional information
on the number of participants for the validity analyses using the GOSE and the GCS.
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Figure 2. Number of participants for each PROM and language.
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3.2. Reliability and Comparability of the PROMs

Reliability coefficients for the total and scale scores of the PROMs are shown below.
Item characteristics as well as reliability coefficients on the item level are reported in the
respective tables in the Online Supplement 2 (OS-2 Reliability, Tables S1–S8).

3.2.1. GAD-7

All translations analyzed were available prior to the CENTER-TBI study. Item scores
for the GAD-7 were not normally distributed (SK: M = 1.64, SD = 0.51; KU: M = 2.40,
SD = 2.22) across all languages. At the item level, most items were moderately to strongly
correlated with the total score of the GAD-7 in most languages (0.36 to 0.89). When calcu-
lating Cronbach’s alpha if item omitted, all values were smaller than the total Cronbach’s
alpha across all languages. The values of the split-half reliability ranged from 0.70 to 0.90
across all languages. On the total score level, all translations revealed Cronbach’s alpha
and split-half reliability values comparable to the results of the original English versions in
a non-TBI population (i.e., patients from 15 primary care sites [23]) except for the Finnish,
German, Spanish, and Swedish versions showing Cronbach’s alpha values slightly lower
than 0.90, but over 0.80. The reliability results were within the same or higher range (0.70
to 0.89 and ≥0.90) compared to the validation in an English TBI sample [68] (see Table 1).

Table 1. Reliability of the GAD-7: Comparison of the CENTER-TBI results with the values from the original English
validation study and the first English validation study in the field of TBI.

GAD-7
CENTER-TBI 1 Original English Version 2

Dutch English Finnish French German Italian Norwegian Spanish Swedish Non-TBI TBI

N 584 214 207 109 78 266 253 253 60 2740 1838

Cronbach’s alpha 0.92 0.90 0.86 0.94 0.84 0.92 0.90 0.89 0.86 0.92 0.88

N 584 214 207 109 78 266 253 253 60 591 -

Split-half or
test–retest
reliability 3

0.93 0.91 0.89 0.95 0.85 0.95 0.93 0.93 0.83 0.83 -

Note. 1 Reliability coefficients obtained from the CENTER-TBI study sample. 2 Reliability coefficients from the original English validation
of the GAD-7 in a non-TBI sample [23], and from the first English validation in a TBI sample [68]. 3 Split-half reliability (CENTER-TBI data),
test–retest reliability provided by original studies; N = number of cases; values in bold represent at least satisfactory reliability (≥0.70).

3.2.2. PHQ-9

All analyzed PHQ-9 translations were available prior to the CENTER-TBI study. The
items of the PHQ-9 were not normally distributed (SK: M = 1.66, SD = 0.80; KU: M = 2.71,
SD = 3.85) across all languages. At the item level, all items were moderately to highly
correlated with the total scores of the PHQ-9 across all languages, except for Swedish.
Here, the item “Moving or speaking so slowly that other people could have noticed” had a low
correlation (r = 0.18) with the total score. At the total score level, the Cronbach’s alpha
values were above 0.70 (0.78 to 0.89) in every language. When calculating Cronbach’s alpha
if item omitted, no value exceeded the total Cronbach’s alpha. The values of the split-half
reliability ranged from 0.85 to 0.90. Reliability coefficients were comparable (i.e., ranged
from 0.70 to 0.89 and above) with those obtained from the original English publication in a
non-TBI population (i.e., primary care patients from five general health clinics and three
family practice clinics) [24]. The Cronbach’s alpha coefficients calculated from CENTER-
TBI data were slightly lower compared with the results from the first English validation
study in a TBI sample [69], whereas the results of the split-half reliability were within a
comparable range [70] (see Table 2).
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Table 2. Reliability of the PHQ-9: Comparison of the CENTER-TBI results with the values from the original English
validation study and the first English validation study in the field of TBI.

PHQ-9
CENTER-TBI 1 Original English Version 2

Dutch English Finnish French German Italian Norwegian Spanish Swedish Non-TBI TBI

N 587 214 206 107 81 265 254 253 60 3000 168 †

Cronbach’s alpha 0.88 0.88 0.86 0.87 0.85 0.89 0.89 0.88 0.78 0.89 0.91 †

N 587 214 206 107 81 265 254 253 60 580 132 ‡

Split-half or
test–retest
reliability 3

0.90 0.90 0.92 0.91 0.90 0.91 0.91 0.91 0.85 0.84 0.76 ‡

Note. 1 Reliability coefficients (CENTER-TBI study sample). 2 Reliability coefficients (original English validation of the PHQ-9 in a non-TBI
sample [24] and from two English validations in TBI samples) † Cronbach’s alpha [69] and ‡ test–retest reliability [70]. 3 Split-half reliability
(CENTER-TBI data), test–retest reliability provided by original studies; N = number of cases; values in bold represent at least satisfactory
reliability (≥0.70).

3.2.3. PCL-5

All but the Norwegian version of the PCL-5 were translated for the CENTER-TBI study.
The items of the PCL-5 were not normally distributed (SK: M = 1.75, SD = 0.66; KU: M =
2.70, SD = 2.99) across all languages. At the scale (i.e., DSM-5 cluster) level, most items had
medium to high correlations with the cluster total scores of the PCL-5 across all languages.
Only the item “Trouble remembering important parts of the stressful experience” displayed
borderline correlations with the total cluster scores in French (r = 0.20), Norwegian (r =
0.28), and Swedish (r = 0.28) language samples. The internal consistency was satisfactory to
excellent (0.74 to 0.92) at the cluster level. All split-half reliability coefficients demonstrated
at least satisfactory reliability (i.e., ≥0.70). At the total score level, the values of the
Cronbach’s alphas ranged from 0.91 to 0.94 in all languages. The Cronbach’s alphas if
item omitted did not exceed the values of the initial Cronbach’s alpha except for the item
“Trouble remembering important parts of the stressful experience” in all but English and German
language samples. The split-half reliability was excellent (0.92 to 0.96) across all languages.
Cronbach’s alpha coefficients on the total score and the cluster level were comparable to
the original English validation results in a non-TBI sample (i.e., undergraduate students
having experienced a stressful life event [26] and military service members [71]) in all
translations. No publications on psychometric properties of the PCL-5 in the field of TBI
samples were found (see Table 3).

Table 3. Reliability of the PCL-5: Comparison of the CENTER-TBI results with the values from the original English
validation study.

PCL-5
DSM-5
Cluster

CENTER-TBI 1 Original English Version 2

Dutch * English Finnish * French * German * Italian * Norwegian Spanish * Swedish * Non-TBI TBI

N - 586 213 212 110 76 261 248 256 57 278 † -

Cronbach’s
alpha

B 0.90 0.89 0.81 0.89 0.88 0.90 0.90 0.88 0.88 0.80

-
C 0.79 0.83 0.78 0.92 0.77 0.90 0.82 0.82 0.82 0.83
D 0.85 0.84 0.79 0.83 0.78 0.83 0.79 0.87 0.80 0.82
E 0.79 0.81 0.83 0.83 0.74 0.83 0.82 0.84 0.76 0.75

Total 0.93 0.94 0.92 0.93 0.92 0.95 0.93 0.94 0.91 0.94 † /0.92

N - 586 213 212 110 76 261 248 256 57 53/912 -

Split-half or
test–retest

reliability 3

B 0.92 0.91 0.86 0.91 0.91 0.92 0.92 0.88 0.84 0.80

-
C - - - - - - - - - 0.83
D 0.87 0.87 0.83 0.84 0.86 0.85 0.83 0.89 0.85 0.82
E 0.84 0.85 0.84 0.85 0.78 0.85 0.86 0.90 0.88 0.75

Total 0.96 0.95 0.94 0.94 0.92 0.95 0.95 0.96 0.92 0.82 † /0.91

Note. * Instruments translated and linguistically validated for the CENTER-TBI study. 1 Reliability coefficients (CENTER-TBI study sample).
2 Reliability coefficients (original English validation of the PCL-5 in a non-TBI sample on the † total score level [26]) and on the total score
and cluster level [71]. 3 Split-half reliability (CENTER-TBI data), test–retest reliability provided by original studies; DSM-5 clusters: B =
Intrusion; C = Avoidance; D = Negative alterations in cognition and mood; E = Hyperarousal; Cronbach’s alpha and split-half reliability not
reported due to the scale length (two items); N = number of cases; values in bold represent at least satisfactory reliability (≥0.70).
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3.2.4. RPQ

All but the German and Norwegian versions of the RPQ were translated for the
CENTER-TBI study. The item score distributions of the RPQ were skewed (SK: M = 1.31,
SD = 0.83; KU: M = 1.37, SD = 4.07) across all languages. At the item level, most items
displayed medium to high correlations with the total scores of the RPQ. In the German
translation, the item “Double Vision” had a borderline correlation with the total score of
the RPQ (r = 0.25). The item “Nausea” of the German and Swedish translations displayed
rather low correlations (r = 0.25 and r = 0.24, respectively) with the total score.

At the scale level, however, the values of the Cronbach’s alpha and the split-half
reliability were above 0.70 across all languages. No comparisons between the original
and the translated language versions can be provided for the internal consistency, as
no information was available concerning Cronbach’s alpha in the English RPQ version
investigated in a TBI sample. Moreover, further studies on the RPQ [31,72,73] provided
no information on the internal consistency, as they focused on the factorial structure of
the questionnaire. The test–retest reliability scores in the original study were comparable
to the split-half reliability results of the English and Finnish language samples from the
CENTER-TBI study. The split-half reliability of all other translations was slightly above
0.90 except for the Swedish version (αCronbach = 0.82). For details, see Table 4.

Table 4. Reliability of the RPQ: Comparison of the CENTER-TBI results with the values from the original English validation
study in the field of TBI.

RPQ
CENTER-TBI 1

Original
English

Version 2

Dutch * English Finnish * French * German Italian * Norwegian Spanish * Swedish * TBI

N 597 223 213 115 80 268 263 254 59 41

Cronbach’s alpha 0.93 0.92 0.92 0.92 0.89 0.91 0.92 0.92 0.89 -

N 597 223 213 115 80 268 263 254 59 -

Split-half or
test–retest
reliability 3

0.94 0.95 0.95 0.94 0.93 0.94 0.93 0.92 0.82 0.90

Note. * Instruments translated and linguistically validated for the CENTER-TBI study. 1 Reliability coefficients (CENTER-TBI study
sample). 2 Reliability coefficients from the original English validation of the RPQ in a TBI sample [30]. 3 Split-half reliability (CENTER-TBI
data), test–retest reliability (original validation study); N = number of cases; values in bold represent at least satisfactory reliability (≥0.70).

3.2.5. QOLIBRI

At the total score level, Cronbach’s alpha and the split-half reliability coefficients of all
translated QOLIBRI versions were above 0.90. Item–total correlations displayed medium
to high correlations with the total score except for the German version. Here, the item
“How bothered are you by feeling angry or aggressive” revealed a low correlation with the total
score (r = 0.25). Below, item distributions and reliabilities are reported for each subscale.

Cognition. The items were almost normally distributed (SK: M = −0.91, SD = 0.34;
KU: M = 0.46, SD = 0.78) across all languages and highly correlated with the total score
of the Cognition scale across all languages (0.62 to 0.84). At the scale level, all reliability
coefficients were excellent (Cronbach’s alpha: 0.91 to 0.93; split-half-reliability: 0.90 to 0.94).

Self. The items were approximately normally distributed (SK: M = −0.68, SD = 0.27;
KU: M = −0.11, SD = 0.65) in all languages and correlated highly with the scale score (0.64
to 0.88). Reliability coefficients were excellent (Cronbach’s alpha: 0.92 to 0.94; split-half
reliability: 0.92 to 0.96).

Daily Life and Autonomy. Across all languages, items were nearly normally distributed
(SK: M = −0.97, SD = 0.36; KU: M = 0.18, SD = 0.91). Items correlated highly with the scale
scores (0.61 to 0.86). Reliability coefficients were excellent (Cronbach’s alpha: 0.90 to 0.94;
split-half reliability: 0.92 to 0.96).

Social Relationships. In general, item scores were normally distributed (SK: M = −1.02,
SD = 0.40; KU: M = 0.61, SD = 1.25) across all languages. Correlations for item and scale
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scores ranged from 0.39 to 0.80. Reliability results were satisfactory to excellent for all
translated versions (Cronbach’s alpha: 0.76 to 0.89; split-half reliability: 0.86 to 0.95).

Emotions. On average, the items were nearly normally distributed (SK: M = −1.01,
SD = 0.48; KU: M = 0.25, SD = 1.20) for all languages. All items were moderately to highly
correlated with the total scores of the scale across all languages (0.52 to 0.82). At the scale
level, reliability results were good to excellent (Cronbach’s alpha: 0.82 to 0.89; split-half
reliability: 0.86 to 0.90).

Physical. The item distributions were close to a normal distribution (SK: M = −0.89,
SD = 0.38; KU: M = −0.23, SD = 0.88) across all languages. All coefficients were satisfactory
to good across all languages on the item (item–total correlation: 0.35 to 0.74) as well as on
the scale level (Cronbach’s alpha: 0.76 to 0.88; split-half reliability: 0.76 to 0.88).

All reliability coefficients were comparable (i.e., within the same or higher range)
to those reported in the original publication on a TBI population. As the QOLIBRI was
developed for use in the TBI field, no validation studies in non-TBI populations are reported
(see Table 5).

Table 5. Reliability of the QOLIBRI: Comparison of the CENTER-TBI results with the values from the original English
validation study in the field of TBI.

QOLIBRI Scale
CENTER-TBI 1

Original
English

Version 2

Dutch English Finnish French German Italian Norwegian Spanish Swedish TBI

N - 583 224 207 104 77 271 247 255 57 97

Cronbach’s
alpha

Cognition 0.92 0.92 0.92 0.93 0.91 0.93 0.93 0.92 0.92 0.92
Self 0.92 0.92 0.94 0.94 0.92 0.94 0.93 0.93 0.92 0.90

Daily life 0.93 0.93 0.92 0.93 0.93 0.94 0.90 0.94 0.92 0.93
Social 0.86 0.88 0.85 0.89 0.87 0.88 0.84 0.84 0.76 0.88

Emotions 0.87 0.85 0.82 0.89 0.86 0.86 0.85 0.86 0.86 0.88
Physical 0.79 0.79 0.79 0.81 0.76 0.85 0.82 0.84 0.75 0.80

Total 0.96 0.96 0.96 0.97 0.96 0.97 0.96 0.96 0.95 0.97

N - 583 224 207 104 77 271 247 255 57 56

Split-half
or test–
retest

reliability
3

Cognition 0.90 0.91 0.93 0.94 0.92 0.94 0.92 0.91 0.92 0.80
Self 0.93 0.94 0.96 0.95 0.92 0.95 0.94 0.94 0.93 0.83

Daily life 0.95 0.95 0.94 0.94 0.95 0.94 0.92 0.95 0.96 0.77
Social 0.88 0.91 0.86 0.95 0.90 0.89 0.86 0.89 0.86 0.79

Emotions 0.89 0.86 0.87 0.90 0.89 0.88 0.88 0.89 0.88 0.76
Physical 0.78 0.76 0.78 0.80 0.83 0.88 0.83 0.86 0.77 0.83

Total 0.97 0.98 0.98 0.98 0.98 0.98 0.98 0.97 0.98 0.88

Note. 1 Reliability coefficients (CENTER-TBI study sample). 2 Reliability coefficients (original English validation of the QOLIBRI in a
TBI sample [32]). 3 Split-half reliability (CENTER-TBI data), test–retest reliability (original study); N = number of cases; values in bold
represent at least satisfactory reliability (≥0.70).

3.2.6. QOLIBRI-OS

The items of the QOLIBRI-OS were close to being normally distributed (SK: M = −0.71,
SD = 0.23; KU: M = −0.05, SD = 0.53) and were moderately to highly correlated with the
total scores of the QOLIBRI-OS (0.59 to 0.83) across all languages. At the total score level,
the Cronbach’ alpha values were close to or above 0.90 (0.88 to 0.92), and the split-half
reliability ranged from 0.90 to 0.94. Moreover, the values of the Cronbach’s alpha if item
omitted were smaller than the Cronbach’s alpha in each language. The reliabilities of
the translated versions were in general within the same range as those of the original
ones. The split-half coefficients were greater than the test–retest reliability of the original
QOLIBRI-OS. For details, see Table 6.
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Table 6. Comparison of the CENTER-TBI results with the values from the original English validation study in the field
of TBI.

QOLIBRI-OS
CENTER-TBI 1

Original
English

Version 2

Dutch English Finnish French German Italian Norwegian Spanish Swedish TBI

N 602 239 227 109 84 280 261 265 63 97

Cronbach’s
alpha 0.91 0.90 0.92 0.90 0.88 0.91 0.92 0.90 0.91 0.91

N 602 239 227 109 84 280 261 265 63 54

Split-half or
test–retest
reliability 3

0.92 0.92 0.94 0.94 0.90 0.92 0.92 0.93 0.93 0.69

Note. 1 Reliability coefficients (CENTER-TBI study sample). 2 Reliability coefficients (original English validation of the QOLIBRI-OS in a
TBI sample [38]). 3 Split-half reliability (CENTER-TBI data), test–retest reliability (original study); N = number of cases; values in bold
represent at least satisfactory reliability (≥0.70).

3.2.7. SF-36v2

All SF-36v2 translations were available prior to the CENTER-TBI study. The instru-
ment was investigated on the scale and item level and with respect to the mental (MCS)
and physical (PCS) component score.

Physical Functioning (PF). The items were not normally distributed (SK: M = −1.46,
SD = 0.88; KU: M = 1.65, SD = 3.27) across all languages. Items were moderately to
highly correlated with the scale score across all languages (0.56 to 0.91). At the scale
level, all reliability coefficients showed excellent results (Cronbach’s alpha: 0.92 to 0.95;
split-half-reliability: 0.95 to 0.98).

Role-Physical (RP). The items were almost normally distributed (SK: M = -0.50, SD = 0.35;
KU: M = −0.90, SD = 0.45) across all languages and highly correlated with the scale score
across all languages (0.83 to 0.93). At the scale level, all reliability coefficients were excellent
(Cronbach’s alpha: 0.94 to 0.96; split-half-reliability: 0.94 to 0.97).

Bodily Pain (BP). The items were almost normally distributed (SK: M = −0.65, SD = 0.33;
KU: M = −0.60, SD = 0.59) across all languages and highly correlated with the scale score
across all languages (0.78 to 0.83). At the scale level, all reliability coefficients showed
were good to excellent (Cronbach’s alpha: 0.86 to 0.89). The split-half reliability was not
calculated because of the scale length (two items).

General Health (GH). The items were normally distributed (SK: M = −0.60, SD = 0.53;
KU: M = −0.31, SD = 0.88) across all languages. Items were moderately to highly correlated
with the scale score across all languages (0.37 to 0.78). At the scale level, Cronbach’s
alpha was satisfactory to good (0.73 to 0.84). The split-half reliability of the English,
German, Norwegian, Spanish, and Swedish samples was low to borderline (0.59 to 0.69)
and satisfactory for the other languages (0.70 to 0.78).

Vitality (VT). The items were normally distributed (SK: M = −0.28, SD = 0.25; KU:
M = −0.50, SD = 0.37) across all languages and moderately to highly correlated with the
scale score across all languages (0.48 to 0.78). At the scale level, all reliability coefficients
were good to excellent (Cronbach’s alpha: 0.83 to 0.88; split-half reliability: 0.85 to 0.95).

Social Functioning (SF). The items were normally distributed (SK: M = −0.89, SD = 0.34;
KU: M = −0.12, SD = 0.83) across all languages. The items were highly correlated with the
scale score across all languages (0.69 to 0.81). Cronbach’s alpha was good to excellent (0.81
to 0.90); split-half reliability was not calculated because of the scale length (two items).

Role Emotional (RE). Across all languages, items were nearly normally distributed (SK:
M = −1.00, SD = 0.40; KU: M = 0.09, SD = 0.91) in all language samples. They were highly
correlated with the scale score across all languages (0.72 to 0.92). At the scale level, all
reliability coefficients were excellent (Cronbach’s alpha: 0.90 to 0.95; split-half reliability:
0.91 to 0.96).
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Mental Health (MH). The items were close to being normally distributed (SK: M = −0.80,
SD = 0.45; KU: M = 0.22, SD = 1.11) across all languages. They were moderately to highly
correlated with the scale score across all languages (0.48 to 0.83). At the scale level, all
reliability coefficients were good to excellent (Cronbach’s alpha: 0.83 to 0.89; split-half
reliability: 0.81 to 0.92).

The internal consistency of the translated versions of the SF-36v2 was comparable to
the original English version, which was validated in a U.S. general population [40,41]. The
Cronbach’s alpha coefficients on the scale levels were within the same ranges or above.
The split-half reliability coefficients were within the same or higher ranges compared to the
original version. Despite the wide application of the SF-36v2, no studies on psychometric
properties of the English version in the field of TBI for the English version were found.

Physical Component Score (PCS). Items were moderately to highly correlated with the
PCS (0.35 to 0.87) except for the item “I expect my health to get worse” in the English version
(r = 0.23). Cronbach’s alpha ranged from 0.32 to 0.95 and the split-half reliability coefficients
from 0.93 to 0.95. When omitting an item, the newly calculated Cronbach’s alpha did not
exceed the initial value in any language sample. The reliability coefficients were within the
same or higher range compared with the psychometric properties of the original SF-36v2.

Mental Component Score (MCS). The items were moderately to highly correlated with
the MCS (0.43 to 0.88). Cronbach’s alpha (0.92 to 0.95) and split-half coefficients (0.95 to
0.98) indicted a high reliability. When omitting an item, the newly calculated Cronbach’s
alpha values did not exceed the initial one. Here, again, the reliability of the instrument
translations was comparable (i.e., was within the same or higher range) with the results
obtained from the original validation study (see Table 7).

Table 7. Reliability of the SF-36v2: Comparison of the CENTER-TBI results with the values from the original English
validation study.

SF-36v2 Scale
CENTER-TBI 1 Original English

Version 2

Dutch English Finnish French German Italian Norwegian Spanish Swedish Non-TBI TBI

N - 579 220 214 110 78 270 254 255 57 4024–
4036 -

Cronbach’s
alpha

PF 0.94 0.94 0.93 0.94 0.92 0.95 0.93 0.94 0.95 0.94

-

RP 0.95 0.95 0.94 0.95 0.95 0.96 0.96 0.96 0.95 0.96
BP 0.89 0.87 0.88 0.88 0.89 0.88 0.87 0.87 0.86 0.87
GH 0.81 0.81 0.84 0.84 0.77 0.81 0.79 0.79 0.73 0.82
VT 0.83 0.87 0.88 0.85 0.85 0.86 0.86 0.83 0.88 0.87
SF 0.82 0.87 0.87 0.90 0.81 0.82 0.87 0.87 0.88 0.84
RE 0.94 0.90 0.91 0.94 0.92 0.94 0.95 0.94 0.93 0.93
MH 0.87 0.83 0.87 0.89 0.85 0.87 0.85 0.86 0.89 0.87
HT - - - - - - - - - -
PCS 0.94 0.94 0.94 0.94 0.93 0.95 0.93 0.95 0.94 0.96
MCS 0.94 0.93 0.94 0.95 0.94 0.94 0.94 0.94 0.94 0.93

N - 579 220 214 110 78 270 254 255 57 147 -

Split-half
or

test–retest
reliability 3

PF 0.97 0.97 0.97 0.97 0.95 0.98 0.96 0.97 0.97 0.85

-

RP 0.96 0.94 0.95 0.95 0.97 0.97 0.97 0.97 0.97 0.78
BP - - - - - - - - - 0.71
GH 0.72 0.69 0.78 0.75 0.65 0.74 0.68 0.67 0.59 0.87
VT 0.85 0.90 0.94 0.95 0.89 0.89 0.89 0.91 0.92 0.75
SF - - - - - - - - - 0.70
RE 0.95 0.93 0.91 0.96 0.95 0.95 0.95 0.93 0.93 0.61
MH 0.86 0.82 0.86 0.84 0.86 0.85 0.81 0.83 0.92 0.76
HT - - - - - - - - - -
PCS 0.96 0.96 0.97 0.97 0.94 0.97 0.95 0.97 0.96 0.88
MCS 0.96 0.95 0.96 0.97 0.97 0.97 0.96 0.95 0.98 0.79

Note. 1 Reliability coefficients (CENTER-TBI study sample). 2 Reliability coefficients (original English validation of the QOLIBRI in a
non-TBI sample [41]). 3 Split-half reliability (CENTER-TBI data), test–retest reliability (original validation study); Cronbach’s alpha and
split-half reliability are not reported due to the scale length (two items); PF = Physical functioning; BP = Bodily Pain; GH = General Health;
VT = Vitality; SF = Social Functioning; RE = Role-Emotional; MH = Mental Health; HT = Reported Health Transition; PCS = Physical
Component Score; MCS = Mental Component Score; split-half reliability not reported for the BP and SF scales due to the scale length
(two items); no psychometric properties reported for the HT scale due to the scale length (one item); N = number of cases; values in bold
represent at least satisfactory reliability (≥0.70).
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3.2.8. SF-12v2

All SF-12v2 translations were available prior to the CENTER-TBI study. Many of the
scales of the SF-12v2 consist of two items (PF, RP, RE, MH), and some include one item (BP,
VT, SF, GH); therefore, the reliability coefficients are provided on the physical (PCS) and
mental (MCS) component score level.

Physical Component Score (PCS). The items were close to being normally distributed
(SK: M = −0.54, SD = 0.47; KU: M = −0.64, SD = 0.55) across all languages. On the item
level, all items correlated moderately to highly with the PCS (0.55 to 0.89). At the scale
level, all reliability coefficients were good to excellent (Cronbach’s alpha: 0.86 to 0.94;
split-half-reliability: 0.88 to 0.92).

Mental Component Score (MCS). The items were close to being normally distributed
(SK: M = −0.67, SD = 0.35; KU: M = −0.32, SD = 0.49) across all languages and correlated
moderately to highly with the MCS (0.55 to 0.89). At the scale level, all reliability coefficients
were good to excellent (Cronbach’s alpha: 0.86 to 0.94; split-half-reliability: 0.88 to 0.92).

The reliability of the translated versions of the SF-12v2 was comparable to the original
English version, which was validated in a general U.S. population [42]. The split-half
reliability coefficients (using the CENTER-TBI data) were within the higher range for both
component scores compared with the original version. Despite the wide application of the
SF-12v2, no studies on psychometric properties of the English version in the field of TBI
were found (see Table 8).

Table 8. Reliability of the SF-12v2: Comparison of the CENTER-TBI results with the values from the original English
validation study.

SF-12v2
Component

Score

CENTER-TBI 1 Original English
Version 2

Dutch English Finnish German Italian Spanish Non-TBI TBI

N - 241 54 172 68 138 210 4002 -

Cronbach’s alpha PCS 0.86 0.91 0.90 0.89 0.89 0.91 0.92 -
MCS 0.89 0.90 0.86 0.94 0.89 0.89 0.88

N - 241 54 172 68 138 210 215 -

Split-half or test–retest
reliability 3

PCS 0.91 0.95 0.92 0.92 0.94 0.95 0.85 -
MCS 0.89 0.90 0.88 0.92 0.89 0.92 0.67

Note. French, Norwegian, and Swedish language samples were excluded from the reliability analyses due to the low number of participants
(N < 50). 1 Reliability coefficients (CENTER-TBI study sample). 2 Reliability coefficients (original English validation of the SF-12v2 in a
non-TBI sample [42]). 3 Split-half reliability (CENTER-TBI study), test–retest reliability (original validation study); N = number of cases;
PCS = Physical Component Score; MCS = Mental Component Score; values in bold represent at least satisfactory reliability (≥0.70).

3.3. Validity
3.3.1. Convergent and Discriminant Validity

Validity coefficients for all PROMs and the PCS and MCS of the SF-36v2 and the
SF-12v2 are provided on the total score level (see Table 9). For details concerning the
validity of the PCL-5, the QOLIBRI, and the SF-36v2 on the scale level, see Appendix B
Tables A2–A4.

Most instruments indicating a degree of impairment (i.e., GAD-7, PHQ-9, PCL-5, and
RPQ) displayed medium to high negative correlations with the PCS of the SF-36v2 (−0.30
to −0.82). Some exceptions were observed in the English (rS = −0.15) and the Swedish
(rS = −0.12) versions of the GAD-7, as well as in the French version (rS = −0.25) of the
PCL-5 which demonstrated low negative correlations. For the instruments measuring
disease-specific HRQoL after TBI (i.e., the QOLIBRI and the QOLIBRI-OS) medium to high
positive correlations with the SF-36v2 PCS domain (0.49 to 0.65) were found across all
languages.
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Table 9. Convergent and discriminant validity of the GAD-7, PHQ-9, PCL-5, RPQ, QOLIBRI, and QOLIBRI-OS with the
SF-36v2, the SF-12v2, the GOSE, and the GCS.

Convergent Validity Discriminant Validity

Instrument
Language/

Value
SF-36v2 PCS

SF-36v2
MCS

SF-12v2 PCS
SF-12v2

MCS
GOSE GCS

GAD-7

Dutch −0.31 −0.71 −0.27 −0.70 −0.41 −0.11
English −0.15 −0.76 −0.15 −0.71 −0.36 −0.04
Finnish −0.35 −0.73 −0.34 −0.69 −0.52 −0.20
French −0.33 −0.78 −0.26 −0.74 −0.35 −0.09

German −0.45 −0.74 −0.31 −0.72 −0.24 0.01
Italian −0.31 −0.77 −0.27 −0.74 −0.30 0.06

Norwegian −0.33 −0.74 −0.29 −0.72 −0.32 0.07
Spanish −0.38 −0.72 −0.40 −0.68 −0.39 −0.04
Swedish −0.12 −0.65 −0.22 −0.63 −0.54 −0.30

M −0.30 −0.73 −0.28 −0.70 −0.38 −0.07
Max −0.12 −0.65 −0.15 −0.63 −0.24 0.07
Min −0.45 −0.78 −0.40 −0.74 −0.54 −0.30
SD 0.10 0.04 0.07 0.04 0.10 0.12

PHQ-9

Dutch −0.46 −0.74 −0.43 −0.71 −0.49 −0.14
English −0.33 −0.77 −0.32 −0.74 −0.47 −0.13
Finnish −0.47 −0.77 −0.50 −0.71 −0.56 −0.07
French −0.39 −0.83 −0.36 −0.79 −0.41 −0.19

German −0.60 −0.61 −0.56 −0.68 −0.45 0.06
Italian −0.45 −0.73 −0.43 −0.70 −0.41 −0.01

Norwegian −0.44 −0.76 −0.38 −0.76 −0.37 0.02
Spanish −0.49 −0.76 −0.49 −0.74 −0.44 −0.04
Swedish −0.43 −0.68 −0.52 −0.67 −0.63 −0.33

M −0.45 −0.74 −0.44 −0.72 −0.47 −0.09
Max −0.33 −0.61 −0.32 −0.67 −0.37 0.06
Min −0.60 −0.83 −0.56 −0.79 −0.63 −0.33
SD 0.07 0.06 0.08 0.04 0.08 0.12

PCL-5

Dutch * −0.39 −0.63 −0.36 −0.62 −0.45 −0.20
English −0.29 −0.71 −0.28 −0.66 −0.44 −0.14

Finnish * −0.38 −0.66 −0.40 −0.61 −0.49 −0.20
French * −0.25 −0.69 −0.20 −0.65 −0.31 −0.07

German * −0.44 −0.68 −0.37 −0.62 −0.16 0.17
Italian * −0.35 −0.71 −0.32 −0.67 −0.33 0.07

Norwegian −0.42 −0.66 −0.37 −0.65 −0.42 −0.06
Spanish * −0.32 −0.61 −0.33 −0.55 −0.44 −0.10
Swedish * −0.30 −0.54 −0.37 −0.48 −0.52 −0.24

M −0.35 −0.65 −0.33 −0.61 −0.40 −0.09
Max −0.25 −0.54 −0.20 −0.48 −0.16 0.17
Min −0.44 −0.71 −0.40 −0.67 −0.52 −0.24
SD 0.06 0.05 0.06 0.06 0.11 0.13

RPQ

Dutch * −0.48 −0.64 −0.45 −0.62 −0.54 −0.19
English −0.43 −0.63 −0.47 −0.62 −0.60 −0.26

Finnish * −0.54 −0.60 −0.55 −0.54 −0.63 −0.19
French * −0.44 −0.71 −0.40 −0.67 −0.39 −0.07
German −0.50 −0.44 −0.47 −0.46 −0.52 −0.07
Italian * −0.43 −0.62 −0.44 −0.56 −0.47 −0.07

Norwegian −0.51 −0.59 −0.47 −0.57 −0.58 −0.11
Spanish * −0.52 −0.61 −0.52 −0.56 −0.63 −0.21
Swedish * −0.38 −0.45 −0.44 −0.42 −0.59 −0.34

M −0.47 −0.59 −0.47 −0.56 −0.55 −0.17
Max −0.38 −0.44 −0.40 −0.42 −0.39 −0.07
Min −0.54 −0.71 −0.55 −0.67 −0.63 −0.34
SD 0.05 0.09 0.04 0.08 0.08 0.09
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Table 9. Cont.

Convergent Validity Discriminant Validity

Instrument
Language/

Value
SF-36v2 PCS

SF-36v2
MCS

SF-12v2 PCS
SF-12v2

MCS
GOSE GCS

QOLIBRI

Dutch 0.58 0.71 0.56 0.69 0.54 0.23
English 0.51 0.74 0.53 0.71 0.60 0.21
Finnish 0.59 0.80 0.59 0.72 0.59 0.12
French 0.53 0.76 0.49 0.74 0.53 0.11

German 0.62 0.68 0.56 0.68 0.37 −0.09
Italian 0.55 0.74 0.56 0.71 0.52 0.00

Norwegian 0.53 0.73 0.51 0.71 0.44 −0.01
Spanish 0.65 0.63 0.65 0.61 0.56 0.16
Swedish 0.59 0.66 0.60 0.61 0.64 0.34

M 0.57 0.72 0.56 0.69 0.53 0.12
Max 0.65 0.80 0.65 0.74 0.64 0.34
Min 0.51 0.63 0.49 0.61 0.37 −0.09
SD 0.05 0.05 0.05 0.05 0.08 0.14

QOLIBRI-OS

Dutch 0.58 0.65 0.57 0.66 0.50 0.19
English 0.49 0.72 0.52 0.72 0.53 0.17
Finnish 0.51 0.74 0.55 0.66 0.48 −0.01
French 0.63 0.66 0.60 0.62 0.56 0.25

German 0.63 0.57 0.55 0.67 0.40 −0.08
Italian 0.57 0.65 0.59 0.61 0.44 −0.04

Norwegian 0.49 0.69 0.48 0.66 0.47 0.01
Spanish 0.59 0.58 0.61 0.58 0.55 0.19
Swedish 0.57 0.61 0.59 0.61 0.62 0.40

M 0.56 0.65 0.56 0.64 0.51 0.12
Max 0.63 0.74 0.61 0.72 0.62 0.40
Min 0.49 0.57 0.48 0.58 0.40 −0.08
SD 0.05 0.06 0.04 0.04 0.07 0.16

Note. * Instrument translated and linguistically validated for the CENTER-TBI study; M = mean, Max = maximum, Min = minimum;
SD = standard deviation; SF-36v2-PCS = physical component score; SF-36v2—MCS = mental component score; SF-12v2—PCS = physical
component score SF-12v2—MCS = mental component score.; GCS = Glasgow Coma Scale; GOSE = Glasgow Outcome Scale—Extended.
Values in bold represent an at least medium effect size (≥|0.30|), significant at α = 0.05.

All PROMs indicating a degree of impairment correlated negatively and moderately
to highly with the MCS of the SF-36v2 (−0.44 to −0.83). The ones capturing disease specific
HRQoL displayed medium to high positive correlations (0.57 to 0.80) with the MCS across
all languages.

The PCS of the SF-12v2 was negatively correlated at a low to medium level with
the PHQ-9 (−0.32 to −0.56) and RPQ (−0.40 to −0.55) and positively with the QOLIBRI
(0.49 to 0.65) and the QOLIBRI-OS (0.48 to 0.61) across all languages. The GAD-7 revealed
significant medium correlations with the PCS of the SF-12v2 in Finnish (rS = −0.34), in
German (rS = −0.31), and in Spanish (rS = −0.40); all other values ranged from −0.29 to
−0.15.

All PROMs indicating a degree of impairment were negatively and moderately to
highly correlated with the MCS of the SF-12v2 (−0.42 to −0.79) and positively with the
QOLIBRI and the QOLIBRI-OS (0.58 to 0.74).

Significant medium to high correlations were found between the PROMs and the
GOSE total score, whereby greater impairment was associated with lower functional
recovery status in almost all languages across all instruments (from −0.30 to −0.63). Only
the German version of the GAD-7 (rS = −0.24) and the German version of the PCL-5
(rS = −0.16) demonstrated low associations with the GOSE. Higher TBI-specific HRQoL
was associated with a better functional recovery status across all languages (0.37 to 0.64).

The associations of the PROMs and the GCS were weak and not significant in most lan-
guages. Only the Swedish translations of the GAD-7 (rS = −0.30), the PHQ-9 (rS = −0.33),
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the RPQ (rS = −0.34), the QOLIBRI (rS = 0.34), and the QOLIBRI-OS (rS = 0.40) displayed
medium correlations with the GCS.

3.3.2. Factorial Validity

Table 10 gives an overview on the goodness of fit statistics for the estimated mod-
els. Factor loadings are provided in the Online Supplement (OS-3 Factorial validity,
Tables S1–S8).

Table 10. Factorial validity: results of the CFA.

Instrument Language χ2 df p CFI TLI RMSEA 90% CI SRMR

GAD-7

Dutch 27.90 14 0.015 1.00 1.00 0.04 [0.02,0.06] 0.03
English 38.69 14 <0.001 1.00 0.99 0.09 [0.06,0.13] 0.06
Finnish 15.82 14 0.325 1.00 1.00 0.03 [0.00,0.07] 0.05
Italian 49.29 14 <0.001 1.00 1.00 0.10 [0.07,0.13] 0.05

Norwegian 9.28 14 0.813 1.00 1.00 0.00 [0.00,0.04] 0.03
Spanish 57.87 14 <0.001 0.99 0.99 0.11 [0.08,0.14] 0.06

PHQ-9

Dutch 54.56 27 0.001 1.00 1.00 0.04 [0.03,0.06] 0.05
English 46.62 27 0.011 1.00 0.99 0.06 [0.03,0.09] 0.07
Finnish 54.38 27 0.001 0.99 0.99 0.07 [0.04,0.10] 0.08
Italian 17.65 27 0.914 1.00 1.00 0.00 [0.00,0.02] 0.04

Norwegian 18.63 27 0.883 1.00 1.00 0.00 [0.00,0.02] 0.04
Spanish 42.95 27 0.026 1.00 1.00 0.05 [0.02,0.08] 0.06

PCL-5

Dutch * 264.37 164 <0.001 1.00 1.00 0.03 [0.03,0.04] 0.05
English 241.20 164 <0.001 1.00 1.00 0.05 [0.03,0.06] 0.07

Finnish * NA NA NA NA NA NA NA NA
Italian * 305.80 164 <0.001 1.00 1.00 0.06 [0.05,0.07] 0.07

Norwegian 201.45 164 0.025 1.00 1.00 0.03 [0.01,0.04] 0.06
Spanish * 373.92 164 <0.001 0.99 0.99 0.07 [0.06,0.08] 0.07

RPQ

Dutch * 786.30 104 <0.001 0.99 0.99 0.11 [0.10,0.11] 0.08
English 345.83 104 <0.001 0.99 0.98 0.10 [0.09,0.12] 0.09

Finnish * 280.16 104 <0.001 0.99 0.99 0.09 [0.08,0.10] 0.09
Italian * 429.59 104 <0.001 0.98 0.98 0.11 [0.10,0.12] 0.09

Norwegian 230.42 104 <0.001 0.99 0.99 0.07 [0.06,0.08] 0.08
Spanish * 285.93 104 <0.001 0.98 0.98 0.08 [0.07,0.10] 0.09

QOLIBRI

Dutch 1299.37 614 <0.001 1.00 1.00 0.05 [0.04,0.05] 0.05
English NA NA NA NA NA NA NA NA
Finnish NA NA NA NA NA NA NA NA
Italian 932.84 614 <0.001 1.00 1.00 0.05 [0.04,0.05] 0.05

Norwegian 793.74 614 <0.001 1.00 1.00 0.04 [0.03,0.04] 0.06
Spanish 889.15 614 <0.001 1.00 1.00 0.04 [0.04,0.05] 0.06

QOLIBRI-OS

Dutch 37.15 9 <0.001 1.00 1.00 0.07 [0.05,0.10] 0.03
English 15.22 9 0.085 1.00 1.00 0.05 [0.00,0.10] 0.04
Finnish 11.17 9 0.264 1.00 1.00 0.03 [0.00,0.09] 0.03
Italian 32.07 9 <0.001 1.00 1.00 0.10 [0.06,0.13] 0.04

Norwegian 10.39 9 0.320 1.00 1.00 0.03 [0.00,0.08] 0.02
Spanish 32.14 9 <0.001 1.00 0.99 0.10 [0.06,0.14] 0.04

SF-36v2

Dutch 2552.88 551 <0.001 0.99 0.99 0.08 [0.08,0.08] 0.07
English 1239.59 551 <0.001 0.99 0.99 0.08 [0.07,0.08] 0.09
Finnish NA NA NA NA NA NA NA NA
Italian NA NA NA NA NA NA NA NA

Norwegian 1300.94 551 <0.001 1.00 0.99 0.07 [0.07,0.08] 0.09
Spanish NA NA NA NA NA NA NA NA

SF-12v2
Dutch 295.82 53 <0.001 0.99 0.98 0.14 [0.13,0.16] 0.09

Finnish 162.88 53 <0.001 0.99 0.99 0.11 [0.09,0.13] 0.08
Spanish 113.38 53 <0.001 1.00 1.00 0.07 [0.06,0.09] 0.06

Note. * Instrument translated and linguistically validated for the CENTER-TBI study; χ2 = Chi-square statistic, df = degrees of freedom,
p = p-value, CFI = comparative fit index, TLI = Tucker–Lewis index, RMSEA = root mean square error of approximation; 95% CI = 95%
confidence interval (lower and upper bound); SRMR = standardized root mean square residual; values in bold indicate satisfactory results
according to the respective cut-off values. NA means that the respective model did not converge; no models were estimated for the English,
French, German, Italian, Norwegian, and the Swedish SF12-v2 due to the sample size being too small (N < 150).
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GAD-7. Except for the χ2 statistic and the RMSEA in the Dutch (χ2 only), English,
Italian, and Spanish samples, the fit indices demonstrated that the data fitted the one-factor
model well across the languages. The item loadings were above 0.50 (0.68 to 0.96) indicating
that all items measured a unidimensional construct across the languages.

PHQ-9. Almost all indices exhibited a satisfactory model fit across the languages
except for the χ2 statistic in the Dutch and Finnish translations and RMSEA and SRMR
in the Finnish translation. The item loadings were above 0.50 (0.58 to 0.94) across all
languages. Overall, the one-factor solution was acceptable.

PCL-5. Almost all fit measures exhibited a satisfactory model fit. The χ2 test of all
translations was significant and the RMSEA of the Spanish translation was above the
cut-off value. The model for the Finnish sample did not converge. Average item loadings
on the scale (DSM-cluster) level were above 0.70 (B—Intrusion: 0.84 to 0.91; C—Avoidance:
0.88 to 0.91; D—Negative alterations: 0.75 to 0.81; E—Hyperarousal: 0.73 to 0.79) denoting
an appropriate fit of the four-factor structure of the PCL-5 across all countries. However,
the loadings of the item “Trouble remembering important parts” in the English (0.49) and
Norwegian (0.38) translations were below the cut-off of 0.50.

RPQ. All RPQ translations revealed significant χ2 statistics and the RMSEA and SRMR
values (except for the Dutch and Norwegian versions) were above the respective cut-offs.
The factor loadings varied from 0.41 to 0.92. The item “Headaches” of the Finnish RPQ and
the item “Double Vision” of the Norwegian RPQ reached values below the cut-off. Overall,
the one-factor solution demonstrated a rather poor fit.

QOLIBRI. All but two (the English and Finnish) QOLIBRI translations had satisfactory
fit indices, except for the χ2 statistic, which was significant across all translations. The
English and Finnish models did not converge. The item loadings of the scales were above
0.70 (Cognition: 0.74 to 0.92; Self: 0.75 to 0.93; Daily Life and Autonomy: 0.76 to 0.96; Social:
0.65 to 0.92; Emotions: 0.63 to 0.97; Physical: 0.59 to 0.92). Overall, the original five-factor
structure fitted the data well.

QOLIBRI-OS. For the most part, the CFA results of the QOLIBRI-OS translations
displayed acceptable fit indices, with the RMSEA values of the Dutch, Italian, and Span-
ish translations slightly above the cut-off value and significant χ2 statistics. All other
indices were within acceptable ranges. The factor loadings ranged from 0.73 to 0.92 indi-
cating the unidimensionality of the TBI-specific HRQoL construct across the QOLIBRI-OS
translations.

SF-36v2. Two out of six models did not converge (Finnish and Italian). The CFI and the
TLI of the other translations were satisfactory; nevertheless, χ2 statistics were significant,
and the RMSEA and the SRMR (except for the Dutch translation) were above the respective
cut-off values. All factor loadings on the scale level were above 0.50; one item of the Dutch
version of the SF-36v2 (“Walking several hundred yards”) was exceedingly highly correlated
with the Physical Functioning scale and therefore also with the PCS (r = 1.0). Overall, the
factorial structure of the SF-36v2 with eight scales and two second-order factors did not
show evidence of a good fit.

SF-12v2. The models displayed satisfactory CFI and TLI values across all languages
as well as the SRMR of the Spanish translation. The χ2 statistics were significant and the
RMSEA and SRMR were above permissible cut-off values. The item loadings of the PCS
ranged from 0.69 to 0.97 and of the MCS from 0.67 to 0.95.

4. Discussion

The present study examined psychometric properties of the eight PROMs adminis-
tered in the CENTER-TBI study in individuals after TBI. Many of them were translated
and linguistically validated for this study; others had not yet been psychometrically inves-
tigated in the field of TBI. Therefore, a classical test theorical framework was applied.

The results of the reliability and validity analyses performed on the PROMs indicate
that most newly translated and already existing questionnaires generally displayed satis-
factory to excellent psychometric characteristics in the field of TBI and were comparable to
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each other as well as to the original English versions investigated predominantly in non-TBI
samples, in individuals after TBI, or both. On the scale level, high internal consistency
and scale reliability of the newly translated and already existing instruments across all
languages were observed. On the item level, only very few items from a few questionnaires
demonstrated irregularities, mostly in no more than one language. However, the factorial
validity analyses of the original instruments revealed some difficulties in the replicating
the original factorial structures, indicating a need for further investigations.

Some translations displayed problems at the item level, displaying lower correlations
with the respective total scale scores: the item “Moving or speaking so slowly that other people
could have noticed” from the Swedish PHQ-9, the items “Nausea” in the Swedish and the
German RPQ and “Double Vision” in the German RPQ, and the item “How bothered are
you by feeling angry or aggressive” from the German QOLIBRI. Item–total correlations are
directly related to the factorial structure of a questionnaire; therefore, low correlations may
indicate that the questionnaire does not measure unidimensionally. The QOLIBRI consists
of five scales; thus, the low correlation of the item “How bothered are you by feeling angry or
aggressive” in the German translation is not problematic, as the scale level and total score
level characteristics were satisfactory. Moreover, the low item–total correlations of the
RPQ translations are not unexpected, as the questionnaire underwent several revisions
regarding the scoring by different authors [30,72,73], whereby the items “Nausea” and
“Double Vision” were assigned to different domains. Nevertheless, the low correlation of
the item “Moving or speaking so slowly that other people could have noticed” in the Swedish
PHQ-9 is more difficult to explain, as the PHQ-9 is a unidimensional measure. Problems
with the wording might be a possible explanation, or more likely the composition of the
respective language sample. The Swedish sample contained the most severely impaired
patients (GCS), with the lowest functional level of recovery (GOSE) and the highest injury
severity score (AIS). Thus, individuals in the Swedish sample seem to be more severely
injured compared to other language samples. Therefore, the low correlation of this PHQ-9
item may be attributable to the particularities of the Swedish sample. Future research could
review the wording of this item and examine the Swedish PHQ-9 in a broader spectrum of
TBI severities.

Additionally, one item from the PCL-5 (“Trouble remembering important parts of the
stressful experience”) did not distinguish well between low and high levels of PTSD across
all languages and displayed low correlations with the scale score (i.e., DSM-5 cluster) in
French, Norwegian, and Swedish translations. The factorial structure of the original PCL-5
has been examined on several occasions [74,75], whereby this item was re-assigned to
different dimensions. The results of the present study indicate that PCL-5 translations have
adopted the methodological problem of the original questionnaire version. Thus, further
investigation of the factorial structure of the PCL-5 could lead to an amelioration of the
questionnaire’s psychometric characteristics.

As expected, the validity inspection of the PROMs (newly translated and available
prior to the CENTER-TBI study) indicated medium to strong correlations with the SF-36v2,
the SF-12v2, and the GOSE in most languages. The PCS and MCS of the SF-36v2 and
SF-12v2 generally demonstrated negatively medium to strong negative correlations with
the GAD-7, PHQ-9, PCL-5, and RPQ. One exception was the GAD-7, which revealed a
low correlation with the PCS of the SF-36v2 in English and Swedish and the PCS of the
SF-12v2 in six out of nine languages (Dutch, English, French, Italian, Norwegian, and
Swedish). This might be attributable to the items of the SF-12v2 constituting the PCS
in the original version. While the items of the SF-36v2 cover a wider range of physical
activities and activity-related problems, the items of the SF-12v2 focus on a limited number
of physical problems that are most probably associated less with anxiety. Nevertheless, the
results are generally in line with previous findings suggesting that negative emotions (i.e.,
anxiety, depression, or stress) are highly correlated with generic HRQoL, especially with
the MCS [76,77]. Moreover, the assumption that the mental and physical components of
the SF-36v2 and the SF-12v2 would have strong positive correlations with the QOLIBRI
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and the QOLIBRI-OS was affirmed across all languages, supporting results from previous
studies [34,78].

Generally, the GAD-7 (except for the German language sample), the PHQ-9, the PCL-
5 (except for the German language sample), and the RPQ exhibited medium to strong
negative correlations with the GOSE. The German individuals after TBI had a relatively
high recovery rate with 50% of full recovery after six months (i.e., GOSE = 8); they suffered
a less severe TBI (50% had GCS of 15) and were, consequently, less impaired, as reflected
by the low correlation. These results are in line with previous research showing that the
functional recovery status after TBI is frequently associated with the absence of mental
health problems [79] and post-concussion symptoms [80], and vice versa. The GOSE also
revealed medium to strong positive correlations with the QOLIBRI and QOLIBRI-OS across
all languages, indicating that higher disease-specific HRQoL is associated with better
functional outcomes, which is in line with previous research findings [34,38,81].

Further, the TBI severity as assessed by the GCS rating the degree of consciousness dis-
played a low association with both the psychological and health-related PROMs in almost
all languages except for the Swedish translations of the PHQ-9, the RPQ, the QOLIBRI, and
the QOLIBRI-OS. Previously published validity results in the field of TBI [59] found no as-
sociation between GCS and psychological outcomes and post-concussion symptoms. These
populations contained a lower number of more severely injured individuals, as measured
by the ISS, and therefore, smaller or no correlations were found. In the Swedish transla-
tions, the higher association of the GCS and the outcomes in the Swedish sample might be
explained by the higher injury severity and stronger polytrauma of the participants.

Overall, the original factorial structures suggested by the instrument developers were
replicated for the GAD-7, the PHQ-9, and the QOLIBRI-OS. The translations of the PCL-5
displayed an acceptable model fit, indicating that the initial factorial structure describes
the data well. Nevertheless, we recommend a further investigation of the item “Trouble
remembering important parts of the stressful experience” which displayed irregularities in
both reliability analyses across all languages and the factor loadings of the CFA in some
translations. The five-factor structure of the original QOLIBRI was replicated in all but
two language samples; the English and Finnish models did not converge. This could be
due to several reasons: extreme response categories rarely chosen by the participants,
relatively large number of parameters that must be estimated in relation to the sample size,
or (unconsidered) correlations between latent factors [61].

The original factor solutions could not be replicated for the RPQ translations; this is in
line with previous research findings, as several factor solutions have been proposed for
the RPQ [30,31,72,73]. Since the RPQ has primarily been developed for TBI populations,
further investigation of the factorial structure and thus implementation of an appropriate
scoring are strongly recommended.

The SF-36v2 (except for the Dutch version showing an acceptable model fit) and the SF-
12v2 presented a poor model fit. Neither of these instruments were specifically developed
for populations after TBI, and they use a wide range of different response scales formats,
which might be confusing and tiring, especially for respondents with cognitive deficits, and
affect their response behavior [82] resulting in less good fit of the estimated models [83,84].
For the assessment of generic HRQoL in TBI populations, further investigation of the
factorial structure of both PROMs seems appropriate.

Objectivity. The layout and instructions for administering the newly translated PROMs
were internationally harmonized and are therefore similar across all language versions.
Moreover, instructions for the assessment, scoring, and interpretation were provided (see
the SOPs of the CENTER-TBI study). For the interpretation of results, general population-
based norms or reference values are helpful. For example, for the QOLIBRI, population-
based reference values for the UK and the Netherlands have recently been made avail-
able [35].

63



J. Clin. Med. 2021, 10, 2396

Strengths and limitations of the study. The main strength of the present study is the broad
overview of the psychometric properties of the various previous and newly translated and
linguistically validated PROMs in the TBI field [20], which had not yet been carried out.

The psychometric results allow researchers and clinicians to rate the quality of the
translated questionnaires before selecting them for national and international studies and
clinical practice to evaluate outcomes after TBI.

Because of the small sample sizes in some languages, further modern test theoretical
analyses cannot be reported here. Additional research concerning the assumption of
measurement invariance (MI) across languages could increase the quality of the instruments
even further with respect to the international administration and pooling of international
data. MI analysis evaluates whether the same construct is understood and measured across
different languages. Some of our recent studies have already shown that the PHQ-9 and
GAD-7 [85], QOLIBRI [35], and QOLIBRI-OS [39] applied in the field of TBI measure one
and the same construct across languages. Furthermore, follow-up studies will focus on
assessing measurement invariance comparisons of the different constructs in the individual
PROMs in the different languages and the sensitivity and responsiveness of the PROMs for
different patient groups and risk factors.

The present study also has some limitations. Despite the large number of partici-
pants in the CENTER-TBI core study, the psychometric properties of some translations
could not be examined because of the limited number of participants. Consequently, the
Danish, Hebrew, Hungarian, Latvian, Lithuanian, Romanian, and Serbian translations
of the PROMs need further investigation with a larger number of patients. Furthermore,
given the range of TBI severity (mild to severe) covered, we observed that even six months
after TBI, participants with higher TBI severity with and without extracranial injuries and
polytrauma were not always able to complete the PROMs. To provide robust psychometric
analyses in more severe patient groups, future assessments should be also conducted at
later time points.

5. Conclusions

This study provides psychometric characteristics of the PROMs administered in the
CENTER-TBI study for individuals after TBI. The psychometric properties of these PROMs
are satisfactory to excellent on the scale level in nine European languages. These results
highlight the value of a rigid process of translation and linguistic and cultural adaptation
of questionnaires that goes far beyond a literal translation and that ensures the cultural
comparability of the translated versions. Therefore, researchers and clinicians can now
select reliable and valid instruments for clinical use, data collection, and aggregation, when
evaluating outcomes after TBI in international studies, thus improving outcome assessment
in national and international healthcare.
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Appendix A. Number of Participants (GOSE and GCS)

Table A1. Number of participants for convergent (assessed with the GOSE) and discriminant
(assessed with the GCS) validity per language and outcome instrument.

Instrument Language GOSE GCS

GAD-7

Dutch 584 569
English 213 213
Finnish 207 199
French 109 100

German 78 77
Italian 266 266

Norwegian 253 251
Spanish 253 251
Swedish 60 57

PHQ-9

Dutch 587 572
English 213 213
Finnish 206 198
French 107 99

German 81 80
Italian 265 265

Norwegian 254 252
Spanish 253 251
Swedish 60 57

PCL-5

Dutch 586 570
English 212 212
Finnish 212 204
French 110 103

German 76 75
Italian 261 261

Norwegian 248 246
Spanish 256 254
Swedish 57 54

RPQ

Dutch 597 582
English 222 222
Finnish 213 205
French 115 107

German 80 79
Italian 268 268

Norwegian 263 261
Spanish 254 252
Swedish 59 56

QOLIBRI

Dutch 583 568
English 223 222
Finnish 207 199
French 104 96

German 77 76
Italian 270 271

Norwegian 247 245
Spanish 255 253
Swedish 57 54

QOLIBRI-OS

Dutch 602 585
English 238 238
Finnish 227 219
French 109 99

German 84 83
Italian 279 280

Norwegian 261 259
Spanish 265 263
Swedish 63 60
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Table A1. Cont.

Instrument Language GOSE GCS

SF-36v2

Dutch 579 564
English 219 218
Finnish 214 206
French 110 100

German 78 77
Italian 269 270

Norwegian 254 252
Spanish 255 253
Swedish 57 54

SF-12v2 *

Dutch 241 229
English 54 54
Finnish 172 168
French 30 27

German 68 67
Italian 138 138

Norwegian 32 32
Spanish 210 209
Swedish 15 12

SF-12v2 combined **

Dutch 605 588
English 242 241
Finnish 231 223
French 110 100

German 82 81
Italian 275 276

Norwegian 259 257
Spanish 257 255
Swedish 58 55

Note. * Reported SF-12v2 values used for the reliability analyses. ** Combined SF-12v2 values (i.e., reported
values and derived from the respective items of the SF-36v2) were used for the convergent and divergent validity
analyses; bold values represent samples with N ≥ 50.

Appendix B. Validity on Scale Level

Table A2. Convergent and discriminant validity of the PCL-5 scales.

Convergent Validity Discriminant Validity

Cluster
Language/

Value
SF-36v2 PCS

SF-36v2
MCS

SF-12v2 PCS
SF-12v2

MCS
GOSE GCS

B

Dutch −0.33 −0.46 −0.32 −0.45 −0.29 −0.15
English −0.24 −0.47 −0.24 −0.43 −0.18 −0.03
Finnish −0.38 −0.43 −0.33 −0.39 −0.27 −0.09
French −0.24 −0.43 −0.18 −0.44 −0.21 0.02

German −0.28 −0.61 −0.20 −0.47 0.02 0.26
Italian −0.30 −0.57 −0.27 −0.53 −0.24 0.13

Norwegian −0.33 −0.49 −0.29 −0.49 −0.27 −0.04
Spanish −0.25 −0.40 −0.24 −0.33 −0.28 0.03
Swedish −0.20 −0.27 −0.26 −0.19 −0.35 −0.13

Total

M −0.28 −0.46 −0.26 −0.41 −0.23 0.00
Max −0.20 −0.27 −0.18 −0.19 0.02 0.26
Min −0.38 −0.61 −0.33 −0.53 −0.35 −0.15
SD 0.06 0.10 0.05 0.10 0.11 0.13
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Table A2. Cont.

Convergent Validity Discriminant Validity

C

Dutch −0.26 −0.36 −0.23 −0.37 −0.23 −0.09
English −0.18 −0.38 −0.19 −0.34 −0.12 0.00
Finnish −0.27 −0.42 −0.26 −0.39 −0.28 −0.14
French −0.13 −0.45 −0.11 −0.39 −0.10 0.10

German −0.27 −0.48 −0.21 −0.42 −0.03 0.26
Italian −0.19 −0.48 −0.17 −0.46 −0.15 0.09

Norwegian −0.23 −0.38 −0.20 −0.38 −0.21 −0.03
Spanish −0.21 −0.29 −0.17 −0.28 −0.20 0.01
Swedish −0.26 −0.24 −0.26 −0.15 −0.26 −0.03

Cluster
Language/

Value
SF-36v2 PCS

SF-36v2
MCS

SF-12v2 PCS
SF-12v2

MCS
GOSE GCS

Total

M −0.22 −0.39 −0.20 −0.35 −0.18 0.02
Max −0.13 −0.24 −0.11 −0.15 −0.03 0.26
Min −0.27 −0.48 −0.26 −0.46 −0.28 −0.14
SD 0.05 0.08 0.05 0.09 0.08 0.12

D

Dutch −0.33 −0.57 −0.31 −0.57 −0.41 −0.22
English −0.22 −0.67 −0.21 −0.62 −0.45 −0.19
Finnish −0.24 −0.59 −0.26 −0.57 −0.46 −0.18
French −0.20 −0.61 −0.15 −0.57 −0.29 −0.12

German −0.39 −0.60 −0.33 −0.56 −0.17 0.14
Italian −0.32 −0.68 −0.28 −0.65 −0.34 −0.01

Norwegian −0.39 −0.57 −0.34 −0.56 −0.41 −0.06
Spanish −0.29 −0.58 −0.30 −0.54 −0.49 −0.20
Swedish −0.25 −0.51 −0.29 −0.44 −0.45 −0.28

Total

M −0.29 −0.60 −0.27 −0.56 −0.39 −0.12
Max −0.20 −0.51 −0.15 −0.44 −0.17 0.14
Min −0.39 −0.68 −0.34 −0.65 −0.49 −0.28
SD 0.07 0.05 0.06 0.06 0.10 0.13

E

Dutch −0.37 −0.61 −0.34 −0.60 −0.43 −0.17
English −0.28 −0.67 −0.29 −0.64 −0.36 −0.09
Finnish −0.42 −0.61 −0.43 −0.55 −0.44 −0.20
French −0.25 −0.70 −0.21 −0.66 −0.35 −0.07

German −0.47 −0.60 −0.42 −0.60 −0.22 0.11
Italian −0.33 −0.69 −0.29 −0.65 −0.29 0.12

Norwegian −0.36 −0.64 −0.31 −0.63 −0.37 0.00
Spanish −0.32 −0.63 −0.33 −0.59 −0.36 −0.03
Swedish −0.20 −0.51 −0.30 −0.48 −0.42 −0.20

Total

M −0.33 −0.63 −0.32 −0.60 −0.36 −0.06
Max −0.20 −0.51 −0.21 −0.48 −0.22 0.12
Min −0.47 −0.70 −0.43 −0.66 −0.44 −0.20
SD 0.08 0.06 0.07 0.06 0.07 0.12

Note. Cluster B = Intrusion; Cluster C = Avoidance; Cluster D = Negative alterations in cognition and mood; Cluster E = Hyperarousal;
M = mean, Max = maximum, Min = minimum; SD = standard deviation; SF-36v2/SF-12v2—PCS = Physical Component Score; SF-36v2/SF-
12v2—MCS = Mental Component Score; GCS = Glasgow Coma Scale; GOSE = Glasgow Outcome Scale—Extended. Values in bold
represent an at least medium effect size (≥|0.30|), significant at α = 0.05.
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Table A3. Convergent and divergent validity of the QOLIBRI scales.

Convergent Validity Discriminant Validity

Scale
Language/

Values
SF-36v2 PCS

SF-36v2
MCS

SF-12v2 PCS
SF-12v2

MCS
GOSE GCS

Cognition

Dutch 0.40 0.58 0.38 0.57 0.43 0.21
English 0.34 0.61 0.37 0.58 0.43 0.20
Finnish 0.49 0.69 0.49 0.62 0.50 0.07
French 0.33 0.58 0.34 0.59 0.48 0.10

German 0.46 0.53 0.39 0.52 0.26 −0.05
Italian 0.44 0.61 0.46 0.58 0.40 0.02

Norwegian 0.42 0.54 0.41 0.52 0.34 −0.06
Spanish 0.41 0.52 0.43 0.49 0.33 0.07
Swedish 0.33 0.42 0.41 0.40 0.44 0.21

M 0.40 0.56 0.41 0.54 0.40 0.09
Max 0.49 0.69 0.49 0.62 0.50 0.21
Min 0.33 0.42 0.34 0.40 0.26 −0.06
SD 0.06 0.07 0.05 0.07 0.08 0.11

Self

Dutch 0.51 0.66 0.50 0.66 0.43 0.19
English 0.38 0.72 0.40 0.70 0.45 0.09
Finnish 0.50 0.78 0.52 0.69 0.50 0.04
French 0.49 0.73 0.42 0.71 0.46 0.07

German 0.49 0.70 0.41 0.71 0.29 −0.15
Italian 0.51 0.70 0.51 0.68 0.43 −0.07

Norwegian 0.45 0.68 0.43 0.65 0.35 −0.07
Spanish 0.57 0.61 0.61 0.59 0.46 0.13
Swedish 0.43 0.74 0.40 0.72 0.43 0.06

M 0.48 0.70 0.47 0.68 0.42 0.03
Max 0.57 0.78 0.61 0.72 0.50 0.19
Min 0.38 0.61 0.40 0.59 0.29 −0.15
SD 0.05 0.05 0.07 0.04 0.06 0.11

Daily Life
and

Autonomy

Dutch 0.61 0.59 0.61 0.58 0.56 0.31
English 0.58 0.56 0.59 0.54 0.63 0.30
Finnish 0.63 0.65 0.61 0.58 0.55 0.14
French 0.62 0.69 0.58 0.66 0.59 0.18

German 0.63 0.58 0.55 0.58 0.41 0.06
Italian 0.64 0.65 0.64 0.61 0.62 0.15

Norwegian 0.50 0.64 0.49 0.62 0.48 0.05
Spanish 0.70 0.48 0.69 0.46 0.54 0.21
Swedish 0.62 0.58 0.64 0.54 0.66 0.39

M 0.61 0.60 0.60 0.57 0.56 0.20
Max 0.70 0.69 0.69 0.66 0.66 0.39
Min 0.50 0.48 0.49 0.46 0.41 0.05
SD 0.05 0.06 0.06 0.06 0.08 0.12

Social Rela-
tionships

Dutch 0.29 0.57 0.30 0.55 0.29 0.12
English 0.29 0.63 0.33 0.57 0.34 0.06
Finnish 0.34 0.71 0.37 0.59 0.33 0.10
French 0.35 0.61 0.32 0.58 0.33 0.01

German 0.36 0.56 0.31 0.51 0.11 −0.12
Italian 0.30 0.57 0.30 0.55 0.28 −0.15

Norwegian 0.23 0.50 0.21 0.48 0.15 −0.11
Spanish 0.34 0.52 0.35 0.51 0.31 0.11
Swedish 0.22 0.47 0.21 0.44 0.22 0.24

M 0.30 0.57 0.30 0.53 0.26 0.03
Max 0.36 0.71 0.37 0.59 0.34 0.24
Min 0.22 0.47 0.21 0.44 0.11 −0.15
SD 0.05 0.07 0.06 0.05 0.08 0.13
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Table A3. Cont.

Convergent Validity Discriminant Validity

Scale
Language/

Values
SF-36v2 PCS

SF-36v2
MCS

SF-12v2 PCS
SF-12v2

MCS
GOSE GCS

Emotions

Dutch 0.33 0.71 0.29 0.71 0.36 0.12
English 0.20 0.69 0.20 0.66 0.46 0.09
Finnish 0.31 0.70 0.30 0.65 0.39 0.11
French 0.26 0.71 0.19 0.68 0.29 0.00

German 0.28 0.64 0.23 0.63 0.09 −0.20
Italian 0.23 0.58 0.22 0.56 0.21 −0.10

Norwegian 0.34 0.73 0.27 0.72 0.30 −0.02
Spanish 0.26 0.44 0.24 0.43 0.28 0.04
Swedish 0.17 0.67 0.23 0.61 0.45 0.24

M 0.26 0.65 0.24 0.63 0.31 0.03
Max 0.34 0.73 0.30 0.72 0.46 0.24
Min 0.17 0.44 0.19 0.43 0.09 −0.20
SD 0.06 0.09 0.04 0.09 0.12 0.13

Physical

Dutch 0.70 0.48 0.66 0.47 0.53 0.14
English 0.64 0.44 0.65 0.45 0.57 0.28
Finnish 0.66 0.44 0.62 0.43 0.58 0.19
French 0.72 0.48 0.65 0.48 0.43 0.07

German 0.73 0.35 0.69 0.42 0.56 −0.04
Italian 0.56 0.55 0.55 0.54 0.47 0.04

Norwegian 0.70 0.54 0.67 0.52 0.57 0.14
Spanish 0.68 0.45 0.64 0.42 0.58 0.12
Swedish 0.67 0.26 0.67 0.19 0.61 0.36

M 0.67 0.44 0.64 0.44 0.54 0.15
Max 0.73 0.55 0.69 0.54 0.61 0.36
Min 0.56 0.26 0.55 0.19 0.43 −0.04
SD 0.05 0.09 0.04 0.10 0.06 0.12

Note. M = mean, Max = maximum, Min = minimum; SD = standard deviation; SF-36v2/SF-12v2—PCS = Physical Component Score;
SF-36v2/SF-12v2—MCS = Mental Component Score; GCS = Glasgow Coma Scale; GOSE = Glasgow Outcome Scale—Extended. Values in
bold represent an at least medium effect size (≥|0.30|), significant at α = 0.05.

Table A4. Convergent and divergent validity of the SF-36v2 scales.

Convergent Validity Discriminant Validity

Scale Language/Value GOSE GCS

PF

Dutch 0.45 0.12
English 0.54 0.22
Finnish 0.49 0.08
French 0.36 0.07

German 0.37 −0.07
Italian 0.61 0.13

Norwegian 0.52 0.24
Spanish 0.52 0.20
Swedish 0.43 0.20

Total

M 0.48 0.13
Max 0.61 0.24
Min 0.36 −0.07
SD 0.08 0.10
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Table A4. Cont.

Convergent Validity Discriminant Validity

Scale Language/Value GOSE GCS

RP

Dutch 0.63 0.26
English 0.67 0.34
Finnish 0.58 0.19
French 0.48 0.24

German 0.24 0.06
Italian 0.67 0.22

Norwegian 0.61 0.24
Spanish 0.60 0.22
Swedish 0.64 0.41

Total

M 0.57 0.24
Max 0.67 0.41
Min 0.24 0.06
SD 0.14 0.10

BP

Dutch 0.39 0.00
English 0.32 0.04
Finnish 0.36 −0.04
French 0.26 0.06

German 0.43 −0.08
Italian 0.37 0.04

Norwegian 0.27 −0.06
Spanish 0.44 0.08
Swedish 0.24 0.12

Total

M 0.34 0.02
Max 0.44 0.12
Min 0.24 −0.08
SD 0.07 0.07

GH

Dutch 0.33 0.06
English 0.36 0.11
Finnish 0.50 0.03
French 0.39 0.10

German 0.26 0.00
Italian 0.42 −0.02

Norwegian 0.39 −0.03
Spanish 0.42 0.10
Swedish 0.38 0.20

Total

M 0.38 0.06
Max 0.50 0.20
Min 0.26 −0.03
SD 0.07 0.08

VT

Dutch 0.45 0.16
English 0.43 0.06
Finnish 0.52 0.02
French 0.37 0.08

German 0.23 −0.08
Italian 0.43 0.03

Norwegian 0.35 −0.03
Spanish 0.38 0.06
Swedish 0.47 0.15

Total

M 0.40 0.05
Max 0.52 0.16
Min 0.23 −0.08
SD 0.08 0.08
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Table A4. Cont.

Convergent Validity Discriminant Validity

Scale Language/Value GOSE GCS

SF

Dutch 0.55 0.21
English 0.61 0.25
Finnish 0.53 0.14
French 0.49 0.21

German 0.24 −0.03
Italian 0.57 0.13

Norwegian 0.57 0.14
Spanish 0.54 0.24
Swedish 0.50 0.13

Total

M 0.51 0.16
Max 0.61 0.25
Min 0.24 −0.03
SD 0.11 0.09

RE

Dutch 0.43 0.20
English 0.46 0.11
Finnish 0.47 0.11
French 0.37 0.24

German 0.13 −0.05
Italian 0.52 0.13

Norwegian 0.37 0.07
Spanish 0.48 0.12
Swedish 0.46 0.19

Total

M 0.41 0.12
Max 0.52 0.24
Min 0.13 −0.05
SD 0.12 0.08

MH

Dutch 0.38 0.12
English 0.33 0.04
Finnish 0.44 0.12
French 0.34 −0.04

German 0.14 −0.07
Italian 0.30 −0.12

Norwegian 0.31 −0.09
Spanish 0.37 0.10
Swedish 0.50 0.10

Total

M 0.35 0.02
Max 0.50 0.12
Min 0.14 −0.12
SD 0.10 0.10

PCS

Dutch 0.49 0.11
English 0.52 0.22
Finnish 0.51 0.06
French 0.37 0.14

German 0.38 −0.03
Italian 0.60 0.17

Norwegian 0.53 0.18
Spanish 0.53 0.17
Swedish 0.46 0.30

Total

M 0.49 0.15
Max 0.60 0.30
Min 0.37 −0.03
SD 0.07 0.09
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Table A4. Cont.

Convergent Validity Discriminant Validity

Scale Language/Value GOSE GCS

MCS

Dutch 0.40 0.19
English 0.42 0.10
Finnish 0.46 0.11
French 0.39 0.15

German 0.07 −0.10
Italian 0.37 0.00

Norwegian 0.35 −0.04
Spanish 0.37 0.10
Swedish 0.50 0.14

Total

M 0.37 0.07
Max 0.50 0.19
Min 0.07 −0.10
SD 0.12 0.10

Note. M = mean, Max = maximum, Min = minimum; SD = standard deviation; PF = Physical functioning; BP = Bodily Pain; GH = General
Health; VT = Vitality; SF = Social Functioning; RE = Role-Emotional; MH = Mental Health; PCS = Physical Component Score; MCS = Mental
Component Score; GCS = Glasgow Coma Scale; GOSE = Glasgow Outcome Scale—Extended. No correlations with the Reported Health
Transition (HT) scale reported because of the scale length (one item); values in bold represent an at least medium effect size (≥|0.30|),
significant at α = 0.05.
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Abstract: Assessing outcomes in multinational studies on traumatic brain injury (TBI) poses major
challenges and requires relevant instruments in languages other than English. Of the 19 outcome
instruments selected for use in the observational Collaborative European NeuroTrauma Effective-
ness Research in TBI (CENTER-TBI) study, 17 measures lacked translations in at least one target
language. To fill this gap, we aimed to develop well-translated linguistically and psychometrically
validated instruments. We performed translations and linguistic validations of patient-reported
measures (PROMs), clinician-reported (ClinRO), and performance-based (PerfO) outcome instru-
ments, using forward and backward translations, reconciliations, cognitive debriefings with up to
10 participants, iterative revisions, and international harmonization with input from over 150 interna-
tional collaborators. In total, 237 translations and 211 linguistic validations were carried out in up to
20 languages. Translations were evaluated at the linguistic and cultural level by coding changes when
the original versions are compared with subsequent translation steps, using the output of cognitive
debriefings, and using comprehension rates. The average comprehension rate per instrument varied
from 88% to 98%, indicating a good quality of the translations. These outcome instruments provide a
solid basis for future TBI research and clinical practice and allow the aggregation and analysis of
data across different countries and languages.

Keywords: translation; linguistic validation; outcome instruments; traumatic brain injury
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1. Introduction

Traumatic brain injury (TBI) is a major cause of lifelong disability worldwide [1].
It is defined as “an alteration in brain function, or other evidence of brain pathology,
caused by an external force” [2] (p. 1637). A TBI may result in a variety of consequences,
such as temporary or persisting functional disability [3]; neurological problems [4,5],
including sensory-motor disorders [6,7], as well as neuropsychological [8,9], psychosocial,
and psychiatric sequelae [10–12]; and reduced health-related quality of life (HRQOL) [13].

Given the broad range of areas affected, the complexity and heterogeneity of TBI
and its consequences cannot be adequately captured by unidimensional outcome assess-
ments [14]. The paradigm shift in classifying and treating TBI not only as an acute but
rather as a chronic brain disease emphasizes the need for a multi-level outcome assess-
ment [1,15,16], which should cover the various outcome domains and reflect the perspec-
tives of both patients and healthcare professionals.

Over the past 35 years, outcome instruments have been developed for different
clinical fields [17,18] and, during the last decade, TBI research has started to apply combi-
nations of them [13,14,19]. Outcomes after TBI can be assessed using instruments based
on clinician-reported outcomes (ClinROs), patient-reported outcomes measures (PROMs),
and performance-based physical and cognitive outcomes (PerfOs). PROMs use patients’
self-ratings regarding their subjective perspective of their health condition and/or medical
treatment [20,21]. In ClinRO instruments and clinical tests, the patients’ status is assessed
by trained healthcare professionals, while PerfO instruments capture the “objective” func-
tional performance through standardized tests, mostly carried out by psychologists or
other clinical personnel [21].

Multicenter multinational studies that investigate outcomes multidimensionally by
using these types of instruments are required to comprehensively characterize outcome
and recovery trajectories after TBI. A prerequisite for reliable and valid national and in-
ternational multidimensional investigations of outcomes after TBI is the availability of
well-translated, linguistically validated, and internationally harmonized ClinRO, PerfO in-
struments, and PROMs to assess cognitive, psychological, and psychosocial outcomes,
HRQOL, recovery, and amnesia in multiple languages. Many of these are, however,
only available in a limited number of languages [22].

To overcome this limitation, the instruments need to be translated and linguistically
validated in the target languages for international studies on TBI outcome. The linguistic
validation of instruments is challenging as it needs to address the cultural and conceptual
differences between the respective language while maintaining the contents of each in-
strument on a conceptual level across the different languages [23]. A systematic review
found that no standardized international guidelines exist for the linguistic validation of
health-related outcome instruments [24]. Nevertheless, several guidelines and recommen-
dations for iterative translation procedures are in use, published by the MAPI Research
Trust [25], the International Society for Pharmacoeconomics and Outcomes Research (IS-
POR) [26,27], and others [23,28,29]. Moreover, further research is addressing the issue of the
cross-linguistic adaptation of PROMs [26], ClinRO and PerfO instruments [30], and clinical
ratings (e.g., Reference [31]). To date, general principles include the following steps:

First, the team coordinating the translation of an instrument should identify and
clarify the concepts behind the instructions, items, and response formats (together with the
developer) [25]. The translation of the original instrument into the target language should
be performed by two independent native speakers, living in the country, fluent in English,
briefed concerning the translation of health-related outcome instruments, and ideally hav-
ing already performed this kind of translation before [25,26]. Second, the two translations
should be combined to form a single forward version [25,28]. This reconciled version
is back-translated by one independent linguist—a native speaker in the language of the
original instrument and fluent in the target language—living in the respective country [24].
The reconciled target version is then revised considering the backward translation. Third,
the target version should be cognitively debriefed in five to ten patients [25]. The amend-
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ments suggested by the target language translators are reviewed by the language translation
coordinating team, discussed with the team and the target language translators (and the
developer); then the translated instrument is finalized [25]. Finally, if an instrument is si-
multaneously translated into several languages, these translations should be internationally
harmonized to ensure they are comparable, a process that is performed in the translation
coordinating center together with the instrument’s authors [24]. These steps are meant to
ensure that an instrument translation is “conceptually and linguistically equivalent to the
source measure and allows data pooling and analysis/comparison across countries” [25]
(p. 21).

While designing the Collaborative European NeuroTrauma Effectiveness Research
study (CENTER-TBI; EC grant 602150; clinicaltrials.gov NCT02210221), a large interna-
tional observational European study on TBI, we found that 17 of the 19 selected instruments
or subtests were not available in at least one target language. To deal with this challenge,
we decided to conduct translations and linguistic validations of these outcome instruments
into up to 20 target languages, following most of the recommendations mentioned above.
These translated instruments have been made available to the international scientific and
clinical community. The present study describes the first part of the linguistic validation
process of the outcome instruments administered in the CENTER-TBI study. The second
part, concerning the psychometric properties of the PROMs is also published in the same
issue of this journal [32].

2. Methods

2.1. Languages

The CENTER-TBI study was conducted from 2015 to 2017, across 18 countries in
Europe and in Israel. The study protocol has been published and descriptive results have
been presented [33,34]. The target languages for the linguistic validation were determined
by the language(s) spoken in those countries that had expressed an interest in participating
(Table 1).

Table 1. Target languages for the linguistic validation of the countries that participated in the
CENTER-TBI study.

No. Target Languages Country

1 Arabic Israel
2 Bosnian/Croatian/Serbian Bosnia/Croatia/Serbia
3 Bulgarian Bulgaria
4 Czech Czech Republic
5 Danish Denmark
6 Dutch Belgium, the Netherlands
7 Finnish Finland
8 French Belgium, France
9 German Austria, Belgium, Germany
10 Hebrew Israel
11 Hungarian Hungary
12 Italian Italy
13 Latvian Latvia
14 Lithuanian Lithuania
15 Norwegian Norway
16 Romanian Romania
17 Russian Israel
18 Slovakian Slovakia
19 Spanish Spain
20 Swedish Sweden

Note. As the Bulgarian and Czech centers dropped out of the CENTER-TBI study early on, not all linguistic
validation steps could be performed (see results and discussion). Moreover, cognitive debriefings were not carried
out for the Arabic and Russian language. Thus, these languages are not available on the CENTER-TBI website,
but from nvsteinbuechel@med.uni-goettingen.de for further linguistic validation.
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2.2. Instruments

The selection of the outcome instruments was informed by the Common Data Ele-
ments (CDE) recommendations [35,36] taking into consideration TBI specificity and the free
availability of instruments. As a result, the following outcome instruments were adminis-
tered in the CENTER-TBI study (see Table 2). For a detailed description, see Appendix B.

Table 2. Outcome instruments administered in the CENTER-TBI study.

Abbreviation Instrument Outcome Domain No. of Items Response Format Response Categories

clinician-reported outcome instrument (ClinRO), its questionnaire version, and a clinical amnesia test

GOSE * Glasgow Outcome
Scale Extended [37]

Functional
outcome and level

of disability
19 Dichotomous and

polytomous

“yes”/“no” (16 items)
and item-specific rating

scales and response
categories (three items)

GOSE-Q

Glasgow Outcome
Scale Extended—

Questionnaire
version [38]

Functional
outcome and level

of disability
14 Dichotomous and

polytomous

“yes”/“no” (five items)
and item-specific rating

scales and response
categories (nine items)

GOAT Galveston Orientation
Amnesia Test [39]

Post-traumatic
amnesia

10 and 3
sub-items Dichotomous Error evaluation by

clinician

Patient-reported outcome measures (PROMs)

GAD-7
Generalized Anxiety

Disorder 7 item
scale [40]

Psychological
outcome

(generalized
anxiety disorder)

7 Polytomous

“not at all”
“several days”

“more than half the
days”

“nearly every day”

PHQ-9 Patient Health
Questionnaire 9 [41]

Psychological
outcome

(depression)

9 items and 1
additional
question

Polytomous

“not at all”
“several days”

“more than half the
days”

“nearly every day”
(nine items) and “not

difficult at all”
“somewhat difficult”

“very difficult”
“extremely difficult”

(one item)

PCL-5 Posttraumatic Stress
Disorder Checklist [42]

Psychological
outcome

(post-traumatic
stress disorder)

20 items and
1 additional

question

Polytomous and
one dichotomous

item

“not at all”
“a little bit”

“moderately”
“quite a bit”

“extremely” and
“yes”/“no” (one item)

RPQ

Rivermead
Post-concussion

Symptoms
Questionnaire [43]

Psychological,
cognitive,

and behavioral
outcome

16 and 1
additional
question

Polytomous and
two semi-open

questions

“no more of a problem”
“a mild problem”

“a moderate problem”
“a severe problem” and
the possibility of listing
two further difficulties
and rating them on the

same scale

QOLIBRI
Quality of Life after

Brain Injury
Scale [44,45]

TBI-specific
HRQOL 37 items Polytomous

“not at all”
“slightly”

“moderately”
“quite”
“very”
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Table 2. Cont.

Abbreviation Instrument Outcome Domain No. of Items Response Format Response Categories

QOLIBRI-OS *
Quality of Life after

Brain Injury—Overall
Scale [46]

TBI-specific
HRQOL 6 items Polytomous

“not at all”
“slightly”

“moderately”
“quite”
“very”

SF-36v2 Short Form Health
Survey—Version 2 [47] Generic HRQOL 36 items Polytomous

Different kinds of Likert
scales and item-related

rating scales and
response categories

SF-12v2 * 12-Item Short Form
Survey—Version 2 [48] Generic HRQOL 12 items Polytomous

Different kinds of Likert
scales and item-related

rating scales and
response categories

Performance-based outcomes (PerfO)

CANTAB

Cambridge
Neuropsychological

Test Automated
Battery ** [49]

Neuropsychological
outcome

6 subtests
(RTI, SWM,
PAL, RVP,
AST, SOC)

- -

RAVLT Rey Auditory Verbal
Learning Test [50]

Neuropsychological
outcome - -

Three versions of two
respective word lists,

15 words each (A and B,
four versions of the

instrument for repeated
testing)

TMT-A, B Trail-Making Test A,
B [51]

Neuropsychological
outcome - -

TMT-A: numbers from 1
to 25

TMT-B: letters (A–L) and
numbers (1–13)

* Instruments marked with an asterisk were selected as core instruments of the CENTER-TBI study [33]. ** For the computer-based
CANTAB tests, the instructions and procedure descriptions were subjected to translation. The responses are language free as the test
battery consists of visual and auditory stimuli to which subjects react on the behavioral level: RTI = reaction time, SWM = spatial working
memory, PAL = paired associate learning, RVP = rapid visual processing, AST = attention switching task, SOC = stockings of Cambridge.
HRQOL = health-related quality of life. Bold was used to highlight the number of items in the questionnaire.

2.3. Translation and Linguistic Validation Procedure

Outcome instruments were identified for which published translations and linguistic
validations were not available in the languages required for the countries participating
in the CENTER-TBI study. For these instruments, translations and linguistic validations
were performed between October 2013 and October 2015. Table 3 gives an overview of
the pre-existing translations and the translated and linguistically validated versions in the
target languages of the participating countries.
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English version 

Construct description for each country and later harmonization of 
translations across all countries

Forward translation I Forward translation II

Reconciled target language version I

Backward translation

Reconciled version II tested in each country with cognitive 
debriefings

N N 

Translation of cognitive debriefings for the central review

Translation steps

Figure 1. Translation and linguistic validation process.

The translations and linguistic validations of all instruments were coordinated by the
core team of the University Medical Center Göttingen (UMG), consisting of one project
coordinator and seven language coordinators, who led one to three translation teams in the
participating countries. The core team included individuals whose language proficiency
covered all required languages. In addition, the core team included at least one native
speaker of each target language who was also fluent in English and who was responsible
for that language. The core team and the translation teams in the participating countries
comprised physicians, psychologists, teachers, linguists, nurses, occupational therapists,
certified translators, administrative personnel, teachers, etc., who were experienced either
in TBI research or clinical practice, outcome measurements, and/or translation.

We used a linguistic validation procedure that was guided by the recommendations of
the MAPI Research Trust [24,25], adapted to the conditions of CENTER-TBI. As for various
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reasons (e.g., some centers dropped out of the study), some translations could not follow
the entire process, we distinguish between translation, linguistic validation (without cognitive
debriefings), and full linguistic validation (including cognitive debriefings). The outcome
instruments were divided into two groups: (1) the core instruments (GOSE, QOLIBRI-OS,
and SF-12v2) complemented by the additionally prioritized instruments (i.e., GOSE-Q,
PCL-5, and QOLIBRI) and (2) the other instruments (GOAT, GAD-7, PHQ-9, RPQ, SF-36v2,
RAVLT, TMT-A, B, and CANTAB). The procedure differed slightly for the two groups (see
Phase 2).

2.3.1. Phase 1—Conceptual Analysis of the Original Instrument

A concept list was devised as a basis for the translations, enumerating difficulties
encountered during the prescreening of the instruments, to ensure that every translator
was familiar with the constructs used in the instruments (i.e., for the GOSE, GOSE-Q,
GOAT, PCL-5, RPQ, QOLIBRI/QOLIBRI-OS, and RAVLT). This list included explanations
concerning the translation of English idioms, words with multiple meanings, symptoms,
and their intensity. For example, the item “As a result of your injury are there now
problems in how you get on with friends or relatives?” from the GOSE-Q was explained by
noting that in this context “get on” means “get along with”. The item “Being ‘superalert’
or watchful or on guard” from the PCL-5 was explained as meaning very or extremely
attentive. Moreover, translators were instructed to translate the Likert response scales
considering the hierarchical order of the answers (e.g., from “not at all” to “extremely”)
and their equidistance, etc. Concerning the PerfOs, some of the examples are presented
here. For the RAVLT, translators were encouraged to use culturally adapted translations
for the word “church”. Furthermore, this memory test includes homonyms, for which
explanations were given, e.g., earth—the planet; turkey—the animal; orange—the fruit,
etc. To further facilitate the comparability of the different RAVLT language versions,
translators were asked to use a frequency list of words for each language (e.g., http:
//corpus.rae.es/lfrecuencias.html (accessed on 16 April 2021) for Spanish) to ensure that
words with comparable frequencies were used. These strategies were adopted to support
the comparability of the different language versions.

The explanatory concept list was discussed with all translation teams in the target
languages/countries. In case of conceptual problems, the authors of the instruments
were contacted.

2.3.2. Phase 2—Translation: Forward Translations, Reconciled Version, and Backward
Translation

All the original instruments were available at least in English. For the GAD-7 and PHQ-
9, translations and validations had already been published in (most of) the target languages
and were freely available (https://www.phqscreeners.com (accessed on 16 April 2021)).
Licenses for the use of the SF-36v2, SF-12v2 were obtained from Optum [52]. Thus, the GAD-
7, PHQ-9, and SF-36v2/-12v2 were administered as such. For the GOSE, GOSE-Q, PCL-5,
QOLIBRI, and QOLIBRI-OS, two independent forward translations were performed into
several target languages by native speakers. The respective translations were reconciled
into one version by the translation team in the target language. These reconciled versions
were then revised and adapted by the core team, in agreement with the target language
translation team. A native English speaker who was not familiar with the original English
instrument translated the harmonized forward translation back into English.

All other instruments (i.e., GAD-7, PHQ-9, RPQ, RAVLT, TMT-A,B, and CANTAB
subtests) underwent a single forward translation, due to limited resources. The test
materials for the PerfO instruments comprise examples, visual and auditory materials
which were—where appropriate—also subjected to the translation procedure. The other
steps described above were the same for all instruments. See Figure 1 for an overview.

85



J. Clin. Med. 2021, 10, 2863

2.3.3. Phase 3—Revision of the Forward and Backward Translations

A review of the original instrument, the forward translation(s), the reconciled version,
and the backward translation was carried out by the core team. Reconciled versions were
then agreed upon together with the translation teams in the target language countries.

2.3.4. Phase 4—Cognitive Debriefing

These interviews, referred to as cognitive debriefings, are based on detailed structured
questions whereby all answers are recorded. In the structured interview, participants were
asked to share their thoughts about the meaning of each word, phrase, and item, and to
comment on their comprehension of the respective instrument. The goal of a cognitive
debriefing is to determine whether participants understand the text in the same way as it is
intended in the original version of the instrument and whether its translation is culturally
appropriate. These cognitive debriefings were performed in three to five individuals after
TBI. Before this, three to five healthy individuals participated in the cognitive debriefings
to anticipate and modify possible semantic, syntactical, idiomatic/pragmatic, and cultural
issues early in the process. Clinicians were interviewed for the ClinROs.

The results were transcribed and translated into English by the translation teams.
When linguistic and cultural problems were identified, the translations were further modi-
fied. The GOSE, the GOSE-Q, PCL-5, QOLIBRI, and QOLIBRI-OS underwent cognitive
debriefings, which resulted in a full linguistic validation. No cognitive debriefings were
performed for the other instruments (linguistic validation).

2.3.5. Phase 5—Review of Cognitive Debriefing

The results of the cognitive debriefings were reviewed in the target languages by the
core and the translation teams: if there were linguistic and/or cultural issues, alternative
wording suggested by the lay people and patients interviewed (or clinicians, in case of
clinical ratings) was integrated into an updated version of the instrument.

2.3.6. Phase 6—International Harmonization

Final harmonization was performed by the core team for all the instruments. Fur-
thermore, telephone or video conferences were held with the target language translation
centers. In these, all concepts, such as cultural and linguistic equivalence, and all for-
mal aspects were again discussed in detail, and if necessary appropriate adjustments
were made. These versions were proofread by informed native speakers (investigators,
participants, and management committee [MC] members of the CENTER-TBI study) for
final adjustments.

2.3.7. Step 7—Final Version

Based on the revisions and results of the international harmonization, a final version
of each of the instruments was produced.

2.4. Evaluation of Translations

The comparability of the translations was assessed by numerically coding any seman-
tic, cultural, idiomatic/pragmatic, and syntactic/grammatical differences, first comparing
the original instrument version with the first harmonized version and then comparing this
with the internationally harmonized final version. This coding procedure was designed to
examine whether the translations captured the original instruments as closely as possible.
The semantic level included all changes and problems related to the meaning of words and
use of vocabulary. Cultural differences reflected the cultural relevance of the translations
in the respective target languages. Idiomatic/pragmatic issues dealt with the translation of
English idioms into the target language, for example. Finally, the syntactic/ grammatical
level included, e.g., sentence structure, punctuation, etc. To quantify the changes, we as-
sessed the differences in the instructions, items, and response categories of the instruments
at these four levels. The number of differences is expressed as a percentage (i.e., number of
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differences relative to the total number of text elements in question). This number varies
from 0% (no differences at all) to a maximum of 900% (multiple differences). Values above
100% indicate multiple modifications in one text element (e.g., nine coded differences in
one instruction are expressed as 900%). The same modification in the same item text is
considered once (e.g., the use of the courtesy pronoun in ten items of an instrument is
counted as one modification). To summarize the results, we have provided an average
percentage of changes across the languages for each instrument. To avoid the influence
of outliers (e.g., extensive number of changes in a few languages), mean and median
percentages of coded differences are reported.

Additionally, we have reported issues identified in the cognitive debriefings using
comprehension rates. These were calculated by taking the number of individuals who par-
ticipated in the cognitive debriefings, who had no problems understanding the instructions,
items, and responses, and who had no concerns regarding the phrasing and the cultural
conformance, and dividing this number by the overall number of interviewees. Mean com-
prehension rates were evaluated using quartiles, a commonly used measure in health
sciences providing information about the center and the spread of the data. A rate of 100%
indicates full comprehension, values above 75% were considered good, values ranging
from 25% to 75% acceptable, and values below 25% indicated poor understanding. The re-
sults of the cognitive debriefings and reports on the translational and linguistic validation
issues and solutions informed further revisions and harmonization of the instruments.

To assess these issues, the following questions were asked about the instructions,
each item, and the respective response categories:

1. Did you have difficulties understanding this instruction/the question/the response options?
2. What did you understand this to mean?
3. Is it relevant for your situation?
4. Are the response options clear and consistent with the question?
5. If anything was misleading or unclear, how would you reword it?

3. Results

In total, 237 translations and 211 linguistic validations were carried out in up to 20 lan-
guages, including 14 translations and 12 linguistic validations of one ClinRO, 20 translations
and 18 linguistic validations of its questionnaire version, 20 translations and 18 linguistic
validations of the clinical amnesia test, 63 translations and 55 linguistic validations of
the six PRO instruments, and 120 translations and 108 linguistic validations of the PerfO
instruments (see Table 4).

Table 4. Translations, linguistic and full linguistic validations for the instruments administered in the CENTER-TBI study.

Instrument Translations Linguistic Validations
Full Linguistic Validations

(Including Cognitive Debriefings)

N % N % N %

ClinRO, its questionnaire version,
and a clinical amnesia test

54 100% 48 89% 26 54%

GOSE 14 100% 12 86% 10 83%
GOSE-Q 20 100% 18 90% 16 89%
GOAT 20 100% 18 90% - -

PROMs 63 100% 55 87% 31 56%

GAD-7 2 100% 2 100% - -
PHQ-9 1 100% 1 100% - -
PCL-5 19 100% 17 89% 15 88%
RPQ 17 100% 15 88% - -

QOLIBRI 12 100% 10 83% 8 80%
QOLIBRI-OS 12 100% 10 83% 8 80%
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Table 4. Cont.

Instrument Translations Linguistic Validations
Full Linguistic Validations

(Including Cognitive Debriefings)

N % N % N %

PerfOs 120 100% 108 90% - -

CANTAB 83 100% 74 89% - -
RAVLT 20 100% 18 90% - -

TMT-A, B 17 100% 16 94% - -

Total 237 100% 211 89% 57 27%

Note: N = number of translations or linguistic validations, % = percentage, “-” = no translation or linguistic validation performed.
Translations = overall number and percentage of performed translations; linguistic validation = overall number of performed linguistic
validations and percentage in relation to all established translations; full linguistic validations include cognitive debriefings, linguistic
validations do not; here, the overall number of full linguistic validations performed and percentage in relation to all performed linguistic
validations is reported. Bold are for better readability.

3.1. Forward and Backward Translations, Comparison between the Original Version and the First
Harmonization (Phases 2 and 3)

The forward and backward translations were performed for all outcome instruments.
Some GOSE-Q translations conducted for the European multi-center Eurotherm study [53]
were used as the forward translation (Dutch, German, French, Hungarian, Italian, Lithua-
nian, Russian, and Spanish). All instruments were then back-translated. Already existing
and published translations of the Dutch and French GOSE, and the French translations of
the QOLIBRI/QOLIBRI-OS were edited according to the comments of the translators and
revised in an iterative process during the international harmonization (Phase 6).

The comparison between the original English versions and the first harmonization
mainly revealed differences at the semantic level, followed by idiomatic and cultural
issues (see Table 5). Considering both the mean and median percentage of differences,
most changes were observed for the RPQ, followed by the GOSE-Q, GOSE, PCL-5, and
the RAVLT.

Table 5. Average (mean and median) number of differences between the original English version and the first harmo-
nized version.

Average Number of Changes

Mean Median

Measure Text Elements No. S C I/P S/G S C I/P S/G

ClinRO, Its Questionnaire Version, and a Clinical Amnesia Test

GOSE
(10 translations)

In 11 47 3% 5% 9% 46% 0% 5% 0%
I 19 24% 2% 4% 7% 17% 0% 0% 5%
R 15 17% 1% 5% 2% 13% 0% 0% 0%

GOSE-Q
(16 translations)

In 2 97% 22% 20% 23% 50% 0% 0% 0%
I 14 18% 8% 7% 6% 14% 7% 4% 3%
R 42 9% 1% 3% 3% 2% 0% 1% 0%

GOAT
(16 translations)

In 8 13% 2% 8% 10% 6% 0% 0% 0%
I 13 11% 4% 5% 3% 8% 0% 0% 0%
R - - - - - - - - -

PROMs *

GAD-7
(2 translations)

In 1 0% 50% 0% 0% 0% 50% 0% 0%
I 7 0% 0% 0% 0% 0% 0% 0% 0%
R 5 0% 0% 0% 0% 0% 0% 0% 0%

PHQ-9
(1 translation)

In 1 0% 100% 0% 0% 0% 100% 0% 0%
I 10 0% 10% 0% 0% 0% 10% 0% 0%
R 5 0% 0% 0% 0% 0% 0% 0% 0%
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Table 5. Cont.

Average Number of Changes

Mean Median

Measure Text Elements No. S C I/P S/G S C I/P S/G

PCL-5
(15 translations)

In 1 60% 20% 0% 20% 0% 0% 0% 0%
I 21 19% 2% 8% 7% 14% 0% 0% 5%
R 5 12% 0% 3% 0% 0% 0% 0% 0%

RPQ
(13 translations)

In 1 146% 46% 31% 46% 146% 0% 0% 0%
I 17 10% 2% 1% 3% 6% 0% 0% 0%
R 5 14% 0% 2% 3% 20% 0% 0% 0%

QOLIBRI
(8 translations)

In 7 22% 7% 11% 25% 18% 0% 5% 29%
I 37 10% 1% 4% 6% 5% 0% 5% 7%
R 5 3% 0% 0% 0% 0% 0% 0% 0%

QOLIBRI-OS
(8 translations)

In 1 50% 50% 25% 75% 0% 0% 0% 88%
I 6 8% 0% 4% 2% 4% 0% 0% 0%
R 5 3% 0% 3% 0% 0% 0% 0% 0%

PerfO *

RAVLT
(16 translations)

In 5 71% 13% 11% 33% 60% 0% 0% 0%
I 45 7% 0% 1% 0% 6% 0% 0% 0%
R - - - - - - - - -

TMT A/B
(14 translations)

In 6 58% 11% 17% 12% 42% 17% 8% 14%
I 38 1% 0% 0% 0% 0% 0% 0% 0%
R - - - - - - - - -

Note: No. = Number of text elements; In = Instructions: average number of modifications between the original English version and
the first harmonization (average in %, i.e., number of differences in relation to the total number of the respective text elements divided
by the number of translations); I = Items: modifications in items; R = Response categories: modifications (if applicable, otherwise “-“);
S/G = Syntactic/Grammatical level; C = Cultural level; I/P = Idiomatic/Pragmatic; ClinRO = clinician-reported outcome instrument;
PROMs = patient-reported outcome measures; PerfOs = performance-based outcome instruments; GOSE = Glasgow Outcome Scale—
Extended; instructions of the GOSE include introduction (1), commentary on the questions (9), and scoring (1); GOSE-Q = Glasgow
Outcome Scale—Extended questionnaire version; instructions include introduction and header (1) and explanatory example for the item
9; different types of responses (dichotomous yes/no and polytomous item-related responses) result in 42 elements; GOAT = Galveston
Orientation Amnesia Test (no response categories); GAD-7 = Generalized Anxiety Disorder 7 Items Questionnaire; PHQ-9 = Patient Health
Questionnaire 9 Items; PCL-5 = Posttraumatic Stress Disorder Checklist; RPQ = Rivermead Post-Concussion Symptoms questionnaire;
QOLIBRI = Quality of Life after Brain Injury Scale; instructions to the two parts (2) and five subscales (5); QOLIBRI-OS = Quality of
Life after Brain Injury—Scale; RAVLT = Rey Auditory Verbal Learning Test; here, words are treated as items (5 × 15 = 45) (no response
categories); instructions: introduction (1), explanations on the three trials (3), and the summary table for evaluation of the test result (1);
TMT-A/B = Trail-Making Test A, B; in the TMT-A/B, letters and numbers are treated as items, there are no response categories; instructions
of the TMT-A, B include introduction (1), explanation on the trial A (1) and trial B (1), trial B test (1), scoring (1), and hands check (1);
CANTAB = Cambridge Neuropsychological Test Automated Battery. Cognitive debriefings and international harmonization of the Arabic,
Russian, Bulgarian, and the Czech translations were not carried out and are therefore not reported. * Excluded from analyses, as translations
of the SF-36v2/-12v were obtained from Optum. CANTAB analyses are not presented here, because in the meantime only updated versions
from Cambridge Cognition can be used. Therefore, these are not available on the CENTER-TBI website.

At the semantic level, specifically, the term “(head, brain) injury” underwent semantic
changes across many languages. Frequently, “injury” was translated as “trauma” which
seemed more appropriate in the respective language contexts. Further semantic changes
concerned the choice of words, with the aim of capturing the original instruments as closely
as possible.

At the idiomatic/pragmatic level, the differences between translations comprised adap-
tations of English idioms and special phrases. For example, the question “How are you
satisfied with your ability to get out and about” from the QOLIBRI had to be explained,
as the idiom “get out and about” is phrased differently in many languages.

The cultural level included the use of specific pronominal forms, gender-appropriate
language, and the translation of specific terms lacking or seldom used in the culture of the
target language. Here, two tendencies were observed: (1) more informal gender-neutral
translations (especially in Northern European languages) and (2) more formal gender-
sensitive translations in other European languages and Hebrew. In addition, as already
expected after devising the conceptual list, differences occurred in the translation of the ex-
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planatory text of the GOSE-Q, which included an example of “playing bingo” among other
leisure activities. Since playing bingo is uncommon as a leisure activity in many countries,
many translating teams used a culturally more appropriate example such as “going out to
a restaurant”. For a detailed overview, see Supplementary Materials Table S1 online.

3.2. Cognitive Debriefings and Quality of Translations (Phases 4 and 5)

Overall, the average comprehension rates of the participants interviewed for each
instrument were above 90% for items and response categories and greater than or equal to
85% for the instructions (see Table 6). Some translations with lower comprehension rates
(e.g., the Swedish GOSE/GOSE-Q, the instructions of the Slovakian GOSE-Q, the instruc-
tions and responses of the French GOSE-Q, the instructions of the French PCL-5, and the
responses of the Slovakian QOLIBRI) required further revisions, which were carried out
in the next harmonization step. However, all comprehension rates were at least within
an acceptable range (25% to 75%) or above (≥75%), except for the instructions of the
Swedish version of the GOSE and the French version of the GOSE-Q, where all participants
commented on the wording, which was corrected.

The translational challenges determined in the cognitive debriefings for the ClinRO,
its questionnaire version, the PROMs on a linguistic (semantic, syntactic, and idiomatic),
and cultural level are summarized in Table 7, together with their solutions.

Linguistic and cultural differences can occur not only in the translation of PROMs
but also in the translation of PerfO instruments. The RAVLT can serve as an example
of the complexity of the translational and linguistic validation process. A good example
of some cultural differences is the word “church”, which is used less often in countries
where religious backgrounds other than Christianity are predominant. As a solution,
the use of the terms “mosque”, “synagogue”, “temple”, or “church” was implemented
for these translations. It was also noticed that one to two-syllable nouns were usually
used in the English version of the RAVLT, which is not the case in all languages. In the
Lithuanian, Russian, and Hungarian languages, for example, nouns generally have two or
more syllables, as reflected by the translated nouns. Since the number of syllables per word
may influence verbal memory, such language-specific characteristics need to be considered
for further multinational translation procedures concerning verbal memory.

3.3. Harmonization and Final Versions (Phases 6 and 7)

The harmonized versions underwent further revisions, depending on the complexity
and conceptual clarity of the instrument, the quality of the translations, and results of the
cognitive debriefings. When different opinions arose among the team members involved in
the final national and international harmonization, a consensus was sought resulting in the
most appropriate translations. Instrument developers were only contacted when problems
could not be solved, which only happened twice (for the GOAT and PCL-5). These versions
were reviewed by informed native speakers (members of the CENTER-TBI study) in the
different languages for final adjustments.

Table 8 provides an overview of the changes in coding the semantic, cultural, id-
iomatic/pragmatic, and syntactic/grammatical differences and issues between the first
harmonization and the final versions administered in the study. Most differences concerned
semantic and syntactic/grammatical changes. The changes contained improvements of in-
appropriate translations, consistent use of gender-appropriate language, and grammatical
issues (e.g., use of commas and spelling). Most of the issues involved the use of synonyms
or words that were initially translated literally from English into the target language but
that were not suitable in the context of this language.
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Considering the average (i.e., the mean) relative number of coded differences, the in-
struments involving the most changes were the RPQ, followed by the GOSE-Q and the
PCL-5. However, the main changes in the RPQ, and in the PCL-5 occurred only in a few
languages (Swedish, German, Danish, and Bosnian/Croatian/Serbian), which is reflected
in the average percentages. Based on the median, most changes were performed during
the harmonization of the GOSE-Q, followed by the RAVLT and the GOSE. For a detailed
overview, see Supplementary Materials Table S2 online.

In sum, these efforts resulted in linguistically validated translations into up to 20
languages of one ClinRO instrument, its questionnaire version, one clinical amnesia test,
six PROMs, and three PerfO instruments, including six CANTAB subtests.

4. Discussion

The translations of the 17 outcome measures into up to 20 languages and the linguistic
validations in up to 18 languages were achieved with input from over 150 international
collaborators. These translated instruments provide a basis for reliable and valid future TBI
outcome research and clinical practice, thereby facilitating data collection and comparisons
across 18 countries in Europe and Israel. Translated and linguistically validated versions
of the instruments used in the study are accessible in the public domain on the website of
CENTER-TBI (https://www.center-tbi.eu/ (accessed on 16 April 2021)).

Recommendations: The following recommendations resulting from our linguistic val-
idation work may be helpful for future international projects in the field of TBI and
related areas.

First, it is important to work with translators with linguistic expertise, as well as
expertise in the field of TBI, in addition to being native or fluent in English. In contrast to
the MAPI guidelines [25], we only seldom resorted to certified professional translators as
the professional translations had to be revised much more extensively in our study than
the others. Furthermore, similar to Swaine-Verdier et al. (2004) [28], we also attempted—
whenever possible—to integrate at least one person with a background in linguistics,
teaching, or administration in the translation process. These vocational groups were as-
sumed to be especially sensitized to the everyday use of language, comparable to the
language of the individuals later answering the instruments [28]. In addition, regardless
of the type of outcome measure (PROM, ClinRO, clinical amnesia test, or PerfO), it is
important to consider the linguistic concepts and cultural background of each country,
including the use of gender-appropriate language, courtesy, or informal pronominal forms,
and specific idiomatic and pragmatic terms. Instruments with items using different and/or
item-specific response formats and more detailed instructions do require more work com-
pared with instruments consisting only of a few items with a standard Likert response
scale. The translation and linguistic validation of clinical rating scales, such as the GOSE,
were particularly time-consuming and complex. Detailed standardized training of raters is
also recommended for this type of clinical scale, to enhance the comparability of the ratings.

Second, besides the selection of translators, the integration of extensive international
harmonization panels and the good to excellent psychometric properties of the translated
and linguistically validated PROMs described in von Steinbuechel et al. [32], as well as
in van Praag et al. [54] and in Plass et al. [55], underline the quality of our translations
of the instruments based on the procedure applied. Furthermore, we found face-to-face
or video conferences very helpful during this procedure to enhance coherence across all
languages. Visiting some translating country centers that participated in the linguistic
validation procedure in person also served to intensify and ameliorate the process.

Third, as an understanding of the importance, implications, and intense workload
of linguistic validation procedures is still underrepresented in the field of TBI research,
more resources should be allocated to this type of undertaking. For future international
multidimensional outcome studies on TBI, we wish to provide a solid basis for linguistic
validation and its funding.
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Fourth, the issue of commercial ownership of instruments is one that public funding
bodies such as the EU and the National Institutes of Health (NIH) should consider before
designating instruments as recommended data elements. While the costs involved in
using such commercial instruments may not be an insurmountable burden in high-income
countries, they may be extremely challenging in low- and middle-income countries. The SF-
12v2, SF-36v2, and the CANTAB are only available on a commercial basis. All translations
of the QOLBRI and the QOLIBRI-OS instruments described in this manuscript are freely
available for academic use from www.center-tbi.eu (accessed on 16 April 2021) and https:
//qolibrinet.com (accessed on 16 April 2021). In addition, translations of these instruments
developed within the CENTER-TBI project (Arabic, Bulgarian, Bosnian/Croatian/Serbian,
Hebrew, Hungarian, Latvian, Lithuanian, Romanian, Russian, Slovakian, and Spanish)
are also free for commercial use. All other translations of these instruments that preceded
the CENTER-TBI project are not covered by CENTER-TBI agreements; they are free for
academic research, but not for commercial use. For further information and potential
(commercial) use, please access https://qolibrinet.com (accessed on 16 April 2021).

Fifth, many of the outcome instruments are available in a wide range of versions,
the existence of which is not obvious. Resources, therefore, need to be used to identify
appropriate versions ensuring the comparability of data.

Sixth and final, as the translation and linguistic validation procedures were labor-
and resource-intensive, they could only be accomplished thanks to the dedication and
using the personal resources of contributing CENTER-TBI participants, investigators, and
MC members.

Overall, the freely available ClinRO, its questionnaire version, a clinical amnesia test,
PROMs, and PerfOs and the results of the present study provide many opportunities
for future translations and linguistic validations in other languages. The psychometric
validation of the PROMs [32] in different languages establishes a reliable basis for national,
international, and multicenter studies in the field of TBI.

Limitations. The translation and linguistic validation procedure described in the
present study mainly followed the recommendations of MAPI [25] and ISPOR [26,27],
with some adaptations in terms of the conceptual analyses, selection of translators, and the
number of translations and cognitive debriefings. In contrast to these recommendations,
we only contacted developers for the conceptual analysis of the original instruments
when difficulties occurred with the concept description or if difficulties arose during the
harmonization. Translators did not need to provide a language certificate but needed to
be native speakers, fluent in English, experienced in the care of patients in the field of
TBI, and preferably in outcome assessment. The effectiveness of this type of selection
of professionals was also reflected in the good to excellent psychometric quality of the
translations [53–55]. As the labor-intensive procedures required a pragmatic approach with
an efficient use of limited resources, only one formal forward translation was carried out
for the non-core or not additionally prioritized instruments (i.e., GOAT, GAD-7, PHQ-9,
RPQ, TMT-A, B, RAVLT, and CANTAB).

However, we tried to compensate for potential deficits by means of intense iterative
reviews, revisions, and international harmonization. Concerning the cognitive debriefings
performed, we interviewed at least two clinicians, three-to-five laypersons, and three to
five TBI patients, instead of the minimum five described by MAPI [25], which was an
effective way of coping with the shortage in some countries (centers) of TBI patients willing
to participate in the cognitive debriefings.

Finally, we decided to delay publication until the data and results of psychometric
analyses of the translated instruments were available [32], which required completion of
enrolment and six-month outcome assessment (2018) and subsequent data curation and
analysis (2020 to 2021).

Future perspectives. Future research should perform cognitive debriefings and interna-
tional harmonization of the Arabic, Russian, Bulgarian, and Czech translations, which have
not been carried out. In the next step, the psychometric characteristics and measurement
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invariance of the concepts used in the different instruments should be a topic for future
research [56–58].

5. Conclusions

Linguistically validated translations in up to 20 languages were produced for one
ClinRO (GOSE) and its questionnaire version (GOSE-Q), one clinical amnesia test (GOAT),
six PROMs (GAD-7, PHQ-9, PCL-5, RPQ, QOLIBRI, QOLIBRI-OS), and three PerfO instru-
ments (RAVLT, TMT-A,B) and the CANTAB with six separate subtests for individuals after
TBI. The translations of the outcome instruments, in so far as they are in the public domain,
are available on the CENTER-TBI homepage (https://www.center-tbi.eu/, accessed on 16
April 2021).

The description of the linguistic validation process of these instruments may provide
the basis for future linguistic and psychometric validations for national and multinational
cross-cultural TBI outcome studies. The availability of these instruments with good to ex-
cellent psychometric properties in the field of TBI [32] in the most widely spoken languages
in Europe and Israel may facilitate and improve outcome research and clinical evaluation
of individuals after TBI in the future.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jcm10132863/s1, Table S1: Comparisons between the original English versions and the
first draft translations of one ClinRO, its questionnaire version, a clinical amnesia test, PROMs,
and PerfO instruments, Table S2: Comparisons between the first draft translations and the final
target language versions of one ClinRO, its questionnaire version, a clinical amnesia test, PROMs,
and PerfO instruments.
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Appendix A. Linguistic Validation Group

Name Affiliation

Abu Shkara Ramiz Department of Neurosurgery, Hadassah-Hebrew University Medical Center, Jerusalem, Israel

Alshafai Nabeel Neurosurgical Academy, Toronto, Canada

Andelic Nada
Department of Physical Medicine and Rehabilitation, Oslo University Hospital, Oslo, Norway and

Faculty of Medicine, Institute of Health and Society, Research Centre for Habilitation and
Rehabilitation Models and Services (CHARM), University of Oslo, Oslo, Norway

Azouvi Philippe Physical and Rehabilitation Medicine, Hospital Raymond Poincaré, Garches, France

Bachvarova Maya
Institute for Medical Psychology and Medical Sociology, University Medical Center Göttingen,

Göttingen, Germany

Bakx Wilbert Department of brain injury, Adelante, Adult rehabilitation, Hoensbroek, The Netherlands

Bar Sapir Peleg no affiliation

Björkdahl Ann
Ersta Sköndal Bräcke University College, Institute of Social Science, campus Bräcke, Gothenburg,

Sweden

Branca Enrica
Institute for Medical Psychology and Medical Sociology, University Medical Center Göttingen,

Göttingen, Germany

Brazinova Alexandra Faculty of Medicine, Comenius University, Bratislava, Slovak Republic

Chatelle Camille Louvain Bionics, Université catholique de Louvain, Ottignies-Louvain-la-Neuve, Belgium

Dahyot-Fizelier Claire
Department of Anesthesia and Intensive Care, University Hospital of Poitiers, INSERM U1070,

University of Poitiers, Poitiers, France

Del Bianco Silvia Neurointensive Care Unit, San Gerardo Hospital Monza, Monza, Italy

Furmanov Alex Neurosurgery ICU, Hadassah Hebrew University Medical Center, Jerusalem, Israel

Godbolt Alison University Department of Rehabilitation Medicine Stockholm, Danderyd Hospital, Sweden

Gürlich Robert General University Hospital Kralovske Vinohrady, Prague, Czech Republic

Hedenäs Anna
University Department of Rehabilitation Medicine, Danderyd Hospital, Acquired Brain Injury Unit,

Daycare, Stockholm, Sweden

Hoang Stéphane
Institute for Medical Psychology and Medical Sociology, University Medical Center Göttingen,

Göttingen, Germany
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Name Affiliation

Kanuscak Martin
Institute for Medical Psychology and Medical Sociology, University Medical Center Göttingen,

Göttingen, Germany

Karan Mladen Department of Neurosurgery, Haukeland University Hospital, Bergen, Norway

Kondziella Daniel Department of Neurology, Rigshospitalet, Copenhagen University Hospital, Copenhagen, Denmark

Koskinen Sanna Department of Psychology and Logopedics, University of Helsinki, Helsinki, Finnland

Laleva Maria Department of Neurosurgery, University Hospital Pirogov, Sofia, Bulgaria

Levi Leon Rambam Healthcare Campus, Haifa, Israel

Liebertau Pia
Klinik IV, Klinikum Osnabrück, Germany, and Institut für Ethik und Geschichte der Medizin,

University Medical Center Göttingen, Göttingen, Germany

Lundgaard Soberg Helene Department of Physical Medicine and Rehabilitation, Oslo University Hospital, Oslo, Norway

Martino Costanza Dipartimento Chirurgico e Grandi Traumi, Ospedale M. Bufalini, Cesena, Italy

Menovsky Tomas Department of Neurosurgery, Antwerp University Hospital, Antwerp, Belgium

Milinkovic Sladana Clinical Center of Vojvodina, Novi Sad, Serbia

Mondello Stefania
Department of Biomedical and Dental Sciences and Morphofunctional Imaging, University of

Messina, Italy

Nelson David Department of Physiology and Pharmacology, Karolinska Universitetssjukhus, Solna, Sweden

Oistensen Holthe Oyvor Department of Physical Medicine and Rehabilitation, Oslo University Hospital, Oslo, Norway

Pestovskaya Natalia
Burdenko National Medical Research Center of Neurosurgery (NN Burdenko NMRCN),

Moscow, Russia

Pfeiffer Anna
Institute for Medical Psychology and Medical Sociology, University Medical Center Göttingen,

Göttingen, Germany

Popescu Codruta
Department of Practical Abilities, Human Science, University of Medicine and Pharmacy Iuliu

Hatieganu, Cluj-Napoca, Romania

Potapov Aleksandr
Burdenko National Medical Research Center of Neurosurgery (NN Burdenko NMRCN),

Moscow, Russia

Poulsen Ingrid
Department of Neurorehabilitation, TBI Unit, Rigshospitalet, Denmark and Research Unit Nursing

and Health Care, Health, Aarhus University, Denmark

Radoi Andreea Clinical Research Office at BarcelonaBeta Brain Research Center, Barcelona, Spain

Ragauskas Arminas Health Telematics Science Institute, Kaunas University of Technology, Kaunas, Lithuania

Ramin Irina
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Appendix B. Instruments Administered in the CENTER-TBI Study

Appendix B.1. Clinician-Reported Outcome Assessments (ClinRO), Its Clinical Version and a
Clinical Amnesia Test

Glasgow Outcome Scale Extended (GOSE-Interview) [37]. This clinical rating evaluates
patients’ functional status and level of disability. The GOSE consists of 19 items with
both dichotomous and polytomous responses measuring different domains (consciousness,
independence at home and outside home, work, social and leisure activities, family and
friendships, return to normal life, and epilepsy). Functional outcome is rated by a clinician
on an eight-point scale (1 = dead, 2 = vegetative state, 3/4 = lower/upper severe disability,
5/6 = lower/upper moderate disability, and 7/8 = lower/upper good recovery).
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Glasgow Outcome Scale Extended—Questionnaire version (GOSE-Q) [38]. This question-
naire addresses similar aspects to the GOSE interview in a format that a patient can answer
with or without help, or a caretaker can complete. The GOSE-Q consists of 14 items with
different response formats (from “yes”/“no” to specifically item-related rating scales and
response categories). In the CENTER-TBI study, the GOSE-Q was used for data collection
via mail or during a visit. The allocation to the respective functional status categories
according to the GOSE definition was performed centrally.

Galveston Orientation Amnesia Test (GOAT) [39]. This standardized evaluation based
on patient responses assesses whether an individual suffers from post-traumatic amnesia
(PTA). It comprises ten items measuring orientation, memory for the first event that the
participant can recall after the injury (anterograde amnesia), and memory for the last event
that the participant can recall from before the injury (retrograde amnesia). The instrument
is administered by clinical personnel.

Appendix B.2. Patient-Reported Outcome Measures (PROMs)

Generalized Anxiety Disorder 7 (GAD-7) [40]. With seven items, this self-report tool
assesses symptoms of generalized anxiety disorder with a recall period of the past two
weeks. The GAD-7 applies a four-point Likert scale (from 0 “not at all” to 3 “nearly
every day”).

Patient Health Questionnaire 9 (PHQ-9) [41]. This short self-report instrument captures
presence and severity of major depression using nine items based on the Diagnostic and
Statistical Manual of Mental Disorders, 4th edition (DSM-IV) [59], criteria with a recall
period of the past two weeks.

Posttraumatic Stress Disorder Checklist (PCL-5) [42]. This self-report scale evaluates
20 posttraumatic stress disorder (PTSD) symptoms with a recall period of one week at
the two-week assessment and a recall period of a month for later assessments. The rat-
ing is based on the Diagnostic and Statistical Manual of Mental Disorders, 5th edition
(DSM-5) [60] and applies a five-point Likert scale (from 0 “not at all” to 4 “extremely”).

Rivermead Post-Concussion Symptoms Questionnaire (RPQ) [43]. This self-report ques-
tionnaire measures 16 post-concussion symptoms after TBI applying a five-point Likert
scale (from 0 “not experienced at all” to 4 = “a severe problem”). Individuals rate how
much they suffered from the following symptoms over the last 24 h compared with their
condition before the injury: headaches, dizziness, nausea and/or vomiting, noise sensitiv-
ity, sleep disturbance, fatigue, irritability, depression, frustration, forgetfulness and poor
memory, poor concentration, slow thinking, blurred vision, light sensitivity, double vision,
and restlessness. Two additional open questions assess further difficulties experienced
after TBI which should be rated on the same scale as other symptoms.

Quality of Life after Brain Injury Scale (QOLIBRI) [44,45]. This is a disease-specific
instrument for individuals after TBI, assessing HRQOL using 37 items on a five-point Likert
scale (from 0 “not at all” to 4 “very”). Based on these items, the following six domains
are evaluated: cognition, self, daily life and autonomy, social relationships, emotions,
and physical problems.

Quality of Life after Brain Injury—Overall Scale (QOLIBRI-OS) [46]. The QOLIBRI-OS is
a short screener of disease-specific HRQOL after TBI. It comprises six items, which measure
physical conditions, cognition, emotions, daily life and autonomy, social relationships,
and current and future prospects, respectively. The QOLIBRI-OS applies a five-point Likert
scale (from 0 “not at all” to 4 “very”).

Additionally, two generic PROMs assessing the subjective health status—the 36-item
Short Form Health Survey—Version 2 (SF-36v2) [47] and the 12-item Short Form Survey—
Version 2 (SF-12v2) [48]—were administered in the CENTER-TBI study. Both measures had
already been translated into the target languages and had to be purchased from Optum [52]
for one-time use.
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Appendix B.3. Performance-Based Outcome Instruments (PerfO)

Cambridge Neuropsychological Test Automated Battery (CANTAB) [49]. The CANTAB is a
computer-based, mainly language-independent test battery well suited for administration
in multinational settings. The license to use this battery is made available by Cambridge
Cognition [61]. Although the CANTAB is language-independent and is administered
by trained personnel, participants should receive standardized information on the test
procedure. The instructions are provided for each of six subtests and contain explana-
tions and examples for each task (e.g., instructions for practice trials, hints for keyboard
usage, prompts, etc.). To ensure the validity of the GOAT translations, this information
should be equivalent across the languages. Therefore, the test instructions of the following
six CANTAB tests, selected for the application in the CENTER-TBI study, needed to be
translated into most languages:

1. Reaction Time (RTI)—The RTI is designed to measure motor and mental response
speed, movement time, reaction time, response accuracy, and impulsivity.

2. Spatial Working Memory (SWM)—This test measures the subject’s ability to remem-
ber spatial information and requires retention and manipulation of visual-spatial
information, working memory, and executive functions.

3. Paired Associate Learning (PAL)—This test assesses conditional learning and episodic
visual memory and is primarily sensitive to processes associated with the medial
temporal lobe.

4. Rapid Visual Processing (RVP)—The RVP captures visual sustained attention, be-
ing sensitive to dysfunctions in the parietal and frontal lobe brain areas.

5. Attention Switching Task (AST)—As a measure of cued attentional set-shifting this
test captures executive functioning and cognitive flexibility.

6. Stockings of Cambridge (SOC)—Spatial planning and spatial working memory are
assessed with this measure of frontal-lobe functioning.

Rey Auditory Verbal Learning Test (RAVLT) [50]. This memory word list evaluates a
range of memory functions, including verbal memory, shorter and longer retention of
information and learning, and is administered by trained examiners. The instrument
consists of two lists (A and B form) comprising 15 words, respectively. In total, there were
four versions of the RAVLT, each with two different word lists. Three versions of two
RAVLT word lists were administered in the CENTER-TBI study (lists 1 to 3 in 2-week,
3-month, and 6-month outcome assessments, respectively, and lists 3 to 1 at 6-, 12-, and
24-month outcome assessments, respectively).

Trail-Making Test A, B (TMT-A, B) [51]. This test measures executive functions, such as
visual attention, speed, and mental flexibility, and consists of two parts (A+B). The TMT-A
consists of 25 circles filled with numbers (1 to 25), which are to be connected in ascending
order (from 1 to 2, from 2 to 3, etc.). The TMT-B includes both numbers (1 to 13) and letters
(A to L), which are to be connected in ascending order from a letter to a number (i.e., from 1
to A, from A to 2, from 2 to B, etc.). In both tests, the time is measured, and the result is
reported in seconds.
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Abstract: The goal of this study was to investigate the association of prehospital oxygen admin-
istration flow with clinical outcome in severe traumatic brain injury (TBI) patients. This was a
cross-sectional observational study using an emergency medical services-assessed severe trauma
database in South Korea. The sample included adult patients with severe blunt TBI without hypoxia
who were treated by EMS providers in 2013 and 2015. Main exposure was prehospital oxygen admin-
istration flow rate (no oxygen, low-flow 1~5, mid-flow 6~14, high-flow 15 L/min). Primary outcome
was in-hospital mortality. A total of 1842 patients with severe TBI were included. The number of
patients with no oxygen, low-flow oxygen, mid-flow oxygen, high-flow oxygen was 244, 573, 607,
and 418, respectively. Mortality of each group was 34.8%, 32.3%, 39.9%, and 41.1%, respectively.
Compared with the no-oxygen group, adjusted odds (95% CI) for mortality in the low-, mid-, and
high-flow oxygen groups were 0.86 (0.62–1.20), 1.15 (0.83–1.60), and 1.21 (0.83–1.73), respectively.
In the interaction analysis, low-flow oxygen showed lower mortality when prehospital saturation
was 94–98% (adjusted odds ratio (AOR): 0.80 (0.67–0.95)) and ≥99% (AOR: 0.69 (0.53–0.91)). High-
flow oxygen showed higher mortality when prehospital oxygen saturation was ≥99% (AOR: 1.33
(1.01~1.74)). Prehospital low-flow oxygen administration was associated with lower in-hospital
mortality compared with the no-oxygen group. High-flow administration showed higher mortality.

Keywords: traumatic brain injury; prehospital; oxygenation; hypoxia; hyperoxia; emergency medi-
cal services

1. Introduction

Traumatic brain injury (TBI) is a major health and socioeconomic problem throughout
the world [1]. About 5.48 million people are estimated to suffer from severe TBI each year
(73 cases per 100,000 people), and the economic and social impact of TBI is considerable due
to the direct and indirect costs of treatment, rehabilitation, and permanent sequelae. The
World Health Organization reported the TBI global incidence is rising and was predicted
to surpass many diseases as a major cause of death and disability by the year 2020 [2,3].

Prehospital hypoxia less than 90% of saturation was associated with higher mortality
in previous studies, and Guidelines for the Management of Severe Traumatic Brain Injury
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recommends that hypoxia (partial pressure of oxygen in arterial blood (PaO2) < 60 mmHg
or peripheral oxygen saturation (SpO2) < 90%) should be avoided, but there is no therapeu-
tic range of oxygen saturation [4–6]. The Prehospital Trauma Life Support manual suggests
that oxygen delivery should be provided based on the patient’s breathing frequency, and
this tends to encourage the use of a high fraction of inspired oxygen, which results in the
common use of high-flow (15 L/min) oxygen administration [7].

However, recent studies, especially in intensive care unit settings, report that not only
hypoxia but hyperoxia was associated with poor outcomes [8–11]. Oxidative stress with
consequent impairment of endogenous antioxidant defense mechanisms plays a significant
role in the secondary events leading to neuronal death [12].

Recent study of TBI management recommends an optimal PaO2 of more than 60 mmHg
and less than 200 mmHg [13]. There are no guidelines on oxygen saturation level for
optimal care in the prehospital setting, and possible effects of hyperoxia from high-flow
oxygenation can easily be neglected. Prehospital high-flow oxygen administration is likely
not associated with poor outcome because of short transportation time. It is uncertain,
however, whether high-flow oxygen administration during emergency medical services
(EMS) treatment is associated with poor outcomes from TBI.

The purpose of this study was to determine the association of prehospital oxygen
administration flow rate on hospital mortality and neurological outcomes in severe TBI
patients without hypoxia. We hypothesized that excessive oxygenation would adversely
affect survival in patients with severe TBI without hypoxia.

2. Materials and Methods

2.1. Study Design

This was a cross-sectional observational study using a database from the nationwide
registry of EMS-assessed severe trauma in Korea. This national severe trauma database
was built from two data sources, including the EMS severe trauma registry recorded by
EMS providers and hospital medical records collected by the Korea Disease Control and
Prevention Agency. The study was reviewed and approved by the institutional review
board of the study institution and informed consent was waived (Approval number:
1206-024-412).

2.2. Study Setting

The emergency medical services system in Korea is a single-tiered public service
model by the government-run fire department. The service level of prehospital care is
comparable with intermediate-level emergency medical technicians in the United States.
Prehospital TBI protocol includes airway management and oxygen administration to the
patient with hypoxia less than 94% of saturation (SpO2 < 94%) to avoid hypoxia, but there is
no clear flow rate or method of oxygen administration or target saturation level. According
to capacity and resources, emergency departments in Korea are divided into levels 1 to 3,
and for the patients with severe trauma, and prehospital protocol recommends transferring
patients with severe TBI to a level 1 or 2 emergency department for proper management.

2.3. Data Source

This study used the nationwide registry of the EMS-ST database built from the EMS
severe trauma registry and hospital medical records. EMS providers used a field triage
scheme consisting of four decision steps (physiologic, anatomic, mechanism of injury,
and special considerations) to include patients with possible severe trauma [14], and the
EMS severe trauma registry includes basic ambulance operation information and detailed
prehospital monitoring and treatment information. Hospital medical records were collected
by Korean CDC reviewers who received 26 h in an education course that included the
coding for an abbreviated injury scale (AIS). The quality management committee, which
consisted of emergency physicians, epidemiologists, statistical experts, and medical record
review experts, held monthly meetings for quality assurance.
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2.4. Selection of Participants

The study population included all patients with severe TBI who were treated by EMS
providers in 10 provinces between January and December 2013 and in 17 provinces (whole
country) between January and December 2015. All patients with severe blunt TBI older
than 15 years old were enrolled. Severe TBI was defined according to an AIS score of 3 or
above for a head lesion. Patients who had cardiac arrest at the scene, unknown prehospital
oxygen saturation, prehospital hypoxia less than 94% of oxygen saturation (SpO2 < 94%),
and unknown prehospital blood pressure or who had unknown information on hospital
outcomes were excluded.

2.5. Variables and Measurements

The main exposure of interest was prehospital oxygen flow by EMS providers. Patients
without oxygen administration were considered as reference, and low-flow oxygen was
defined as 1~5 L/min of oxygen administration, mid-flow oxygen as 6~14 L/min, and
high-flow oxygen as 15 L/min, regardless of method of oxygen supply. High prehospital
oxygen saturation status was defined as more than 99% of oxygen saturation (SpO2 ≥ 99%)
after oxygen administration.

Collected variables were demographic factors (age, gender, place of residence, past
medical history), injury-related factors (time of trauma, place of injury, mechanism of
injury (blunt or not)), prehospital factors (EMS transportation time, prehospital vital sign,
and prehospital treatment, including amount of oxygen administration and prehospital
oxygen saturation after oxygen administration), and hospital factors (level of emergency
department, Injury Severity Score), as well as patient outcome after admission if the patient
was admitted, and Glasgow Outcome Scale at hospital discharge.

2.6. Outcome

The primary outcome of the study was in-hospital mortality, defined as death in the
emergency department or during admission, resulting from the injury. The secondary
outcome was morbidity of patients, which was defined as poor according to the Glasgow
Outcome Scale from 3 to 5 at hospital discharge.

2.7. Statistical Analysis

Descriptive analyses were performed to examine the distributions of the study vari-
ables. Counts and proportions were used for categorical variables, and medians and in-
terquartile ranges were used for continuous variables. Categorical variables were assessed
with the chi-square test, and continuous variables were compared using Mann–Whitney U
tests. The p-values were based on a two-sided significance level of 0.05.

Adjusted odds ratios (AORs) with 95% confidence intervals (CIs) for saturation status
for the study outcomes were calculated using multivariable logistic regression analysis,
with no oxygen administration as the reference. The model was adjusted for gender,
age, and underlying comorbidity; season and weekday; mechanism, intent, and alcohol;
response time interval, scene time interval, and transport time interval; patient alertness,
presence of hypotension (systolic blood pressure below 90 mmHg in prehospital setting),
and level of emergency department; and Injury Severity Score from 9 to 15, 16 to 24, and
above 25.

To determine the effect of hyperoxia on the patient, this study developed an interaction
model with an interaction term between prehospital oxygen flow and prehospital saturation
status as the final multivariable logistic model for the study outcomes. All statistical
analysis was performed using SAS software, version 9.4 (SAS Institute Inc., Cary, NC, USA).

3. Results

A total of 35,169 patients were enrolled in the EMS-ST database during 2013 and 2015.
The number of severe blunt traumatic brain injuries was 7697. After excluding ineligible
patients, the final study population consisted of 1842 patients (Figure 1). Of the 1842 patients,
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the number of patients with no oxygen, low-flow oxygen, mid-flow oxygen, and high-
flow oxygen was 244 (13.2%), 573 (31.1%), 607 (32.9%) and 418 (22.7%), respectively; the
in-hospital mortality rates were 34.8%, 32.3%, 39.9% and 41.1%, respectively. Basic patient
demographics are shown in Table 1. Patients were older in the no-oxygen group (median
age was 61 years old) compared with other groups (median age 46, 44, and 37, respectively).
Patient’s residence, mechanism of injury, patient’s alertness, prehospital hypotension,
prehospital advanced airway management, prehospital IV access, and prehospital transport
time were associated with the flow rate of oxygen administration (Tables 1 and 2).

In the multivariable logistic regression analysis, low-flow oxygen administration was
likely to have better in-hospital outcomes (AOR 0.86 (0.62–1.20) for in-hospital mortality
and AOR 0.80 (0.57–1.10) for poor neurologic outcome) (Table 3.) High-flow oxygen admin-
istration was likely to have more mortality and poor neurologic outcome compared with
the no-oxygen administration group (AOR 1.21 (0.83–1.73) for mortality and 1.15 (0.81–1.64)
for poor neurological outcome).

In the interaction model, using prehospital oxygenation and prehospital saturation
status, the low-flow oxygen group showed low in-hospital mortality and better neurologic
outcome in both saturation groups. Adjusted odds ratio (AOR) (95% CI) for mortality was
0.80 (0.67–0.95) in the 94~98% group and 0.69 (0.53–0.91) in 99~100% group. High-flow oxy-
gen administration showed poor in hospital outcome (AOR (95% CI) was 1.33 (1.01–1.74))
in patients with high prehospital saturation (SpO2 ≥ 99%), which was statistically signifi-
cant (p = 0.04) (Table 4).

Figure 1. Inclusion of study population.

Table 1. Demographics of the study population.

Total No Oxygen
Flow Rate of Oxygen Administration

p-Value
Low Mid High

n % n % n % n % n %

Total 1842 100 244 100 573 100 607 100 418 100
Gender 0.16

Male 1370 74.4 169 69.3 438 76.4 457 75.3 306 73.2
Female 472 25.6 75 30.7 135 23.6 150 24.7 112 26.8

Age, years <0.01
15–64 1123 61.0 141 57.8 317 55.3 373 61.4 292 69.9
65– 719 39.0 103 42.2 256 44.7 234 38.6 126 30.1
Median (IQR) 58 (45–71) 61 (51–72) 46 (60–74) 44 (57–70) 37 (54–67)
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Table 1. Cont.

Total No Oxygen
Flow Rate of Oxygen Administration

p-Value
Low Mid High

n % n % n % n % n %

Season 0.57
Spring 461 25.0 61 25.0 142 24.8 148 24.4 110 26.3
Summer 476 25.8 65 26.6 144 25.1 154 25.4 113 27.0
Fall 503 27.3 71 29.1 148 25.8 164 27.0 120 28.7
Winter 402 21.8 47 19.3 139 24.3 141 23.2 75 17.9

Weekday 0.66
Monday 226 12.3 35 14.3 70 12.2 76 12.5 45 10.8
Tuesday 228 12.4 36 14.8 73 12.7 68 11.2 51 12.2
Wednesday 281 15.3 36 14.8 91 15.9 91 15.0 63 15.1
Thursday 294 16.0 43 17.6 85 14.8 92 15.2 74 17.7
Friday 262 14.2 21 8.6 80 14.0 92 15.2 69 16.5
Saturday 255 13.8 38 15.6 79 13.8 86 14.2 52 12.4
Sunday 296 16.1 35 14.3 95 16.6 102 16.8 64 15.3

Metropolis area <0.01
Yes 756 41.0 61 25.0 260 45.4 254 41.8 181 43.3
No 1086 59.0 183 75.0 313 54.6 353 58.2 237 56.7

Mechanism <0.01
Traffic accident 1056 57.3 121 49.6 303 52.9 367 60.5 265 63.4
Fall 741 40.2 116 47.5 258 45.0 228 37.6 139 33.3
Other blunt 45 2.4 7 2.9 12 2.1 12 2.0 14 3.3

Intent 0.63
Non-intentional 1755 95.3 234 95.9 547 95.5 583 96.0 391 93.5
Intentional 45 2.4 6 2.5 13 2.3 13 2.1 13 3.1
Unknown 42 2.3 4 1.6 13 2.3 11 1.8 14 3.3

Alcohol consumption 0.09
Non-alcohol 54 2.9 8 3.3 18 3.1 21 3.5 7 1.7
Alcohol 293 15.9 41 16.8 108 18.8 91 15.0 53 12.7
Unknown 1495 81.2 195 79.9 447 78.0 495 81.5 358 85.6

Table 2. Pre-hospital and in-hospital clinical findings according to flow rate of oxygen administration.

Total No Oxygen
Flow Rate of Oxygen Administration

p-ValueLow Mid High

n % n % n % n % n %

Total 1842 100 244 100 573 100 607 100.0 418 100
Patient alertness <0.01

Alert 284 15.4 65 26.6 122 21.3 64 10.5 33 7.9
Verbal 416 22.6 88 36.1 155 27.1 122 20.1 51 12.2
Pain 792 43.0 75 30.7 235 41.0 281 46.3 201 48.1
Unresponsive 350 19.0 16 6.6 61 10.6 140 23.1 133 31.8

Prehospital SBP <0.01
<90 mmHg 110 6.0 6 2.5 23 4.0 41 6.8 40 9.6
≥90 mmHg 1732 94.0 238 97.5 550 96.0 566 93.2 378 90.4

Prehospital Saturation 0.07
94–98% 1054 57.2 132 54.1 354 61.8 336 55.4 232 55.5
99–100% 788 42.8 112 45.9 219 38.2 271 44.6 186 44.5

Prehospital advance airway <0.01
No 1816 98.6 243 99.6 572 99.8 598 98.5 403 96.4
Yes 26 1.4 1 0.4 1 0.2 9 1.5 15 3.6
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Table 2. Cont.

Total No Oxygen
Flow Rate of Oxygen Administration

p-ValueLow Mid High

n % n % n % n % n %

Prehospital IV access <0.01
No 1520 82.5 223 91.4 488 85.2 497 81.9 312 74.6
Yes 322 17.5 21 8.6 85 14.8 110 18.1 106 25.4

Response time interval (min) 0.01
0–3 149 8.1 21 8.6 47 8.2 49 8.1 32 7.7
4–7 927 50.3 95 38.9 305 53.2 299 49.3 228 54.5
8–11 418 22.7 67 27.5 127 22.2 131 21.6 93 22.2
12–15 175 9.5 25 10.2 48 8.4 70 11.5 32 7.7
16– 173 9.4 36 14.8 46 8.0 58 9.6 33 7.9
Median (IQR) 7 (5–10) 8 (5–11.5) 7 (5–9) 7 (5–11) 7 (5–9)

Scene time interval (min) 0.03
0–3 303 16.4 32 13.1 80 14.0 114 18.8 77 18.4
4–7 949 51.5 113 46.3 309 53.9 317 52.2 210 50.2
8–11 375 20.4 58 23.8 126 22.0 106 17.5 85 20.3
12–15 128 6.9 27 11.1 34 5.9 37 6.1 30 7.2
16– 87 4.7 14 5.7 24 4.2 33 5.4 16 3.8
Median (IQR) 6 (4–9) 7 (4–10) 6 (4–8) 6 (4–8) 6 (4–9)

Transport time interval (min) <0.01
0–3 113 6.1 3 1.2 46 8.0 40 6.6 24 5.7
4–7 480 26.1 33 13.5 170 29.7 148 24.4 129 30.9
8–11 372 20.2 42 17.2 113 19.7 131 21.6 86 20.6
12–15 250 13.6 31 12.7 63 11.0 98 16.1 58 13.9
16– 627 34.0 135 55.3 181 31.6 190 31.3 121 28.9
Median (IQR) 6 (4–9) 7 (4–10) 6 (4–8) 6 (4–8) 6 (4–9)

Operation <0.01
No 925 50.2 148 60.7 313 54.6 272 44.8 192 45.9
Yes 917 49.8 96 39.3 260 45.4 335 55.2 226 54.1

Brain Operation <0.01
No 1213 65.9 186 76.2 386 67.4 374 61.6 267 <0.01
Yes 629 34.1 58 23.8 187 32.6 233 38.4 151 36.1

ICU admission <0.01
No 346 18.8 67 27.5 117 20.4 99 16.3 63 15.1
Yes 1496 81.2 177 72.5 456 79.6 508 83.7 355 84.9

Ventilator apply <0.01
No 930 50.5 169 69.3 340 59.3 266 43.8 155 <0.01
Yes 912 49.5 75 30.7 233 40.7 341 56.2 263 62.9

Co-morbidity 0.61
No 1658 90.0 220 90.2 508 88.7 552 90.9 378 90.4
Yes 184 10.0 24 9.8 65 11.3 55 9.1 40 9.6

Associated trauma other than head <0.01
No 1291 70.1 192 78.7 433 75.6 402 66.2 <0.01 63.2
Yes 551 29.9 52 21.3 140 24.4 205 33.8 154 36.8

Injury Severity Score <0.01
9–15 372 20.2 81 33.2 134 23.4 105 17.3 52 12.4
16–25 692 37.6 95 38.9 194 33.9 220 36.2 183 43.8
25– 778 42.2 68 27.9 245 42.8 282 46.5 183 43.8

Survival to discharge 0.01
Survived 1158 62.9 159 65.2 388 67.7 365 60.1 246 58.9
Expired 684 37.1 85 34.8 185 32.3 242 39.9 172 41.1

Neurologic outcome measured by Glasgow outcome scale <0.01
Good (1–2) 1127 61.2 152 62.3 381 66.5 356 58.6 238 <0.01
Poor (3–5) 715 38.8 92 37.7 192 33.5 251 41.4 180 43.1
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Table 3. Pre-hospital and in-hospital clinical findings according to flow rate of oxygen administration.

Total Outcome Unadjusted Adjusted Model 1 * Adjusted Model 2 **

n n % OR (95% CI) OR (95% CI) OR (95% CI)

Primary outcome: in-hospital mortality
Total 1842 684 37.1
Oxygen flow rate (L/min)

No oxygen 244 85 34.8 1.00 1.00 1.00
Low-flow rate 573 185 32.3 0.89 (0.65–1.22) 0.88 (0.64–1.21) 0.86 (0.62–1.20)
Mid-flow rate 607 242 39.9 1.24 (0.91–1.69) 1.25 (0.92–1.70) 1.15 (0.83–1.60)
High-flow rate 418 172 41.1 1.31 (0.94–1.82) 1.33 (0.96–1.86) 1.21 (0.83–1.73)

Secondary outcome: poor neurologic outcome
Total 1842 715 38.8
Oxygen flow rate (L/min)

No oxygen 244 92 37.7 1.00 1.00 1.00
Low-flow rate 573 192 33.5 0.83 (0.61–1.14) 0.82 (0.60–1.13) 0.80 (0.57–1.10)
Mid-flow rate 607 251 41.4 1.17 (0.86–1.58) 1.17 (0.86–1.59) 1.09 (0.78–1.50)
High-flow rate 418 180 43.1 1.25 (0.90–1.73) 1.27 (0.92–1.76) 1.15 (0.81–1.64)

* Model 1: Adjusted by gender, age, underlying co-morbidity; ** Model 2: Adjusted by gender, age, underlying co-morbidity, season,
weekday, mechanism, intent, alcohol, response time interval, scene time interval, transport time interval, patient alertness, low blood
pressure, abnormal respiration rate, intravenous fluid, prehospital oxygen saturation status or oxygen flow.

Table 4. Interaction analysis for clinical outcome according to oxygen flow rate by initial prehospital oxygen saturation level.

Total Outcome Adjusted OR *

n n % OR * (95% CI)

Primary outcome: in-hospital mortality
Saturation 94–98%

No oxygen administration 132 48 36.4 1.00
Low-flow rate (1–5 L/min) 354 127 35.9 0.80 (0.67–0.95)
Mid-flow rate (6–14 L/min) 336 143 42.6 1.10 (0.94–1.29)
High-flow rate (15 L/min) 232 96 41.4 1.18 (0.98–1.42)

Saturation 99–100%
No oxygen administration 112 37 33.0 1.00
Low-flow rate (1–5 L/min) 219 58 26.5 0.69(0.53–0.91)
Mid-flow rate (6–14 L/min) 271 99 36.5 1.05 (0.83–1.34)
High-flow rate (15 L/min) 186 76 40.9 1.33 (1.01–1.74)

Secondary outcome: poor neurologic outcome
Saturation 94–98%

No oxygen administration 132 52 40.2 1.00
Low-flow rate (1–5 L/min) 354 132 37.3 0.78 (0.66–0.92)
Mid-flow rate (6–14 L/min) 336 149 44.3 1.09 (0.93–1.27)
High-flow rate (15 L/min) 232 103 44.4 1.17 (0.97–1.41)

Saturation 99–100%
No oxygen administration 112 39 34.8 1.00
Low-flow rate (1–5 L/min) 219 60 27.4 0.69 (0.53–0.91)
Mid-flow rate (6–14 L/min) 271 102 37.6 1.05 (0.83–1.34)
High-flow rate (15 L/min) 186 77 41.4 1.29 (0.98–1.69)

* Adjusted by gender, age, underlying co-morbidity, season, weekday, mechanism, intent, alcohol, response time interval, scene time
interval, transport time interval, patient alertness, low blood pressure, abnormal respiration rate, intravenous fluid, prehospital oxygen
saturation status or oxygen flow.

4. Discussion

Prehospital administration of oxygen is widespread in our practice, but resuscitative
oxygen administration frequently exceeds the physiological needs of patients with TBI and
without TBI [7,15,16]. Although this is usually accepted to avoid hypoxia, toxicity of oxygen
to the brain and other vital organs due to reactive oxygen species is well described [17–20],
and 100% oxygen can cause cerebral vasoconstriction, reducing cerebral perfusion [21,22].
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In our study, the low-flow oxygen group showed low in-hospital mortality and better
neurologic outcome. AOR (95% CI) for mortality was 0.80 (0.67–0.95) in the 94~98% group
and 0.69 (0.53–0.91) in the 99~100% group in the interaction model. This result implies
that low-flow (1~5 L/min) oxygen administration could be helpful for the patients with
severe TBI. Recent studies have reported that oxygen administration improves cerebral
metabolism and decreases intracerebral pressure [23,24], and they recommend providing
normo-baric hyperoxia in the treatment of patients with TBI, but other studies have reported
contrary results [6], which needs further well-controlled study.

On the other hand, 186 patients (10.1%) received high-flow oxygen, even though their
prehospital saturation was above 99%; mortality among them was highest (40.9%) among
all groups. Brenner et al. reported that hyperoxia, which was defined as PaO2 higher than
200 mmHg, within the first 24 h of hospitalization is associated with worse short-term func-
tional outcomes and higher mortality after TBI [13], but other studies showed no significant
difference in in-hospital mortality among patients with hyperoxia (PaO2 > 300 mmHg) [25],
and there was no association between maximum PaO2 in the first 24 h after admission
and in-hospital mortality [26]. This study could not measure PaO2 due to the lack of a
modality to measure it exactly in prehospital settings. Additionally, the hypothesis of this
investigation was that a patient could have hyperoxia when oxygen saturation was above
99% after the administration of high-flow oxygen. In the interaction analysis, patients with
high oxygen saturation after high-flow oxygen showed significantly poor outcomes (AOR
1.33 (95%CI: 1.01–1.74)), which implies that hyperoxia could be harmful.

Some authors reported that prehospital advanced airway techniques were related
to poor outcomes in traumatic brain injury and that this was associated with prehospital
hyperventilation, which was very common (60~70%); even the prehospital guideline
recommends not to hyperventilate [27–30]. In this study setting, prehospital advanced
airway techniques, including laryngeal mask airway and endotracheal intubation, were
uncommon (1.4%) because cases with prehospital hypoxia less than 94% were excluded.
When we analyzed that separately, it did not influence our result.

The primary goal of treatment for patients with TBI is to prevent secondary brain
injury. This includes providing adequate oxygenation and circulation to perfuse the brain.
Oxygen should be titrated not only to prevent hypoxia but also to prevent hyperoxia. Low-
flow oxygen administration could be helpful to patients with severe TBI, and indiscriminate
high-flow oxygen administration could be harmful to patients with severe TBI. A more
specific prehospital oxygen administration guideline (therapeutic target range of oxygen
saturation 94–98% and restriction of indiscriminate high-flow oxygen) should be applied.
Moreover, further study, such as a randomized controlled study, should be conducted to
elucidate a clear causal relationship.

Limitations

First, this was a cross-sectional observational study using a database from the na-
tionwide registry of EMS-assessed severe trauma in Korea. Patients with severe TBI who
visited the emergency department in their own vehicle could have been omitted from
this registry. Second, the definition of hypoxia used in this study was the cutoff value
of SpO2 94%, measured by pulse oximetry. The definition of hypoxia differed between
the studies. Third, initiation time and duration of prehospital oxygen administration was
not collected. Forth, additional physiologic parameters associated with outcome in TBI
patients, such as PaO2, intracranial pressure, cerebral perfusion pressure, oxygen radicals,
and cerebral metabolites, were not collected.

5. Conclusions

Prehospital low-flow oxygen administration was associated with low in-hospital
mortality compared with the no-oxygen group in patients with severe traumatic brain
injury, and high-flow oxygen administration showed higher mortality and could be harmful

116



J. Clin. Med. 2021, 10, 4097

to patients with severe blunt traumatic brain injury. The proper therapeutic window for
prehospital oxygenation may reduce the mortality rate of patients with severe TBI.
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Abstract: Background: Brain death/death by neurologic criteria (BD/DNC) guidelines are routinely
analyzed, compared and updated in the majority of countries and are later implemented as national
criteria. At the same time, extensive works have been conducted in order to unify clinical procedures
and to validate and implement new technologies into a panel of ancillary tests. Recently evaluated
computed tomography angiography and computed tomography perfusion (CTA/CTP) seem to be
superior to traditionally used digital subtraction angiography (DSA), transcranial Doppler (TCD) and
cerebral perfusion scintigraphy for diagnosis of cerebral circulatory arrest (CCA). In this narrative
review, we would like to demonstrate scientific evidence supporting the implementation of CTA/CTP
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in Polish guidelines for BD/DNC diagnosis. Research and implementation process: In the first of
our base studies concerning the potential usefulness of CTA/CTP for the confirmation of CCA
during BD/DNC diagnosis procedures, we showed a sensitivity of 96.3% of CTA in a group of
82 patients. CTA was validated against DSA in this report. In the second study, CTA showed a
sensitivity of 86% and CTP showed a sensitivity of 100% in a group of 50 patients. In this study, CTA
and CTP were validated against clinical diagnosis of BD/DNC supported by TCD. Additionally, we
propose our CCA criteria for CTP test, which are based on ascertainment of cerebral blood flow (CBF)
< 10 mL/100 g/min and cerebral blood volume < 1 mL/100 g in regions of interest (ROIs) localized
in all brain regions. Based on our research results, CTA/CTP methods were implemented in Polish
BD/DNC criteria. To our knowledge, CTP was implemented for the first time in national guidelines.
Conclusions: CTA and CTP-derived CTA might be in future the tests of choice for CCA diagnosis,
proper and/or Doppler pretest might significantly increase sensitivity of CTA in CCA diagnosis
procedures. Whole brain CTP might be decisive in some cases of inconclusive CTA. Implementation
of CTA/CTP in the Polish BD/DNC diagnosis guidelines does not show any major obstacles. We
believe that in next edition of “The World Brain Death Project” CTA and CTP will be recommended
as ancillary tests of choice for CCA confirmation during BD/DNC diagnosis procedures.

Keywords: brain death; death by neurologic criteria; cerebral blood flow; CT angiography; CT
perfusion

1. Background

In this narrative review, we present the evolution of Polish guidelines for brain
death/death by neurologic criteria (BD/DNC) diagnosis and demonstrate scientific ev-
idence supporting the implementation of computed tomography angiography (CTA)
and computed tomography perfusion (CTP) for confirmation of cerebral circulatory ar-
rest (CCA).

The first Polish BD/DNC criteria implemented in 1984 as whole-brain death criteria
were similar to the so-called “Harvard brain death criteria” [1]. Later, these Polish criteria
underwent a unique evolution: in 1990, they were converted into brainstem death criteria
and, later, in 2007, they were reversed back to whole-brain death criteria [2], subsequently
being amended in 2020 [3]. During this conversion, we reimplemented an opportunity for
facultative usage of instrumental ancillary tests, including brain blood perfusion tests.

Currently, in Poland, although formally facultative, instrumental ancillary tests are
used in the majority of BD/DNC diagnosis procedures. This is exactly the reverse of what
is proposed in current international recommendations [4]. There are various reasons for
this. Despite receiving the official support of health care authorities and three consecutive
Popes, we have faced unclear or even negative statements from some religious commentors
and selected Catholic media. The matter is sometimes complicated by political activities,
which induce doctors’ uncertainty and filling of a lack of legal safety. Polish physicians
would feel more comfortable and safer if they could demonstrate the results of instrumental
ancillary tests confirming BD diagnosis. Brain blood perfusion tests are considered to be
the most evident from all sides of the discussion—physicians, relatives of the deceased
and public opinion. It is obvious to everybody, regardless of the level of education, that
non-perfused tissue must be dead.

There are three brain blood flow ancillary tests that, despite known disadvantages,
have a long-established position in BD/DNC diagnosis:

1. Catheter digital subtraction angiography (DSA), selective or from the aortic arch;
2. Transcranial Doppler ultrasonography (TCD);
3. Cerebral perfusion scintigraphy.

Use of DSA, which is still considered to be a gold standard and reference method,
is gradually decreasing [4]. It is invasive and requires procedural skills, time and avail-

120



J. Clin. Med. 2021, 10, 4237

ability of an angiography suite. It was reimplemented in Polish BD criteria in 2007 and
was approved again in the amendment in 2020 [3]. TCD is completely noninvasive, its
sensitivity exceeds 90% and the specificity is 100%. Despite its obvious advantages, TCD is
not frequently used in Poland because it has to be performed with unique devices that, cur-
rently, are not widely available. Additionally, it is highly operator-dependent and requires
certification of the performing physician. The last of the “traditional” cerebral perfusion
tests, scintigraphy, is currently seldom available in the majority of Polish hospitals.

In this difficult situation, it has become of crucial importance to develop and introduce
an ancillary test that would be less invasive than DSA, easily available, uncomplicated to
perform and easy to interpret.

2. Early Research into Using CTA/CTP for Diagnosing BD/DNC in Poland

In 2005, we considered CTA and CTP to be the tests of choice for the future, which
is consistent with the current opinion of Greer et al. [4]. Modern multi-slice CT scanners
are fast enough to visualize vasculature and perfusion of the whole brain with a single
intravenous injection of iodinated contrast medium and, finally, to confirm CCA. Both CTA
and CTP, if performed with a calibrated intravenous contrast injection and precise scanning
protocols, are operator-independent at the stage of performance and providing raw data.

The research team of the Department of Anesthesiology and Intensive Care together
with co-workers from the Department of Diagnostic Imaging and Interventional Radiology
of the Pomeranian Medical University in Szczecin have been involved in research programs
and legislation since the implementation of the first Polish BD/DNC criteria published in
1984. In 2005–2007, Romuald Bohatyrewicz was a co-chairman and in 2015–2019, chairman,
of the Ministry of Health’s Task Force for review of these criteria.

In 2007, we suggested the possibility of implementing CTA as a new brain blood flow
test, but this was not accepted by the rest of the Task Force members because of insufficient
evidence in the literature and lack of experience in Poland. In this situation, we organized
a national multi-center trial (N N403 171137), entitled “Evaluation of CT angiography and
CT perfusion in brain death diagnosis”, in a group of adult brain-dead patients, followed
by a series of publications. The first of them, published in 2010 [5], confirmed the ability of
CTA/CTP to diagnose CCA in our population of BD/DNC patients and our findings were
compatible with data published by other authors at that time [6–10]. Unfortunately, our
CTP findings could not be applied to CCA diagnosis because the generation of CT scanners
used at that time in Poland could cover only a thin layer of the brain, about 30 mm thick.

During initial attempts to implement CTA for CCA diagnosis, there was no consensus
regarding the evaluation criteria, which have evolved as research progressed [6–13]. The
most popular scoring systems (10, 7, 4 points), shown in Figure 1, were based on analysis
of the opacification of the following:

1. Pericallosal segments of the right and left anterior cerebral artery (ACA-A3);
2. Cortical segments of the right and left middle cerebral artery (MCA-M4);
3. Cortical segments of the right and left posterior cerebral artery (PCA-P2);
4. Basilar artery (BA);
5. Right and left internal cerebral vein (ICV);
6. Great cerebral vein (GCV)—the vein of Galen.
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Figure 1. Various scales used for CCA diagnosis in CTA imaging: (A) 10-point scale, where positive result (score = 10)
confirming CCA is stated when bilateral ACA-A3, MCA-M4, PCA-P2 and ICV and single GCV and BA are not opacified;
(B) 7-point scale, where positive result (score = 7) confirming CCA is stated when bilateral ACA-A3, MCA-M4 and ICV and
single GCV are not opacified; (C) 4-point scale, where positive result (score = 4) confirming CCA is stated when bilateral
MCA-M4 and ICV are not opacified.

Initially, we analyzed CTA imaging in a group of 82 patients undergoing routine
BD/DNC diagnosis with DSA included as a standard element of this procedure. CTA was
completed first and was followed by DSA [14]. In this situation, CTA could be validated
against DSA with a very short time interval between these two procedures, which is
consistent with the recommendation for method validation recently published by Greer
et al. [4]. The sensitivity reported in this study reached 96.3% according to the 4-point scale,
74.4% according to the 7-point scale and 67.1% according to the 10-point scale [14].

After meticulous analysis of these data, we finally accepted the 4-point scale proposed
by the French guidelines for diagnosis of BD/DNC [15]. According to this 4-point scale,
CCA may be confirmed if there is a bilateral absence of contrast filling of cortical segments
of the middle cerebral arteries (MCA-M4) and internal cerebral veins (ICVs), as presented
in Figure 1. Unilateral opacification of one or two cortical branches of the MCA does not
preclude the diagnosis of CCA as long as the contrast does not fill the ICVs.

Additionally, we noticed (unpublished results) that if CTA tests were performed
shortly after the appearance of brainstem areflexia, more widespread opacification of
cerebral vessels, thus excluding CCA diagnosis, was recorded, which was also confirmed
by the data published by Welschehold and Kerhuel [13,16]. The explanation for this
phenomenon is quite simple: in this short period, the intracranial pressure (ICP) did not
exceed the mean arterial pressure (MAP), leading to CCA. Premature CTA examinations
lead to a dramatic decrease in test sensitivity, which is one of the sources of undeserved
opinions about the poor utility of this method for CCA determination. Such cases are
rather unlikely in Poland because our doctors prefer more conservative approaches and
generally initiate diagnostic procedures after a longer observation period. Nevertheless,
in the Polish guidelines [3], we recommended a minimal 6-h observation time before
CTA/CTP examinations, which is identical to the French guidelines [15].

3. Comparison with the Other Instructions for CCA Confirmation by CTA Imaging

Recently Lewis et al. reviewed diagnostic requirements for ancillary testing for
BD/DNC in 78 official national BD/DNC protocols and found that in 14 European countries
CTA was included in to a panel of ancillary tests [17], but according to our knowledge this
method was in detail described in national guidelines and relatively frequently used only
in France, Germany and recently in Poland. French and Polish protocols and diagnostic
criteria based on 4-point scale are similar while German protocol elaborated on the grounds
of publication of Welschehold [13] is based on recognition of lack of opacification of
7 intracranial arteries in late arterial phase [18]. Comparison of these three diagnostic
protocols is demonstrated in Table 1.
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Table 1. Comparison of three frequently used European national guidelines for determination CCA with CTA during
BD/DNC diagnosis procedures.

Polish (2020 *) French (2011 *) German (2015 *)

Recommended delay after
appearance of clinical signs

of BD/DNC (h)
6 6 ** not specified

1. Non-contrast scanning used as a reference

2. Early post-contrast scanning

Contrast volume (mL) 80 2 mL/kg (max 120) 65

Scanning time triggered by bolus-tracking in
extracranial carotid arteries

20 s after start
of contrast injection not performed

Assessed vessel

STA (bilaterally) *** 2 2 not performed

3. Late post-contrast scanning

Scanning time 40 s after start of early
post-contrast scanning

60 s after start of
contrast injection

15 s after filling of extracranial
carotid arteries detected with

bolus-tracking

Evaluation scale 4-point 4-point 7-point late arterial

Assessed vessel

STA (bilaterally) *** 2

MCA-M1 (bilaterally) 2

ACA-A1 (bilaterally) 2

BA 1

PCA-P1 (bilaterally) 2

MCA-M4 (bilaterally) 2 2

ICV (bilaterally) 2 2

Delay to next exam if the
previous was inconclusive (h) 12 not specified not specified

Notes: BD—brain death; STA—superficial temporal artery; ACA—anterior cerebral artery; A1—1st division of ACA; MCA—middle
cerebral artery; M1—1st division of MCA; M4—4th division of MCA; PCA—posterior cerebral artery; P1—1st division of PCA; BA—basilar
artery; ICV—internal cerebral vein. * year of implementation. ** time delay of 6 h can be shortened by performing transcranial Doppler
ultrasound. *** assessment of filling of extracranial arteries like STA serves as a control of effective contrast administration to the head.

4. Sensitivity and Specificity of CTA in CCA Determination during BD/DNC
Diagnosis Procedures

Test accuracy is defined by two important factors, sensitivity and specificity. The
sensitivity of CTA and CTP in BD/DNC diagnostic procedures refers to their ability
to correctly indicate BD/DNC in patients with true BD/DNC. In our studies, it would
be the proportion of positive (confirmed) CCA in a group with confirmed BD/DNC
diagnosis. Specificity would relate to the test’s ability to correctly identify patients without
the BD/DNC. In our case this would be the proportion of patients without recognized
CCA (negative) in a group of patients who are not brain dead. In our studies evaluating
CTA the reference was DSA while in those evaluating CTP we used clinical diagnosis as
the reference. A test with a sensitivity of around 90% would be considered to have good
diagnostic performance. Obviously, in this special clinical situation, the aim should be to
achieve 100% specificity.

Assessment of accuracy of the test requires the established ground truth as a refer-
ence. However, in previous studies evaluating CTA and CTP in the BD/DNC diagnostic
procedure different reference standards were used, e.g., clinical signs of BD/DNC (most
commonly), DSA, perfusion scintigraphy or TCD. This is one of causes of significant diver-
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gence in reported sensitivities. Therefore, we agree with the authors of „World Brain Death
Project” [4] that establishing unified reference for studies evaluating CTA and CTP in the
BD/DNC diagnostic procedure is desirable.

According to information available in “World Brain Death Project” concerning blood
perfusion tests, their sensitivity varies mainly in a range of 52–100% while declared speci-
ficity is close to 100% with remark included: “Specificity is assumed on basis of experimen-
tal data but should be interpreted with caution given the limitation of studies that reported
only on clinically confirmed BD/DNC” [4]. We support this opinion.

We did not determine specificity of CTA/CTP examination during BD/DNC diag-
nostic procedures which in fact is one of the limitations of our studies. In the context of
our research it would concern the frequency of false positive diagnoses of CCA, poten-
tially supporting incorrect BD/DNC diagnosis. Such situation would be catastrophic in
case of BD/DNC diagnosis in a patient with survival and recovery potential which is
also highlighted in “World Brain Death Project”. Fortunately, such theoretical situation is
unlikely because all ancillary tests are only additional tools used in complex procedure of
BD/DNC diagnosis process including assessment of devastating brain injury, analysis of
preconditions and prerequisites and, finally, meticulous clinical examination [4]. In case
of any doubts termination of BD/DNC diagnosis process is worldwide recommended.
This happened in a few reported cases of patients demonstrating brainstem areflexia with
persisted respiratory drive and CCA diagnosed by DSA [19,20]. However, no one of these
patients survived, but such discrepancy between instrumental test and clinical findings
might be highly confusing. This might be explained by the fact, that infratentorial space,
especially medulla oblongata is surrounded by osseous and obscured by highly vascular-
ized structures. In some cases, it may be supplied by the posterior inferior cerebellar artery
atypically originating from extracranial segment of vertebral artery [19]. Vestigial blood
supply sufficient to preserve at least minimal partial function of respiratory centre might
remain undetected by any of blood flow tests. Considering this, specificity of 100% is not
achievable in any one of the blood flow studies.

Nevertheless, specificity remains problematic during assessment of brain blood perfu-
sion tests because patients non suspected but close to develop BD/DNC are rarely included
in such studies. However, it would be possible to identify them in a group of patients
hospitalized in centers where neurointerventional procedures are carried out on regular
basis. We included such 5 participants in one of our publications [21]. We found only one
publication by Welschehold et al. [13] elaborating prospectively the issue of CTA specificity
during CCA diagnostic procedures. He performed CTA in 30 patients immediately after the
first signs of loss of brainstem reflexes were noticed and a few hours later, after definitive
legal determination of BD/DNC [13]. He found CCA in 3 out of 30 patients short after
onset of brainstem areflexia but before legal determination of BD/DNC and interpreted
them as false positives. All of these 3 patients were later legally declared brain dead. CCA
appeared in this group in fact earlier than in remaining 27 cases and considering findings
of these 3 patients as false positives, although formally justified, is slightly unfortunate.

Majority of questions concerning sensitivity and specificity of CTA/CTP tests as well
as CCA dynamics will be answered by extensive prospective multicenter trial NCT0309851
initiated in 2017 by Chassé and Shankar in Canada. They planned enrollment of 333 partic-
ipants, with high risk of BD/DNC, not in a course of BD/DNC diagnosis at that moment.
The study is oriented for determination of CTA/CTP accuracy in BD/DNC procedures
with special attention for diagnosis of brainstem hypoperfusion. We were discussing
with Canadian Colleagues possible Polish multicenter participation in this study, but after
meticulous analysis of the project we realized, that Polish Bioethical Committee would not
accept invasive tests in patients who do not demonstrate complete brainstem areflexia as
being not in the best interest of patients and in the same time useless for potential BD/DNC
diagnosis. Therefore, finally, we did not join the trial.
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5. Research Advancement with CTP in Poland

At the same time, we noticed that in rare cases of patients demonstrating BD/DNC
symptoms, preserved trace opacification of intracranial arteries may be observed in DSA
examination. This phenomenon is known as stasis filling, defined as delayed, weak and
persistent opacification of the proximal cerebral arterial segments, without opacification
of the cortical branches or venous outflow [22]. In these rare cases, CTP often shows
residual cerebral blood flow (CBF) below 10 mL/100 g/min and a cerebral blood volume
(CBV) below 1.0 mL/100 g. These values are the established thresholds for neuronal
necrosis [23] and following this, they may be considered thresholds for global or regional
CCA diagnosis [24,25].

Advanced research activity concerning CTP became possible after the advent of a new
generation of CT scanners fast enough to visualize vasculature and perfusion of the whole
brain with a single intravenous injection of iodinated contrast medium. At that time, we
stopped performing CTA imaging and switched to reconstruction of CTA images from
the CTP source images as timing-invariant (TI)-CTA. TI-CTA provides angiography by
overlapping all time frames and displaying the maximum enhancement over time. This
makes the technique time independent, which means that the maximum enhancement
of a vessel is displayed independently of contrast arrival time. Therefore, TI-CTA is not
sensitive to delayed arrival of the contrast material in cerebral vessels and, thus, should
display any vessel present. This technique was previously described and shown to be
reliable by Smit et al. [26].

CTP criteria for CCA during the BD/DNC diagnostic procedure were not published
before; therefore, we elaborated our original instruction of assessment based on an analysis
of the CBF and CBV in 1-cm2 circular regions of interest (ROIs), including the midbrain (two
ROIs), the pons (two ROIs) and the medulla oblongata (two ROIs) as well as the cerebellum
(eight ROIs); cortical regions of the frontal (12 ROIs), parietal (12 ROIs), temporal (12 ROIs)
and occipital lobes (eight ROIs); and the basal ganglia (eight ROIs), drawn bilaterally
and placed on each 10-mm axial slice, as shown in Figure 2. We recognized CCA in
CTP examination if the CBF value was below 10 mL/100 g/min and CBV was below
1.0 mL/100 g in all ROIs [25]. The most frequent combinations of CTA and CTP images are
shown in Figure 3.

 

Figure 2. Criteria of CCA in CTP imaging. Axial sections of brain with marked positions of ROIs.
Color scale illustrates range of CBF (mL/100 g/min). CBF < 10 mL/100 g/min confirms CCA.
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Figure 3. Different CTA (upper row) and CTP (lower row) patterns during CCA diagnosis procedures: (A) patient with
suspected ischemic stroke with normal CTA and CTP; (B) patient with opacification limited to proximal segments of middle
cerebral arteries MCA-M1 inCTA (red arrows) and CBF value < 10 mL/100 g/min in CTP; both techniques confirm CCA.
(C) Patient with bilateral opacification of cortical arterial segments (MCA-M4; red arrows) in CTA, not consistent with CCA
diagnosis and CBF value < 10 mL/100 g/min in CTP, which confirms CCA diagnosis; (D) patient with opacified MCA-M4
segments (red arrows) and opacified internal cerebral vein (blue arrow) in CTA, not consistent with CCA diagnosis and CBF
value < 10 mL/100 g/min, which confirms CCA diagnosis; (E) patient with opacified MCA-M2/M3 segments (red arrows)
in CTA, consistent with CCA diagnosis and isolated single sub-craniectomy area with CBF value > 10 mL/100 g/min
(white arrow), also consistent with CCA diagnosis; (F) patient with opacified MCA-M4 segments (red arrows) and opacified
internal cerebral vein (blue arrow) in CTA, not consistent with CCA diagnosis and multiple scattered areas with CBF
value > 10 mL/100 g/min (white arrows), also inconsistent with CCA diagnosis. Color scales illustrate range of CBF
(mL/100 g/min). CBF < 10 mL/100 g/min confirms CCA.

In the next step of our research program, we hypothesized that CTP would be a
more sensitive approach than CTA in CCA diagnosis. To verify this, we conducted a
study aiming to compare the sensitivities of CTP and CTA in recognizing CCA during
BD/DNC diagnosis procedures. A group of 50 patients undergoing this diagnostic proce-
dure were included in the study. All of them met the standard BD/DNC criteria based on
confirmation of catastrophic brain injury, exclusion of confounders and confirmation of
brainstem areflexia and apnea during two series of clinical examinations [25]. Additionally,
TCD examination confirming CCA was completed in the majority of them; however, this
information was not included in the publication.

In 43 out of 50 patients, CTA confirmed CCA, as demonstrated in Figure 3, patient B.
In the remaining seven patients, CTA revealed opacification of M4 segments, ICVs or both,
as shown in Figure 3, patients C and D. These CTA findings were inconsistent with CCA
according to the 4-point scale. In all 50 patients, CBF was below 10 mL/100 g/min and CBV
was below 1.0 mL/100 g, which confirmed CCA according to our criteria. In summary, in
this publication, we reported a sensitivity of 86% and 100% for CTA and CTP, respectively.
Additionally, these results confirmed our hypothesis that in borderline cases, when CTA is
inconclusive, CTP may be a decisive method for CCA diagnosis. Later, after analysis of
a few additional cases, we stated that in special situations in patients with clinical signs
of BD, isolated areas of decompression may be preserved in the region of craniectomy or
open fractures. These isolated areas may exhibit CBF and CBV values above the thresholds
of 10 mL/100 g/min and 1 mL/100 g, respectively. This phenomenon does not exclude
the diagnosis of CCA if the CBF and CBV values are below these thresholds in other ROIs,
including those in the brainstem, as shown in Figure 3, patient E. Appearance of multiple
areas with CBF and CBV above the threshold values is, according to our current opinion,
inconsistent with CCA diagnosis, as shown in Figure 3, patient F.

Noteworthily, another research group led by Shankar [24,27] postulated a slightly
different approach to the possible usefulness of CTP imaging in BD/DNC diagnostic
procedures or withdrawal of life-sustaining therapy. They focused on demonstration of
brain hypoperfusion limited to the brainstem area, which is, in fact, somehow parallel to
brainstem areflexia and the brainstem death concept, suggesting “isolated brainstem death”.
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CTP in this situation does not necessarily confirm global CCA as it was demonstrated
in our report [25]. It is highly questionable whether isolated brainstem death diagnosis
confirmed by CTP imaging, but coexisting with preserved supratentorial perfusion and
possibly persisted EEG activity, might justify BD/DNC diagnosis.

6. Implementation of CTA/CTP Examination into the Polish National Guidelines
for BD/DNC

Based on our published research data [14,25] and unpublished observations, finally,
we implemented CTA/CTP examination in the Polish national guidelines for BD/DNC
diagnosis in patients over 12 years of age at the beginning of 2020 [3]. To our knowledge,
this was the first implementation of CTP in official BD/DNC diagnosis guidelines. A
diagram showing two alternative CT diagnostic approaches depending on the technical
capabilities of the scanner, local tradition and the radiologist’s competence is demonstrated
in Figure 4.

Figure 4. Schematic algorithm of application of CTA and CTP for CCA confirmation according to
Polish national guidelines for BD/DNC diagnosis. Notes: * bilateral non-filling of cortical arteries
(MCA-M4) and ICVs in late phase with normal filling of extracranial arteries in early phase; filling
of one or two cortical arteries on the same side is permissible as long as the ICVs are not filled.
** CBF below 10 mL/100 g/min and CBV below 1.0 mL/100 g in all ROIs. Presence of small,
isolated foci with CBF or CBV above these values are permissible in regions of local decompression
due to craniectomy or open skull fracture. BD/DNC—brain death/death by neurologic criteria;
CCA—cerebral circulatory arrest.

CTA/CTP examinations for BD/DNC diagnosis procedures were approved for pa-
tients > 12 years old, assuming that above this age, the skull is not pliable and the brain
reaches morphological maturity. We presumed that the mechanisms of CCA might be
similar in younger age groups, at least >2 years old without patent sutures or fontanels
and in patients < 2 years old, according to our knowledge, it is unpredictable, as with the
results of other traditional methods used for CCA diagnosis [4]. Therefore, in order to
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explore this issue, we recently invited all Polish and foreign pediatric intensive care units
to participate in a multi-center study for the validation of CTA and CTP in determination
of CCA during the BD/DNC diagnosis procedure in a pediatric population below 12 years
of age [28].

Immediately after the introduction of CTA/CTP for CCA diagnosis into Polish guide-
lines, we started monitoring the usage of these methods all over the country. Unfortunately,
this was extremely difficult due to the COVID-19 pandemic, but nevertheless, we did not
notice any major problems. Sometimes, first attempts were invalid because of protocol
violations. Furthermore, radiologists, especially in small hospitals, were reluctant to write
a final conclusion on whether elaborated images fulfill or do not fulfill tabulated CCA
criteria due to fear of making a misdiagnosis in such a specific clinical situation. Occa-
sionally, we observed a premature CTA examination almost immediately after appearance
of brainstem areflexia resulting in the presence of persisted opacification of M4 segments
of the middle cerebral artery because the intracranial pressure still did not reach a value
sufficient to completely block intracranial blood flow. Repeated examinations after 12 h
usually confirmed CCA. Interestingly, we recognized expected and unexpected reasons for
acceptance or refusal for implementation of these new technologies. In many middle-sized
hospitals, in which DSA and any other brain blood perfusion studies were unavailable,
CTA was relatively easily implemented as the only ancillary test facilitating and shortening
of BD/DNC diagnostic process. Surprisingly, implementation process was slow in some of
most advanced interventional radiology centers with permanent availability of diagnos-
tic/interventional team. In such units, apart from strong adherence to diagnostic traditions,
it was sometimes easier to organize DSA than CTA/CTP. Additionally, this was treated as
a chance for training of residents in DSA procedures.

Implementation of CTP was more complicated. Not all CT scanners in Polish hospitals
are able to perform whole-brain perfusion imaging. Moreover, even in well-equipped
reference hospitals, usually only a few radiologists are experienced in CTP postprocessing
and interpretation because in Poland, it is a relatively new technology introduced mainly in
departments involved in neuroradiologic procedures. Furthermore, data postprocessing is
extremely time-consuming. Due to these all difficulties, even in centers that implemented
this technique in Poland, CTP examinations are usually performed within working hours
and in the remainder of the week, CCA diagnosis is based on CTA.

7. Comparison with Recommendations Made in the World Brain Death Project

1. Recently Greer at al. published in JAMA great work elaborated by international group
of experts, entitled “Determination of Brain Death/Death by Neurologic Criteria: The
World Brain Death Project” consisting of introduction part and 17 supplements [4]. It
summarizes current knowledge about various aspects of pathophysiology of brain
injury leading, finally, to BD/DNC, all aspects of diagnostic procedures, possible
organ procurement and, finally, future research agenda. The following is stated in
it: “It is recommended that when ancillary testing is performed and demonstrates
the presence of brain blood flow, BD/DNC cannot be declared at that time”. This
indirectly points out the necessity for the elaboration of precise diagnostic criteria
for CTA/CTP after implementation of these new technologies for investigation of
CCA, both in infratentorial and supratentorial spaces. Our research results and their
interpretations are consistent with this point of view.

2. The following is stated in the “Determination of Brain Death/Death by Neurologic
Criteria. The World Brain Death Project” publication: “It is recommended that when
ancillary testing is performed and demonstrates the presence of brain blood flow,
BD/DNC cannot be declared at that time” [4]. This indirectly points out the necessity
for the elaboration of precise criteria for CTA/CTP after implementation of these new
technologies for investigation of CCA, both in infratentorial and supratentorial spaces.
Our research results and their interpretations are consistent with this point of view.
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On the other hand, our positive opinion concerning the feasibility of CTA and
CTP for CCA confirmation during BD/DNC diagnosis is discrepant with the opinion
of Greer et al. [4], who stated that these methods require further consensus on the phases
and timing of image acquisition, as well as consensus upon and validation of the inter-
pretation criteria subsequently used. According to Greer, this also concerns validation in
comparison to “gold-standard” BD/DNC cerebral perfusion tests such as DSA or radionu-
clide scintigraphy. To support our standpoint, we highlight that in our earlier publications
CTA was validated against DSA [5,14,29] and in our later studies CTA/CTP were validated
against clinical diagnosis supported by TCD [21,25].

In order to verify the reason of some kind of distrust of Greer at al. towards validity of
CTA/CTP for CCA diagnosis we extensively analyzed Supplement 5 to “World Brain Death
Project”. This supplement deals with all ancillary tests used for BD/DNC with special
attention directed towards brain blood perfusion tests, including CTA/CTP. We found
information about “one report of false positive result” and because of its crucial importance
we meticulously analyzed the source publication [30] where we found following facts:

1. Non contrast CT (Figure 1) in our opinion confirms severe edema in course of devas-
tating brain injury indirectly indicating presence of severe intracranial hypertension,

2. CTA imaging pattern is typical for CCA (Figure 2); however, the authors declare it
doubtful because of possible hypotension during the procedure which is an obvious
diagnostic protocol violation and makes the examination not interpretative,

3. In TCD imaging (Figure 3) intracranial arteries might be not properly identified and
flow spectra incorrectly interpreted:

a. The typical flow spectrum in OA (ophthalmic artery) is usually different from
the one showed in Figure 3. In transorbital window in TCD (transcranial
Doppler) it should be higher resistive than presented on the depth 50–60 mm
as OA is an artery of predominantly elastic type. Furthermore, presented flow
was inconsistent with intracranial hypertension. Therefore, the flow described
as the right OA perhaps does not represent true flow in OA. Regardless of these
doubts the flow in OA is not a TCD criterion for CCA diagnosis. Therefore,
the reason for demonstration of flow in a vessel identified as OA by default in
order to support supposition of preserved cerebral perfusion remains doubtful.

b. In patients with high intracranial pressure the flow spectra in cerebral arteries
change in a very characteristic manner. The systolic phase of spectrum become
very short (velocities are normal or diminished) and all diastolic velocities
decline to baseline or near it. Such type of flow can persist for some time
and usually leads to CCA, while in Figure 3, the flow spectrum in artery
recognized by the authors as left middle cerebral artery (LMCA) is low resistant
with gradual reduction of velocity during systole and diastole. This does not
represent residual flow consistent with severe intracranial hypertension.

In summary, using of this publication as an argument suggesting inaccuracy of CTA
in BD/DNC diagnostic procedures is questionable.

It is stated in ‘The World Brain Death Project” that “there is still no consensus on
the technical criteria for CT angiography as ancillary test and considerable variation on
reported sensitivity in the diagnosis of BD/DNC”. We agree with this opinion but, on
the other hand, we believe that secondary analysis of available literature would help
to remove some concerns. Large number of scales used and unclear information about
time gap between the onset of brainstem areflexia and proceeding of CTA are highly
confusing. However, if we restrict our attention to reports providing detailed information
about time gap between the onset of brainstem areflexia and CTA, the data look more
optimistic. Kerhuel using French criteria based on 4-point score showed that short time
between clinical brain death and CTA leads to higher number of inconclusive results (low
sensitivity) and postulated that time delay > 6 h provides sensitivity of 92% [16]. Similar
tendency was reported by Welschehold [13]. This clearly points out that proper timing is a
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crucial factor determining CTA sensitivity regardless of protocol used and that minimal
time delay should be recommended in international and national guidelines.

We would like to highlight that in Europe three detailed instructions are currently
used, French [15] German [18] and Polish [3], based on earlier extensive research completed
in these countries [6–8,10–14,21,22,25,28,29]. Interestingly, a proposition of earlier TCD was
included in French instruction to minimize delay from the onset of brainstem areflexia to
CTA and to avoid premature examination [15]. TCD, even uncertified or Duplex Doppler
examination of both vertebral arteries and both internal carotid arteries in the extracra-
nial segments may be performed to determine a proper time for CT tests We included
this proposition in the recently initiated Polish trial concerning validation CTA for CCA
diagnosis in the pediatric population [28]. In addition, we are planning to recommend
Duplex Doppler as pretest before CTA in future amendment of Polish BD/DNC criteria.
Summarizing our considerations concerning influence of time delay on CTA sensitivity, we
presume that prospective great trial currently conducted by Chassé and Shankar in Canada
will answer the majority of concerns.

Furthermore, we would like to comment on another inaccuracy we found in “World
Brain Death Project”, creating negative opinion about the validity of CTA/CTP in BD/DNC
procedures and simultaneously about our research results concerning our first article
published in 2010 [5]. In Table 4 of Supplement 5, the “Polish scale” was cited as a source of
information, with a reported sensitivity of 41.7%. This was incorrect, because in this paper,
we only demonstrated an observed opacification level of all vessels examined in a group of
24 patients with confirmed BD/DNC. We neither validated the results according to any
scoring scale, nor reported any sensitivity in it. Therefore, the term “Polish scale”, as well
as the information about sensitivity of 41.7%, is not supported by presented data. Finally,
we did not suggest the re-addition of anterior and posterior circulation assessments to the
4-point scale. However, if the data of this small group presented in Table 1 were analyzed
using a 4-point scale, we would obtain a sensitivity of 100%.

The last inaccuracy on which we would like to comment concerns a source of Fig-
ure 4 visualizing “variation in methods of assessing brain blood flow on CTA, depending
on choice of anatomical vasculature and time of imaging” which was of our authorship [14],
but incorrectly presented as originating from the publication of the other authors. We tried
to correct this erroneous information concerning our publications in a letter to editor, but
unfortunately, it was not accepted because of “space limitations in the letters section”.

8. Conclusions

Based on our experience, results of our investigations, extensive literature review and,
finally, recent observations and confidential discussions with diagnostic teams we conclude:

1. CTA and CTP-derived CTA might be in future the tests of choice for CCA diagnosis
due to increasing availability and relatively easy interpretation.

2. Proper timing based on time elapse after the appearance of brain stem areflexia and/or
Doppler pretest might significantly reduce preterm examinations and significantly
increase sensitivity of CTA in CCA diagnosis procedures.

3. Whole brain CTP might be decisive in some cases of inconclusive CTA.
4. The monitoring of the implementation of CTA/CTP according to recently amended

Polish BD/DNC diagnosis guidelines does not show any major obstacles, occasionally
appearing teaching troubles and excessively large sticking to traditional diagnostic
schemes are gradually eliminated.

5. We strongly believe that in next edition of “The World Brain Death Project”, CTA
and CTP will be recommended as ancillary tests of choice for CCA diagnosis during
BD/DNC diagnosis procedures. We strongly believe that in next edition of “The
World Brain Death Project” CTA and CTP will be recommended as ancillary tests of
choice for CCA confirmation during BD/DNC diagnosis procedures.
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Abstract: The coronavirus disease 2019 (COVID-19) pandemic has impacted emergency department
(ED) practice, including the treatment of traumatic brain injury (TBI), which is commonly encountered
in the ED. Our study aimed to evaluate TBI treatment efficiency in the ED during the COVID-19
pandemic. A retrospective observational study was conducted using the electronic medical records
from three hospitals in metropolitan Taipei, Taiwan. The time from ED arrival to brain computed
tomography (CT) and the time from ED arrival to surgical management were used as measures of
treatment efficiency. TBI treatment efficiencies in the ED coinciding with a small-scale local COVID-19
outbreak in 2020 (P1) and large-scale community spread in 2021 (P2) were compared against the pre-
pandemic efficiency recorded in 2019. The interval between ED arrival and brain CT was significantly
shortened during P1 and P2 compared with the pre-pandemic interval, and no significant delay
between ED arrival and surgical management was found, indicating increased treatment efficiency
for TBI in the ED during the COVID-19 pandemic. Minimizing viral spread in the community and the
hospital is vital to maintaining ED treatment efficiency and capacity. The ED should retain sufficient
capacity to treat older patients with serious TBI during the COVID-19 pandemic.

Keywords: COVID-19 pandemic; treatment efficiency; traumatic brain injury; emergency department

1. Introduction

Due to geographic proximity with China, hospitals in Taiwan rapidly prepared for
the impending arrival of the coronavirus disease 2019 (COVID-19) infection soon after
the outbreak was first reported in Wuhan, China, in 2019 [1]. Although the number of
COVID-19 cases reported in European countries began to grow exponentially [2,3], the
Taiwan Centers for Disease Control (CDC) implemented strict border control and infection
control measures to prevent virus transmission [4]. Controlled access to medical facilities
was enforced, and a screening station was established outside of the emergency department
(ED) to secure hospitals [5]. The rapid response by the CDC and the cooperation by the
population resulted in outstanding performance for controlling the COVID-19 pandemic
in Taiwan in 2020 [6].

In contrast to many countries that suffered from healthcare system damage due to
severe community and hospital spread of the virus, the hospitals in Taiwan were able to
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continuously provide regular services after the pandemic was declared in 2020. People’s
daily lives remained relatively unchanged until the barricade was broken through in 2021.
A cluster of COVID-19 infections was identified in metropolitan Taipei in May 2021, and
the infection rapidly spread across many communities on the island [7]. A ban against
large gatherings and the semi-lockdown of cities were immediately implemented when the
number of confirmed cases escalated from 1199 to 4917 over a two-week period, resulting
in a substantial decrease in outdoor activities.

After the outbreak of community infection, the continuous emergence of COVID-19
pneumonia forced hospitals in Taiwan to restrict their daily workloads to ensure the
sufficient availability of human resources in dedicated COVID-19 wards [8,9]. These highly
contagious patients also profoundly disturbed the daily workflow in the ED [10].

A significant decrease in ED visits for injury was observed in many countries after
the pandemic was declared [11–15]. Although no widespread transmission of COVID-19
infection was reported in Taiwan in 2020, a similar trend in decreased ED visits was
reported in Taiwan [16,17]. The drop in ED visits for injury was even more profound
following the detection of community spread in 2021. Traumatic brain injury (TBI) is one of
the most common diseases treated in the ED, and nearly 80% of treated cases are classified
as mild injuries. Although the number of TBI cases has steadily increased over time [18,19],
the number of TBI cases in the ED declined significantly during the COVID-19 pandemic,
which is known as the “coronavirus lockdown effect” [20]. A study in the United Kingdom
showed that referrals for TBI decreased by 49.6% [21], and the decreases reported in India,
the Netherlands, and Ireland were 60%, 36%, and 17.1%, respectively [20,22,23]. For TBI
patients, a brain computed tomography (CT) scan is indispensable to detect the presence
of brain hemorrhage. Previous studies showed that the average daily number of brain
CT scans decreased during the pandemic. However, the proportion of cases with acute
findings rose significantly [24]. A similar trend was reported for other injuries and diseases
treated in the ED [14,25].

The restriction of the hospital’s human resources in the operation room also impacted
the treatment of the TBI during the pandemic. In addition, the processes implemented
to determine COVID-19 infection status also delayed operations, which may have con-
tributed to the increased mortality rate observed during the lockdown period [26,27]. The
current consensus recommendation is that all medical personnel should wear appropriate
protective equipment when performing surgery on patients with suspected COVID-19 infec-
tion [28,29]. These infection control precautions likely complicated the surgery procedures.

The emergence of the Delta variant indicated that the battle against the COVID-19
pandemic would be continuous. In Taiwan, only one wave of community spread was
reported one year after the pandemic declaration, representing a course that differed
from most other countries. Therefore, our study aimed to evaluate the impacts of the
COVID-19 pandemic on the treatment efficiency of TBI in the ED. The pre-pandemic era
was compared with a period of small-scale local infection during the early stages of the
COVID-19 pandemic in 2020 and with the period marked by large-scale community spread
that occurred after May 2021. The results of this study provide important information for
the staff of EDs and neurosurgery departments and for hospital administration regarding
the maintenance of efficiency and the appropriate management of TBI in the ED during the
COVID-19 pandemic.

2. Materials and Methods

2.1. Data Source

A retrospective observational study was conducted using the Clinical Research
Database (CRD) of the Taipei Medical University. The CRD contains the electronic medical
records from the following three affiliated teaching hospitals: Taipei Medical University
Hospital, Wan Fang Hospital, and Shuang Ho Hospital. These three hospitals are located
in metropolitan Taipei and are accredited as advanced emergency responsibility hospitals
that provide comprehensive care for major trauma patients.
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We extracted data for ED visits, brain CT scans, and brain operations from the CRD
between 1 January and 31 July 2019, 2020, and 2021. Identifiable information from these
hospital data was encrypted to ensure patient confidentiality. The Institutional Review
Board of Taipei Medical University approved this study (No.: N202106027).

2.2. Sample Selection

We selected all ED visits due to traumatic injury between 1 January and 31 July 2019,
2020, and 2021 and only included those associated with the International Classification of
Diseases, Tenth Revision, Clinical Modification (ICD-10-CM) codes for trauma: S00–S99.
TBI was identified by the ICD-10 codes S00–S09. Figure 1 presents the flow chart for
sample selection.

 
Figure 1. Sample selection procedure from the CRD of Taipei Medical University. CRD, Clinical
Research Database; ED, emergency department; P1, 20 January to 30 April 2019; P2, 11 May to
31 July 2021. Pre-pandemic period refers to the same span from 2019.

All trauma-related ED visits at participating hospitals during the period associated
with small-scale local infection from January 20 to 30 April 2020 (period one, P1) and
the period associated with large-scale community spread from 11 May to 31 July 2021
(period two, P2) were included in our study. The treatment efficiencies for TBI in the ED
during P1 and P2 were compared with corresponding periods in 2019 (pre-pandemic).

2.3. Measurement

Collected characteristics of the sample included sex, age, triage level, and TBI patterns.
The triage level was categorized as critical (levels I and II), urgent (level III), and less urgent
(levels IV and V). The TBI patterns included mild head injury (ICD-10-CM: S00, S01, S09,
and S06.0) and serious head injury (ICD-10-CM: S06.1–S06.9).
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The time from ED arrival to the completion of brain CT and the time from ED arrival
to the start of brain operation were used as proxies to represent treatment efficiency for
TBI. We only included brain operations coded as urgent in the ED and performed within
24 h after ED arrival.

2.4. Statistical Analysis

We first plotted weekly ED visits from 1 January to 31 July 2019, 2020, and 2021 to
demonstrate the numbers of yearly ED visits due to trauma, TBI, mild head injury, and
serious head injury. We also plotted the numbers and rates of brain CT scans and brain
operations among TBI-related ED visits.

The sample characteristics, TBI patterns, numbers of brain CT scans, and numbers
of operations during P1 and P2 were separately compared with their corresponding pre-
pandemic values using the Chi-square and Wilcoxon rank-sum tests. Kaplan–Meier sur-
vival analysis was used to evaluate time-to-event data (time to brain CT), and differences
were evaluated using a nonparametric log-rank test. A 2-sided p-value of <0.05 was consid-
ered statistically significant. All statistical analyses were performed using SAS version 9.4
(SAS Institute, Cary, NC, USA).

3. Results

The number of ED visits due to trauma and TBI each week decreased starting in late
January 2020 and gradually increased after 30 April 2020. In 2021, the weekly number of
ED visits due to trauma and TBI sharply dropped starting on 14 May (Figures 2 and 3).
Mild head injuries were reduced during P1 and P2 compared with the pre-pandemic period
(Figure 4). However, the drop in serious head injuries was insignificant in P1 (Figure 5).
Although the number of brain CT scans performed for TBI decreased in P2, the rate of
brain CTs rose sharply (Figure 6). The rate of brain operations also significantly increased
in P2 (Figure 7).

The numbers of ED visits were 3277 during P1 and 4092 during the corresponding
pre-pandemic period and 1474 during P2 and 3088 during the corresponding pre-pandemic
period. The distribution of intracranial injuries (S06.0–S06.9) and neurosurgical proce-
dures and their frequency in the pre-pandemic and pandemic periods are shown in the
Supplementary Figure S1 and Table S1.

Table 1 shows a comparison between the proportions of TBI-related ED visits and TBI
injury patterns before and after the COVID-19 pandemic. The proportion of TBI-related ED
visits in P2 was significantly higher than that in the corresponding pre-pandemic period in
2019 (33.57% vs. 31.27%, p = 0.007). No significant difference was noted in the proportions
of TBI-related visits between P1 and the pre-pandemic period. The proportion of mild head
injury was significantly reduced during P2 compared with the respective pre-pandemic
period in 2019 (83.22% vs. 87.01%, p = 0.001), whereas the proportions of serious head
injury significantly increased in P2 compared with the respective pre-pandemic period
(11.30% versus 5.79%, p < 0.0001). No such change was found in P1.
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Figure 2. Weekly trauma-related ED visits from January to July 2019, 2020, and 2021. ED,
emergency department.

Figure 3. Weekly TBI-related ED visits from January to July 2019, 2020, and 2021. ED, emergency
department; TBI, traumatic brain injury.

Figure 4. Weekly ED visits due to mild head injury from January to July 2019, 2020, and 2021. ED,
emergency department.
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Figure 5. Weekly ED visits due to serious head injury from January to July 2019, 2020, and 2021. ED,
emergency department.

Table 2 shows a comparison of the characteristics of TBI samples before and after the
COVID-19 pandemic. The ages of patients who visited the ED for TBI during P1 and P2
were significantly older (P1: 44 years vs. 42 years, p < 0.001; P2: 54 years versus 42 years,
p < 0.0001) than those during the respective pre-pandemic periods. A comparison of the
triage levels also showed significant increases in critical TBI during P1 and P2 (P1: 13.61%
vs. 11.93%, p < 0.001; P2: 22.59% vs. 11.82%, p < 0.0001).

Figure 6. Brain CT scan rate for TBI in the ED from January to July 2019, 2020, and 2021. CT scan,
computerized tomography scan; ED, emergency department; TBI, traumatic brain injury.

Figure 7. Brain operation rate for TBI in the ED from January to July 2019, 2020, and 2021. ED,
emergency department; TBI, traumatic brain injury.
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Table 3 shows a comparison between the treatment efficiencies for TBI-related ED
visits before and after the COVID-19 pandemic. During P1 and P2, the times from ED
arrival to brain CT were significantly shorter than for the respective pre-pandemic periods
(P1: 22 min versus 30 min, p < 0.0001; P2: 21 min vs. 27 min, p < 0.0001). No significant
change was observed in the time from ED arrival to brain operation for either P1 or P2
compared with the respective pre-pandemic period.

The Kaplan–Meier curves also showed significant differences in the time from ED
arrival to brain CT between the COVID-19 pandemic era (stratified by P1 and P2) and the
pre-COVID-19 pandemic era (Figure 8).

Table 1. Comparison of the proportions of TBI-related ED visits and injury patterns before and after the COVID-19 pandemic.

Variable

Pre-Pandemic Period
Corresponding to P1

P1
p

Pre-Pandemic Period
Corresponding to P2

P2
p

n % n % n % n %

Trauma population
TBI 0.472 0.007
No 8318 67.00 6523 66.55 6800 68.73 2925 66.43
Yes 4096 33.00 3279 33.45 3094 31.27 1478 33.57

TBI population
Mild head injury 0.083 0.001

No 505 12.33 449 13.69 402 12.99 248 16.78
Yes 3591 87.67 2830 86.31 2692 87.01 1230 83.22

Serious head injury 0.089 <0.0001
No 3864 94.34 3062 93.38 2915 94.21 1311 88.70
Yes 232 5.66 217 6.62 179 5.79 167 11.30

TBI, traumatic brain injury; ED, emergency department; COVID-19, coronavirus disease 2019; P1, January to 30 April 2019; P2, 11 May to
31 July 2021. Pre-pandemic period refers to the same span from 2019.

Table 2. Comparison of the TBI sample characteristics before and after the COVID-19 pandemic.

Variable

Pre-Pandemic Period
Corresponding to P1

(n = 4092)

P1
(n = 3277) p

Pre-Pandemic Period
Corresponding to P2

(n = 3088)

P2
(n = 1474) p

n % n % n % n %

Sex 0.403 0.117
Female 1808 44.18 1416 43.21 1417 45.89 640 43.42
Male 2284 55.82 1861 56.79 1671 54.11 834 56.58

Age (years),
median (IQR) 42 (19–66) 44 (22–68) <0.001 42 (19–66) 54 (29–73) <0.0001

Age (years) 0.001 <0.0001
0–14 812 19.84 537 16.39 620 20.08 188 12.75
15–24 522 12.76 397 12.11 409 13.24 128 8.68
25–44 833 20.36 728 22.22 598 19.37 274 18.59
45–64 857 20.94 683 20.84 632 20.47 347 23.54
65+ 1068 26.10 932 28.44 829 26.85 537 36.43

Triage <0.001 <0.0001
Critical

(Levels I and II) 488 11.93 446 13.61 365 11.82 333 22.59

Urgent (Level III) 3479 85.02 2772 84.59 2619 84.81 1120 75.98
Less urgent

(Levels IV and V) 125 3.05 59 1.80 104 3.37 21 1.42

IQR, interquartile range. TBI, traumatic brain injury; COVID-19, coronavirus disease 2019; P1, January to 30 April 2019; P2, 11 May to
31 July 2021. Pre-pandemic period refers to the same span from 2019.
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Table 3. Comparison of treatment efficiencies for TBI-related ED visits before and after the COVID-19 pandemic.

Variable

Pre-Pandemic
Period

Corresponding to P1
(n = 4092)

P1
(n = 3277) p

Pre-Pandemic
Period

Corresponding to P2
(n = 3088)

P2
(n = 1474) p

n % n % n % n %

Brain CT scan 0.205 <0.0001
No 2379 58.14 1857 56.67 1803 58.39 619 41.99
Yes 1713 41.86 1420 43.33 1285 41.61 855 58.01

Time from ED arrival to brain CT
scan (minute), median (IQR) 30 (20–45) 22 (14–35) <0.0001 27 (18–42) 21 (13–34) <0.0001

Brain operation 0.459 0.020
No 4057 99.14 3254 99.30 3066 99.29 1453 98.58
Yes 35 0.86 23 0.70 22 0.71 21 1.42

Time from ED arrival to brain operation
(hour), median (IQR) 6 (3–15) 4 (2–6) 0.174 5 (3–8) 5 (3–7) 0.788

IQR, interquartile range. CT, computed tomography; TBI, traumatic brain injury; COVID-19, coronavirus disease 2019; P1, January to
30 April 2019; P2, 11 May to 31 July 2021. Pre-pandemic period refers to the same span from 2019.

 

Figure 8. Kaplan–Meier curves with log-rank test for the time from emergency department (ED) arrival to brain computed
tomography (CT) for traumatic brain injury (TBI)-related ED visits between the COVID-19 pandemic era and the pre-
COVID-19 pandemic era during (A) P1 and (B) P2.

4. Discussion

At the beginning of the pandemic, in 2020, the number of TBI cases treated by the
ED declined, consistent with reports from foreign countries [30,31]. This decrease has
been attributed to a reduction in outdoor activities, which led to a decrease in road traffic
injuries. A significant increase in the ages of TBI patients treated by the ED was observed
because most of those injured due to household activities, such as accidental falls, are older
adults. During this period, the reduction in outdoor activities was primarily the result
of spontaneous changes in behavior in response to reports by the mass media. After a
period during which no significant viral spread was reported, the population’s activities
eventually returned to pre-pandemic levels. Consistently, the TBI numbers reported for the
second quarter of 2020 gradually returned to the levels reported before the outbreak.

The outbreak in May 2021 (P2) was associated with a completely different pattern, with
a large-scale community infection that spread across many communities [32]. The relevant
authorities immediately banned large gatherings and implemented a city-wide semi-
lockdown strategy to stop the spread [7]. During P2, outdoor activities and commuting
were severely restricted, which was associated with a sharp decrease in TBI numbers, and
the increase in the average patient age during this period was more pronounced than
that observed for P1, indicating that the outdoor activities among younger adults were
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almost completely stopped, resulting in an increase in the proportion of TBI cases among
older adults.

The COVID-19 outbreak impacted TBI patterns in the ED, associated with a decrease
in mild and serious head injuries treated during P1 and P2 compared with 2019. The
decrease in P2 was more obvious compared with P1. These results showed the effects of the
city-wide semi-lockdown strategy during the large-scale community spread of the virus.
During P2, the relevant authorities banned large gatherings, including school and work.
Since most road traffic injuries in Taiwan are mild injuries [33], the semi-lockdown strategy
during P2 restricted commuting, resulting in a sharp decline in the number of mild head
injuries treated in the ED.

Because the reduction in overall trauma cases was small during P1, no significant
changes in TBI proportions were noted compared with the proportions in 2019. However,
the overall number of trauma cases treated in the ED declined significantly during P2,
resulting in an increase in the proportion of TBI cases. The reduced commuting in P2
increased the proportions of serious head injuries. Although no such change was shown in
P1, the proportions of patients who arrived at the ED in critical condition (triage levels I
and II) increased during both P1 and P2, and the proportion of critical cases reported
during P2 was almost double that for 2019. Therefore, the ED should maintain sufficient
capacity to treat critical patients.

The outbreak also impacted brain CT execution in the ED. The number of brain CT
scans performed during P1 and P2 decreased compared with the number performed in
2019. However, the decrease in P2 was more obvious compared with P1. The lockdown
strategy sharply reduced the occurrence of mild head injury in P2, causing a significant
rise in the proportions of brain CT scans.

When the COVID-19 outbreak was first reported in December 2019, all hospitals in
Taiwan responded immediately. Access control was used to prevent high-risk patients
from entering the hospital, and patient visiting activities were also banned [7]. Outside
of the ED, screening stations were established to divert patients into low-, medium-, and
high-risk areas for treatment. All ED staff, including emergency medical technicians,
routinely used personal protective equipment, such as face shields, surgical gowns, and
N95 masks [34]. As a result of these measures, no spread of COVID-19 infection has been
reported in hospitals and EDs. Brain CT scans ordered for low-risk patients were performed
as before, and only local disinfection was required after the examination. Therefore, the
majority of TBI cases in the ED were examined without delay. Due to the preservation
of ED capacity and the decline in TBI numbers, the time interval between ED arrival and
brain CT performance was significantly shortened during P1.

Due to the lack of community or hospital COVID-19 spread during P1, patients
who entered the operating room from a low-risk area in the ED were only submitted to
a COVID-19 antigen test. The operating room staff used the same personal protective
equipment required by ED staff, and most brain operations were performed similarly to
the pre-pandemic period. No significant delay between ED arrival and brain operation
was noted during P1.

During P2, clusters of infections in several communities were serious, and deaths
increased daily, causing large psychological and behavioral impacts on society. People
substantially reduced hospital visits due to fear of contacting infected patients. The con-
tinuous presentation of patients with COVID-19 pneumonia resulted in a huge burden
on human resources for hospitals as the medical staff was increasingly diverted to treat
COVID-19 patients [35]. The proper protection of the ED workforce allowed for the main-
tenance of treatment capacity. The COVID-19 PCR test was extensively used to detecting
asymptomatic infections. For patients who required surgery, a rapid respiratory panel
was universally used to reduce waiting times. ED staff used N100 masks or powered
air-purifying respirators due to the extremely high probability of viral transmission when
treating infected patients. For those COVID-19 patients who required CT scans or surgery,
all staff members in contact with the patients, including ED physicians and neurosur-
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geons, were required to use full protection, including an isolation suit. The field exposed
to the patient was treated according to a thorough disinfection procedure using bleach
and alcohol.

These infection prevention measures delayed treatment in the ED. However, due to the
sharp decline in the number of TBI cases and the preservation of the ED’s treatment capacity,
the execution time for brain CT scans was significantly shortened, and the waiting time
for brain operations did not increase. These results showed that the treatment efficiency
for TBI in the ED increased during P2. During an outbreak of community spread, the
proportions of TBI cases requiring brain CT and brain operations increased. Therefore,
medical centers should maintain sufficient treatment capacity in the ED and neurosurgery
departments to allow for the treatment of serious head injuries during COVID-19 outbreaks
with community spread [20].

The multicenter approach strengthened the generalizability of our findings. However,
community spread during P2 was concentrated in certain communities rather than evenly
distributed. Therefore, the impacts of the pandemic on treatment efficiency were influenced
by the locations of the hospitals. In addition, the study period only included the three
months of the outbreak. During this period, the decrease in the total number of serious head
injuries may bias the statistical results. Finally, the COVID-19 pandemic in Taiwan was
well controlled. The number of patients infected by the virus was limited, and the health
care system was not burdened to the same extent as in many other countries. Therefore,
extrapolation of the results to other settings may be difficult.

5. Conclusions

The COVID-19 pandemic had a significant impact on the treatment efficiency for TBI
in the ED. The impacts of preventing large gatherings and the city-wide semi-lockdown
after a COVID-19 outbreak with community spread differed from impacts of self-initiated
reductions in outdoor activities due to social panic during the early stages of the pandemic.
Minimizing the spread of COVID-19 in the community and in hospitals and protecting
ED capacity is vital to maintaining treatment efficiency for TBI. The proportion of older
patients and the proportion of serious head injuries increase when overall numbers of TBI
decline due to decreased participation in outdoor activities and commuting. Therefore, the
ED and neurosurgery departments should retain sufficient capacity to treat these patients
during a pandemic outbreak.
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Abstract: Introduction: Disorders in electroencephalography (EEG) are commonly noted in patients
with traumatic brain injury (TBI) and may be associated with electrocardiographic disturbances.
Electrographic seizures (ESz) are the most common features in these patients. This study aimed
to explore the relationship between ESz and possible changes in QTc interval and spatial QRS-T
angle both during ESz and after ESz resolution. Methods: Adult patients with TBI were studied.
Surface 12-lead ECGs were recorded using a Cardiax device during ESz events and 15 min after
their effective suppression using barbiturate infusion. The ESz events were diagnosed using Masimo
Root or bispectral index (BIS) devices. Results: Of the 348 patients considered for possible inclusion,
ESz were noted in 72, with ECG being recorded in 21. Prolonged QTc was noted during ESz but
significantly ameliorated after ESz suppression (540.19 ± 60.68 ms vs. 478.67 ± 38.52 ms, p < 0.001).
The spatial QRS-T angle was comparable during ESz and after treatment. Regional cerebral oximetry
increased following ESz suppression (from 58.4% ± 6.2 to 60.5% ± 4.2 (p < 0.01) and from 58.2% ± 7.2
to 60.8% ± 4.8 (p < 0.05) in the left and right hemispheres, respectively). Conclusion: QTc interval
prolongation occurs during ESz events in TBI patients but both it and regional cerebral oximetry are
improved after suppression of seizures.

Keywords: seizure; traumatic brain injury; QTc interval; spatial QTS-T angle; brain–heart interaction

1. Introduction

Electrocardiographic disorders are frequently associated with seizures, which are
often observed in patients with traumatic brain injury (TBI). Post-traumatic seizures occur
in 21–27% of patients and are generally associated with hemorrhagic lesions of the temporal
lobe [1–3]. The first event of recorded seizures mostly occurs in the first 24 h after TBI, with
over one-third being electrographic seizures (ESz—electrographic seizures) [1]. TBI-related
seizures can also be induced by increased intracranial pressure (ICP), cerebral metabolic
crises connected with disturbances in oxidative metabolism and glucose consumption,
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and impaired redox status of the brain [3]. On the other hand, seizures impair cerebral
metabolism and may induce systemic disorders in the extra-cerebral organs, including
cardiac injury [4].

Cerebral-related cardiac disorders commonly result from activation of the brain–heart
axis, with electrocardiographic disorders being frequent derangements observed in patients
with acute brain damage [5–8]. Recently, significant prolongation in the QTc interval and
increased spatial QRS-T angles in a cohort of TBI patients with a Glasgow Coma Score (GCS)
below eight were documented [6]. Some studies reported a strict relationship between
prolonged QTc interval and seizures based on standard full electroencephalography (EEG)
measurement [7,8]. However, no study so far has explored the relationship between TBI-
related ESz and changes in the QTc interval or spatial QRS-T angle. The aim of this study
was to analyze changes in the spatial QRS-T angle and QTc interval during ESz and after
ESz resolution by EEG in a cohort of TBI patients.

2. Methods

We used Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)
guidelines [9]. This study is part of a larger prospective observational study performed at
the First Clinic of Intensive Care at the Medical University of Lublin, Poland. The study
was conducted in accordance with the intensive care unit (ICU) protocol for the monitoring
of patients with TBI and the Declaration of Helsinki; the protocol was approved by the
Institutional Review Board and the Bioethics Committee of the Medical University at Lublin,
Poland (KE-0254/136/2018). Informed consent was obtained from the legal representatives of
patients as all included patients were sedated and mechanically ventilated.

Inclusion criteria were adult patients with TBI and GCS below 8 and the presence of
ESz. The main exclusion criterion was a history of epilepsy. Additionally, patients below
18 years old, pregnant, or with the presence of thoracic injury, drug overdoses, or a history
of neoplastic, cardiac, or acute or chronic hepatic or renal diseases were excluded. Heart
rate (HR), continuous mean arterial pressure (MAP), regional cerebral oximetry (SrO2), and
peripheral saturation (SpO2) were monitored in all patients; hemodynamic variables were
obtained using an EV 1000 platform (Edwards Lifescience, Irvine, CA, USA). Immediately
after admission to the ICU, EEG electrodes were placed on the forehead and temporal
hairline skin for EEG monitoring using Masimo Root with a SEDLine monitor (Irvine, CA,
USA) or a bispectral complete 4-channel monitor (BIS, Medtronic, MN, USA).

All patients were sedated with propofol (AstraZeneca, Macclesfield, UK) and fentanyl
(Polfa, Warsaw, Poland) and mechanically ventilated; the inspired fraction of oxygen (FiO2)
was adjusted to maintain oxygen saturation (SpO2) between 92 and 98% and SrO2 higher
than 50%. Immediately after admission to the ICU, patients received hyperosmotic therapy
with 15% mannitol at 1.5 g/kg body weight to reduce ICP, if required. The hyperosmotic
therapy was discontinued in patients with plasma osmolality higher than 310 mOsm/kg
H2O. All patients received continuous infusion of potassium to maintain blood concentra-
tion between 4.5 and 5 mmol/L. Blood potassium, sodium, glucose, and lactate levels were
measured 5 times per day. Continuous norepinephrine infusion and balanced crystalloids
(Sterofundin ISO, Melsungen, Germany) were used to maintain MAP above 80 mmHg.
According to the Fourth Edition of Brain Trauma Foundation Guidelines, the infusion of
barbiturates is considered an option for second-tier therapy to control refractory elevated
intracranial hypertension (ICH) [10].

2.1. ECG, Derived Vectorcardiogram (VCG), EEG, and Study Protocol

Surface 12-lead ECGs were recorded using a Cardiax PC-ECG® (MESA Medizintechnic
GmbH Benediktbeuern, Germany). The recorded ECG was converted to a single median
beat and transformed into three orthogonal leads—X, Y, and Z—using the inverse Dower
method [11]. The value for the spatial QRS-T angle was then automatically calculated
by the Cardiax software from the maximum spatial QRS and T vectors. The QT and
corrected QT (QTc) intervals utilizing the Bazett, Fridericia, and Framingham corrections
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were also obtained directly from the Cardiax commercial software, which utilizes a median
beat-related “global QT interval” algorithm similar to that described by Xue et al. [12].
The QT and QTc intervals were also assessed manually via electronic calipers by two of
the co-authors independently to further validate the automatically assessed values. The
ECG and derived VCG measurements were performed during ESz events and 15 min
after effective suppression of seizures with barbiturate infusion (thiopental, Rotexmadica,
Trittau, G) at the dose of 50 μg·kg−1·min−1.

EEG disorders were analyzed based on frontopolar (forehead hairline montage) EEG
recorded with a Masimo Root monitor or a bispectral complete 4-channel (BIS-4) monitor.
Both of these technologies are commonly used at our institution to measure the level
of sedation. The capacity of the Masimo device for EEG recording has been previously
established [13–15]. In all patients, changes in EEG were observed within the first 7 days
of treatment. Electrographic seizures were defined as electrographic discharges with a
frequency higher than 2.5 Hz and lasting longer than 10 s. Seizure morphology was
categorized as epileptiform if it induced spikes or sharp waves or rhythmic evolving or if it
induced evolving rhythmic patterns [15–17]. Electrographic status epilepticus was defined
as an ESz for more than 10 continuous minutes or for a total duration of more than 20 min
in any 60-minute period of recording [16]. These criteria were adapted for disorders in EEG
observed in the BIS or Masimo device. Additionally, changes in EEG were recorded as the
color density spectral array (DSA), with upward arches on the y-axis (increased frequency
and amplitude in EEG) reflected in warmer colors (larger red area in DSA) [18–20].

2.2. Statistical Analysis

The Shapiro–Wilk test was used to test the normality of the distribution of the results.
Means and standard deviations (SDs) were calculated for all variables. Student’s unpaired
t-test was used, and analysis was performed using Statistica 13.1 (StatSoft, Tulsa, OK, USA).
For variables with non-normal distribution, the Wilcoxon signed-rank, Mann–Whitney
U, Kruskal–Wallis ANOVA, and post hoc Dunnett’s multiple comparison tests were used.
The power of the statistical tests was assessed by the G*Power test. A p-value < 0.05 was
considered significant.

3. Results

In total, 348 patients (134 female and 214 male) aged 18–90 years and treated for TBI
with ICH were initially considered for inclusion. Among these, 115 patients were excluded
as they presented with thoracic injury, a history of severe cardiac diseases (N = 111), or
pacemaker implantation (N = 4). Finally, 233 patients treated for isolated TBI (iTBI, N = 124)
and polytrauma with TBI (pTBI, N = 109) were included to the present study. Eighty-two
patients (35.19%) died at day 28, following foraminal herniation (N = 54; 65.85%) or post-
traumatic multiorgan failure (N = 28; 33.14%).

Immediately after admission into the ICU, all patients achieved an appropriate level of
sedation with continuous propofol and fentanyl infusion, and the depth of sedation ranged
between 10 and 20 on the bispectral index (BIS) and 5 and 17 on the Patient State Index
(PSI). Any EEG abnormalities were monitored in all patients immediately after admission
to the ICU. Episodes of ESz were noted in 72 patients (30.9%) between 12 h and the fifth
day after admission in the ICU. In 54 cases, the episodes of ESz were documented on the
screenshots in Masimo or BIS-4, and subsequently, ESz was successfully treated; however,
changes in ECG during ESz were documented in only 21 patients (7 female and 14 male)
aged 19–58 years (mean 39 ± 13). The mean GCS at hospital admission was 4.86 ± 1.6.
In all cases, ESz status lasted for more than 15 min before treatment. Of the 21 patients
included in the analysis, 11 were treated for cerebral edema (with or without intracerebral
hemorrhage), 8 for subarachnoid hemorrhage, and 2 for epidural hematoma. Continuous
infusion of thiopental at the dose of 50 μg·kg−1·min−1 successfully suppressed ESz in
all patients, and any EEG abnormalities were observed during and immediately after
thiopental administration with a slight decrease in BIS or PSI values. This treatment was
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continued for a minimum of 12 h. Nine patients died within 28 days of treatment—three
due to foraminal herniation within 7 days of treatment and six after 7 but before 28 days
due to foraminal herniation. Twelve patients were discharged from the ICU; however, all
remained bedridden with neurological conditions.

During ESz, the QTc interval was pathologically prolonged, and the prolongation
was significantly ameliorated 15 min after ESz suppression independently of the method
(automated or manual) or correction formula used in all patients (Table 1). Examples
of changes in EEG monitored by BIS-4 are presented in Figure 1, and the ESz and ECG
monitored by Masimo Root are presented in Figures 2 and 3. Spatial QRS-T angle was
comparable during ESz and 15 min after ESz suppression (61.29 ± 46.51 and 60.41 ± 39.73,
respectively).

Figure 1. Changes in frontopolar electroencephalography monitored with Medtronic BIS ™ device and corrected QT (QTc)
interval. The left part of the figure presents an electrographic seizure and ECG with prolonged QTc (577 ms, calculated with
Bazett’s formula). The right part of the figure presents ESz suppression following thiopental administration with reduction
in the QTc interval (447 ms, calculated with Bazett’s formula). The case shown is a 22 year-old woman who was admitted to
the intensive care unit (ICU) for severe TBI. Her Glasgow Coma Score was 6. Computed tomography (CT) showed acute
epidural hematoma with intracerebral hemorrhage. Immediately after CT, craniectomy was performed. According to the
local ICU protocol, frontopolar electroencephalography (EEG) was used. Controlled CT was performed 24 h after surgery
and showed slight cerebral edema with cerebral lesion and intracerebral hematoma in the temporal region. Despite depth
sedation (BIS ranged between 10 and 20), EEG showed alternate polyspike and slow wave without clinical symptoms 24 h
after the admission to the ICU. The ESz recurred for 2 h. Hence, status epilepticus was diagnosed and continuous thiopental
infusion at the dose of 50 μg·kg−1·min−1 was used to suppress ESz. Such disorders were not observed during treatment in
the ICU. Patient was discharged from the ICU 32 days after trauma.
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Table 1. Changes in QT and QTc intervals during electrographic seizures and 15 min after their effective suppression with
barbiturate infusion. * p < 0.05, ** p < 0.01, *** p < 0.001—difference between QT and QTc before and after suppression of
seizure (Student’s t-test). Manual measurements comprise the averaged values from two independent co-authors.

Manual Measurements Automatic Measurements

During ESz After ESz During ESz After ESz

QT 453.5 ± 66.3 416.3 ± 55.44 450.71 ± 68.9 410.14 ± 53.95 *

QTc, Bazett 544.24 ± 57.67 487.61 ± 40.37 *** 540.19 ± 60.68 478.67 ± 38.52 ***

QTc, Fridericia 511.71 ± 55.96 462.16 ± 41.95 ** 507.9 ± 59 455.2 ± 39.8 **

QTc, Framingham 499.67 ± 51.91 457.19 ± 40.47 * 496.54 ± 54.6 451 ± 38.7 **

Figure 2. Changes in frontopolar electroencephalography monitored with Masimo Root device and
corrected QT (QTc) interval. Prolonged QTc interval was noted during ESz, and use of thiopental
suppressed the seizure successfully, which was associated with a reduction in the automated QTc
(from 643 to 499 ms, calculated with Bazett’s formula, and from 610 to 475 ms and 591 to 471 ms,
calculated with Fridericia’s formula and Framingham’s formula, respectively). However, the ECG
showed bifid T waves in V4, V5, and V6 leads before suppression and in II, III, aVF, V3, V4, V5, and
V6 15 min after ESz suppression, leading to partially spurious automated QTc results. Frontopolar
EEG monitoring with the Masimo device showed seizures (upper screenshot) and their spectacular
suppression following barbiturate infusion (lower screenshots).
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Figure 3. A 54-year-old male admitted to the intensive care unit (ICU) for severe TBI. His Glasgow Coma Score was 4.
Computed tomography (CT) showed cerebral edema with reduced size of both lateral ventricles. Patient was sedated
with continuous infusion of propofol and fentanyl, and hyperosmotic therapy with 15% mannitol was administered.
According to the local ICU protocol, non-invasive monitoring including near-infrared spectroscopy (NIRS) and frontopolar
electroencephalography (EEG) was applied. Frontopolar EEG and seizures were monitored by the Masimo Root SEDLine
device. Despite deep sedation (Patient State Index was 7), the DSA image showed upward y-axis arcs in warmer colors, and
the recorded EEG confirmed a polyspike and slow wave. Continuous thiopental infusion at the dose of 50 μg·kg−1·min−1

was used to suppress ESz, after which a serial 12-lead ECG showed a notably reduced QTc interval. The patient was
discharged from the ICU 14 days after trauma.

The mean values of cardiac index (CI), extravascular lung water index (ELWI), pul-
monary vascular permeability index (PVPI), global ejection fraction (GEF), and intrathoracic
blood volume were comparable before and after ESz suppression, whereas the mean values
of SrO2 significantly increased 15 min after treatment of ESz (Table 2).

Table 2. Changes in cardiac index (CI), extravascular lung water index (ELWI), pulmonary vascular
permeability index (PVPI), global ejection fraction (GEF), intrathoracic blood volume (iTBI), and
regional cerebral oxygenation (SrO2) in the right and left hemispheres during ESz and 15 min after
their suppression with continuous thiopental infusion at the dose of 50 μg·kg−1·min−1. * p < 0.05,
** p < 0.01—differences in SrO2 noted before and after suppression of ESz.

Parameter During ESz
15 min after Thiopental

Administration

CI (L/min/m2) 3.4 ± 0.8 3.7 ± 0.9
ELWI (mL/kg) 8.2 ± 1.8 7.6 ± 2

PVPI 2.1 ± 0.5 1.9 ± 0.5
GEF (%) 27.2 ± 6.8 28.9 ± 6.4

iTBI (mL/m2) 781.4 ± 250.4 804.4 ± 236.2
Left SrO2 (%) 58.4 ± 6.2 60.5 ± 4.2 **

Right SrO2 (%) 58.2 ± 7.2 60.8 ± 4.8 *
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4. Discussion

The present study showed that observed electrographic abnormalities which may
meet the criteria for diagnosis of ESz were associated with T wave abnormalities and
prolonged QTc interval in propofol-sedated TBI patients, and that the successful treatment
of ESz ameliorated the T wave abnormalities and shortened the QTc interval. Neither ESz
nor successful ESz treatment appeared to modify the spatial QRS-T angle. Additionally,
treatment of ESz improved SrO2 in the left and right hemispheres. Secondarily, this
study also demonstrated the potential usefulness of the Masimo and BIS technology for
innovative cerebral monitoring in critically ill patients with TBI. Despite all the patients
being deeply sedated, the Masimo device enabled identification of general electrographic
abnormalities.

TBI-related cerebral hypoxia and ischemia can disrupt autonomic self-regulation and
serve as a trigger for seizure development [21]. A rapid change in EEG oscillation may
also correspond with changes in cardiac activity and different types of arrhythmias [22,23].
Seizures might affect cardiac function by impairing the repolarization phase, particularly
in patients treated for refractory epilepsy [24,25]. Various types of cardiac arrhythmias
have been observed in more than 90% of patients with seizures, with atrial fibrillation (AF)
being the most frequent form of dysrhythmia [25]. Interestingly, the administration of anti-
convulsive drugs significantly reduces ECG disorders and improves cardiac morphology
in experimental models of seizures [26]. Seizure-related ventricular arrhythmias are also
commonly associated with prolonged QTc interval, possibly due to hypoxemia following
seizure-related respiratory dysfunction [8]. Indeed, intermittent hypoxia has been shown
to be a major risk factor for life-threatening cardiac arrhythmias and sudden cardiac
death [7]. Our results did not explore hypoxia-related QTc interval prolongation as the
patients included in our study were mechanically ventilated and cerebral oxygenation
was monitored using SrO2, without showing any episodes of desaturation. However,
significantly lower SrO2 levels were noted during ESz compared to post-seizure. Based on
these results, we speculate that suppression of electrographic seizures can improve cerebral
oxygenation, but this effect requires further confirmation in larger studies.

Continuous monitoring of electrophysiological function in critically ill patients has
been extensively studied in the last decade [15,18,19]. In the present study we utilized a
new and convenient method for assessing cerebral EEG in critically ill patients treated for
TBI. Continuous monitoring of EEG, particularly with DSA that is displayed on processed
EEG, shows the power spectrum of EEG, which may be useful for detecting even short
episodes of ESz. Detection of ESz in deeply sedated patients is difficult and requires
continuous EEG monitoring. To facilitate the interpretation of EEG, several quantitative
EEG display tools have been developed to diagnose EEG disorders, and DSA is one of
them [15,20,27]. It has been documented that even non-physician personnel can identify
ESz in DSA [18,19,27]. Additionally, such qualitative techniques show a high sensitivity,
specificity, and accuracy for seizure detection in those personnel who have no experience
in critical care EEG and seizure detection [18,19]. Compared to the gold standard of
raw data read by experienced epileptologists, Dericioglu and colleagues documented
an overall sensitivity of 93%, specificity of 91–95%, and accuracy of 0.93 of DSA in the
detection of ESz [18]. Similarly high sensitivity and specificity in the detection of seizures
using color DSA were described by Steward and colleagues [28]. Seizure evolution may
be accompanied by increases in the frequency and amplitude of frontotemporal EEG
signals that appear in DSA images, showing upward y-axis arcs in warmer colors [20,26].
In our cases, we observed that the color spectrum ranged from blue to dark red (from
minimum to maximum power), which could document seizure events [15]. Continuous
monitoring of EEG waves also enabled the detection of polyspike waves associated with
ESz in deeply sedated patients [15,18]. We noted ESz in 30.9% of patients; however, we
were able to document changes in ECG during ESz only in one-third of the studied patients
because the seizure resolved spontaneously or the doctor on duty documented the seizure
episode in the screenshot and implemented continuous thiopental infusion before ECG
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examination. Based on our experience, we can strongly recommend the use of continuous
EEG monitoring in critically ill, unconscious TBI patients.

Other potential mechanisms underlying seizure-induced QTc interval prolongation
include the stimulation of the intrinsic adrenergic pathway, leading to disorders in cardiac
repolarization, also previously described in ESz [29]. Autonomic dysregulation following
TBI might also contribute to QTc interval prolongation [5]. Finally, moderate–severe TBI
with hemorrhagic contusions in the temporal lobe increases the risk of early seizure and
post-traumatic epilepsy [2]. In the present study, we did not analyze the relationships
between episodes of ESz and regions of brain injury; however, we can speculate that a
prolonged QTc interval is directly associated with abnormal electroencephalographic brain
activity, which could suggest brain–heart interaction [30].

Several medications may also prolong the QTc interval [31,32]. The included patients
were sedated using continuous propofol and fentanyl infusion, and both drugs may affect
the QTc interval. Propofol is well known to increase the risk of Torsades de Pointes
dysrhythmia, which can frequently induce sudden cardiac death [33,34]. Additionally,
propofol may cause prolongation of the QTc interval and result in a higher incidence of
bradycardia and junctional rhythm than barbiturates can [31]. In the present study, some
patients received furosemide to force diuresis, a loop diuretic that could also prolong
the QTc interval [29,32]. Notably, furosemide and fentanyl only rarely prolong the QTc
interval in critically ill patients, especially in association with electrolyte disturbances [33].
Interestingly, we noted a significant reduction in the QTc interval after ESz suppression
with thiopental, a drug known to induce QTc interval prolongation [32]. Therefore, we can
speculate that changes in QTc interval may depend more on the seizures induced by the
primary cerebral pathology than on the medications administered.

Limitations

The first major limitation of the present study is that EEG was limited to the frontopo-
lar region because both the Masimo and BIS-4 monitors only allow EEG monitoring in the
frontal and temporal lobes. It should also be stressed that EEG abnormalities occurring
in the other regions of the brain may also affect ECG as well as stimulate the frontal and
temporal lobes to pathological activities. Additionally, changes in the color spectrum may
reflect changes in EEG and ICP-related changes but also rhythmic/periodic artefacts, thus
reducing the accuracy of quantitative EEG measurement. The second major limitation was
that the EEG signal was evaluated by physicians without formal training in neurophysiol-
ogy but with a lot of experience in the use of quantitative EEG and DSA. Thirdly, all EEG
abnormalities were observed in the Masimo or the BIS device and were not confirmed in a
standard EEG, but only full EEG could confirm a diagnosis of every electrographic pathol-
ogy. Another important limitation of the study is the low power of our statistical analysis
due to the small number of patients who had both ECG recordings and well-documented
ESz. The small number of patients with well-documented ECG during ESz results in part
from the lack of specific alarms for EEG disorders in the Masimo technology. Had such
alarms existed, they might have allowed for more prompt recognition and treatment of
cerebral electrical derangements as well as a larger study group. We did not analyze the
duration of ESz in relation to the ECG, and it has been documented that long-standing
seizures may induce cardiac remodeling with altered intracellular Ca+2 homeostasis and
ECG abnormalities, including QTc interval prolongation [35]. We monitored frontopolar
EEG for 7 days of treatment. Although we did not observe recurrent episodes of ESz during
the study period, they could have recurred after the studied period. Finally, we noted a
significant improvement of SrO2 following ESz suppression; however, the increase in SrO2
in the left and right hemispheres may also have resulted from a decrease in ICP following
thiopental administration. In fact, a moderate inverse relationship between ICP and SrO2
has been documented in TBI patients [36,37]. Another important limitation of our study
is the lack of a control group. We used continuous thiopental infusion to ameliorate ESz;
however, many other medications are also commonly used for the treatment of such disor-
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ders (e.g., valproic acid or benzodiazepines). Noteworthily, all of these drugs may affect
QTc. Therefore, changes in QTc should be compared with those observed in patients with
spontaneous ESz termination, because only this analysis would unambiguously confirm
the relationships between brain pathology and cardiac dysfunction, which is known as
brain–heart interaction.

Our report focused in particular on automated measurements for the QT and QTc
intervals. However, no automated algorithm for QTc determination produces perfect
results, especially in the face of poorly defined T waves. While our manual measurements
of the QTc intervals confirmed the overall QTc-related changes, they did so with less
statistical significance, suggesting that methodological (i.e., automated algorithmic) factors
can also falsely contribute to increases in automated QTc intervals when T waves are or
become very poorly defined. Additionally, we observed significant shortening of the QTc
interval following pharmacological suppression of ESz; however, we did not perform ECGs
before the seizures, and prolonged QTc intervals might also result from TBI. Nonetheless,
the study corroborated that the brain–heart interaction and QTc interval prolongations
previously noted during/after seizure activity unrelated to TBI can also occur after TBI.
Specifically, it demonstrated not only a strong relationship between TBI-induced ESz and
prolonged QTc intervals but also the amelioration of prolonged QTc intervals after the
treatment of ESz even in the face of QTc interval-prolonging barbiturate (thiopental) therapy
in sedated TBI patients. Our findings support the concept of brain–heart cross-talk [38–45]
and may pave the way to further larger observational or randomized controlled studies on
this topic.

5. Conclusions

Pharmacological suppression of electrographic abnormalities which may meet the
criteria to detect ESz in patients with severe TBI is associated with electrocardiographic
T wave changes and shortened QTc intervals noted 15 min after seizure suppression.
Additionally, treatment of electrographic seizures appears to improve SrO2 in both the left
and right cerebral hemispheres. Our findings may support that pathological brain activity
affects cardiac function, which is commonly known as brain–heart cross-talk. Additionally,
we suggest that continuous monitoring of EEG can be useful to detect electrographic
abnormalities. However, the relationship between electrographic abnormalities and ECG
requires further study in TBI patients.
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Abstract: Cranioplasty (CP) is a neurosurgical intervention of skull repairing following a decom-
pressive craniectomy. Unfortunately, the impact of cranioplasty on cognitive and motor function
is still controversial. Fifteen TBI subjects aged 26–54 years with CP after decompressive craniec-
tomy were selected in this observational retrospective study. As per routine clinical practice, a
neuropsychological evaluation carried out immediately before the cranioplasty (Pre CP) and one
month after the cranioplasty (T0) was used to measure changes due to CP surgery. This assessment
was performed each year for 5 years after discharge in order to investigate long-term cognitive
changes (T1-T5). Before cranioplasty, about 53.3% of subjects presented a mild to severe cognitive
impairment and about 40.0% a normal cognition. After CP, we found a significant improvement
in all neuropsychological test scores. The more significant differences in cognitive recovery were
detected after four years from CP. Notably, we found significant differences between T4 and T0-T1,
as well as between T5 and T0-T1-T2 in all battery tests. This retrospective study further suggests
the importance of CP in the complex management of patients with TBI showing how these patients
might improve their cognitive function over a long period after the surgical procedure.

Keywords: cranioplasty; cognitive improvement; traumatic brain injury; neuropsychology

1. Introduction

Cranioplasty (CP) is a neurosurgical intervention of skull repairing and represents a
second-line procedure in patients who have undergone decompressive craniectomy (DC)
following a traumatic brain injury (TBI) [1], middle cerebral artery (MCA) infarction, or
removal of cranial vault tumors [2]. The most appropriate time to perform cranioplasty, as
well as its effect on functional outcome, remains debatable. Indeed, multiple confounding
factors, including the material used, surgical technique, cognitive function, and general
medical complications, seem to affect early and long-term outcomes [3–5].

In particular, the impact of cranioplasty on cognitive and motor function is also con-
troversial. Patients with TBI show a wide range of neurocognitive and psychologic deficits
after DC [6]. Although several studies have documented clinical improvements after cran-
ioplasty in patients with severe brain injury, the reasons behind the possible mechanisms
that induce such clinical improvement are not fully understood [7]. Patient improvement
could be due to reduction in local cerebral compression caused by atmospheric pressure
and increased cerebrospinal fluid hydrodynamics with potential improvement in local and
global cerebral hemodynamics, blood flow, and metabolism [8].

A neuropsychological assessment is the best approach for understanding the nature,
the severity, and the modality of cognitive complaints. This important measure of outcome
is much more representative of the prognosis of neurosurgical patients than other outcome
scales [9]. When cognitive complaints are reported or persist following brain injury, neu-
ropsychological testing is useful for addressing diagnostic issues as well as treatment and
rehabilitation planning [10].
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This is why, beyond motor improvements, neurological rehabilitation should also
be focused on cognitive functions recovery after a CP, especially during the first months
after the surgery procedure [11,12]. However, only a limited number of studies on long-
term neurological outcomes after a CP surgery are available, and very few concerning the
cognitive recovery of these patients [13,14].

The purpose of this study was then to observe the long-term effects on cognitive
recovery of patients with TBI after cranioplasty.

2. Materials and Methods

Twenty-two subjects with TBI submitted to decompressive craniectomy and attended
the Neuro-rehabilitation Unit of the IRCCS Centro Neurolesi “Bonino Pulejo” of Messina
between January 2015 and December 2020. However, five patients were excluded because
of missing data, and two died due to unspecified causes. Therefore, fifteen subjects (five
women and ten men), aged 26–54 years, were selected and included in this retrospective
study. Data was extracted from the hospital database.

As per routine clinical practice, a neuropsychological evaluation carried out immedi-
ately before the cranioplasty (Pre CP) and 1 month after the cranioplasty (T0) was used to
measure changes due to cranioplasty surgery. This assessment was performed each year
for 5 years after discharge in order to investigate long-term cognitive changes (T1–T5).

A standardized battery of tests was used to measure in detail the main cognitive
areas involved in TBI. The assessment included a test to globally evaluate cognitive func-
tions, i.e., the Mini-Mental Status Examination (MMSE) [15], and specific scales to inves-
tigate multiple cognitive domains, such as memory (the Rey Auditory Verbal Learning
Test [16] -RAVLI immediate and RAVLR recall- and Digit Span [17]), comprehension (Token
Test [18]) and executive functions and attention (Trail Making Test-TMT [19]). In addition,
the Hamilton Rating Scale for depression (HAM-D) and anxiety (HAM-A) [20,21] were
also administered to evaluate the possible impact of mood and anxiety on cognition. For all
scales and tests, the Italian language validated versions were used. A complete description
of these assessments is provided in Table 1.

Table 1. The neuropsychological battery used for the assessment.

Neuropsychological Assessment

Mini Mental State Examination (MMSE)
The MMSE is a 30-point scale commonly used by healthcare providers to evaluate the global cognitive state as a screening test. The

time of administration is about 10 min. Each correct answer provides 1 point. A score < 24 indicates cognitive impairment.

Rey Auditory Verbal Learning Test (RAVLT)
This test is divided into two parts: Immediate (RAVLT.I) and Delayed Recall (RAVLT.R). In the Immediate Recall, the examiner

reads 15 words and asks the patient to repeat all the memorized words in the patient’s preferred order. This task provides
information about episodic verbal memory, encoding and learning strategies. For the evaluation of the long-term memory

(RAVLT.R), the patient is asked to repeat the memorized words from the same 15-words list, after 15 min. In the meantime, between
the Immediate and the Delayed Recall tests, a nonverbal and visuospatial test was administered in order to avoid any interference

with the memory processes.
Cut-off: 28.53 (RAVLT.I) and 4.69 (RAVLT.R)

Digit Span (DS)
The DS test is a widely used neuropsychological measure known as a test of attention and working memory. The DS consists of a
forward recall part and backward recall part for digit sequences. Each part is considered to assess somewhat different cognitive

processes.
Cut-off: 3.75
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Table 1. Cont.

Neuropsychological Assessment

Token
The Token test is used as a selective measure for the presence of aphasia and as an indicator for the severity of aphasia. All

commands in the test consist of no redundant words, referring to circles and rectangles in different colors and sizes (large and
small). To perform the requested action, every content word has to be decoded.

Cut-off: 26.50

Trail Making Test (TMT)
The Trail Making Test is a widely used test to assess executive function in patients with neurological disease. Successful

performance of the TMT requires a variety of mental abilities, including letter and number recognition mental flexibility, visual
scanning, and motor function.

The task requires connecting 25 circles distributed over a sheet of paper. In Part A, the circles are numbered 1–25, and the patient
should draw lines to connect the numbers in ascending order. In Part B, the circles include both numbers and letters; here, the

patient draws lines to connect the circles in an ascending pattern but alternating between the numbers and letters (i.e., 1-A-2-B-3-C,
etc.). Trails are traced in the shortest time possible and without lifting the pen from the paper.

Cut-off: 93 (A) and 282 (B)

Hamilton Rating Scale for Depression (HAM-D)
The HAM-D is the most widely used clinician-administered depression assessment scale. The 24-item version includes 24 items

scored either on a 3-point or 5-point Likert-type scale (i.e., 10 items are defined from 0 to 2, and 14 items are defined from 0 to 4). A
score ≥ 8 points defines depression as follows: a score ranged from 8–19 points defines a mild depression, a score ranged from

20–34 points defines a moderate depression, and a score ≥ 35 points defines a severe depression.
Cut-off: 7

Hamilton Rating Scale for Anxiety (HAM-A)
The scale consists of 14 items, each defined by a series of symptoms, and measures both psychic anxiety (mental agitation and

psychological distress) and somatic anxiety (physical complaints related to anxiety). Each item is scored on a scale of 0 (not present)
to 4 (severe), with a total score ranged from 0–56, where below 17 indicates mild severity, 18–24 mild to moderate severity, and

25–30 moderate to severe.
Cut-off: 17

In order to avoid the ‘practice or learning effects’ related to the repeated experience
with the task, similar tests (but with different items for the same task) were administered,
when possible.

Statistical Analysis

The Lilliefors (Kolmogorov–Smirnov) test was used to verify variables’ normality,
whereas the Levene test to assess the equality of variances among times. Because of reduced
sample dimension, the not-normality of all variables, and the homoscedasticity of almost
all of them, we chose a no-parametrical approach to perform inferential statistical analysis.
Thus, the Wilcoxon signed-rank test was applied to detect significant pre-post cranioplasty
changes of neuropsychological outcomes, and the Friedman test was used to compare these
outcomes at different time points (T0–T5) in order to assess changes over time after the
CP. On the variables in which the Friedman test detected a significance, the Conover test
was applied considering the Bonferroni’s correction (post-hoc analysis). All analysis was
performed by using the 4.0.5 version of the open-source software R, by setting p < 0.05 as
the significance level.

3. Results

Tables 2 and 3 report a detailed description of each subject before and after CP,
respectively. Through MMSE cut-offs, we subdivided the sample in patients with nearly
normal cognition, mild, and/or severe cognitive impairment. Before CP, about 53.3% of
subjects presented a mild to severe cognitive impairment, about 40.0% a normal cognition,
and in one subject, the MMSE was not administrable. Notably, in 2 of the 15 subjects, the
tools concerning attention, executive functions, and memory before CP (Table 2), as well as
at one month-follow-up, were not administrable (Table 3). However, over two years (i.e.,
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at T2), all of our patients were able to complete the assessment. In addition, after CP, we
found a significant improvement in all neuropsychological test scores (Table 3).

Table 2. Sample characteristics before reconstructive surgery.

ID Sex Age 1 MMSE TMT.A TMT.B RAVLT.I RAVLT.R TOKEN DS HAM.A HAM.D

01 M 26 26 200 346 28.53 4.6 30 6 18 21

02 M 46 8 NA NA NA NA 24.5 NA 16 18

03 F 41 24 280 512 31.25 3.3 33.5 5 19 21

04 M 29 NA NA NA NA NA NA NA NA NA

05 M 33 23 350 600 26.5 3.6 32.7 4 20 21

06 M 46 21 206 585 21.5 1.5 9.5 2 18 19

07 F 54 23 350 600 26.5 3.6 32.7 4 20 21

08 M 36 21 206 585 21.5 1.5 9.5 2 18 19

09 M 35 18 200 458 26 5 14.5 4 14 16

10 F 34 25 289 562 32.25 4.3 32.5 6 16 18

11 M 28 26 200 346 28.53 4.6 30 6 18 21

12 M 45 21 206 585 21.5 1.5 9.5 2 18 19

13 M 37 22 206 585 21.5 1.5 9.5 2 18 19

14 F 39 25 289 562 32.25 4.3 32.5 6 16 18

15 F 42 24 280 512 31.25 3.3 33.5 5 19 21
1 Age is expressed in years. LEGEND: MMSE = Mini Mental State Examination; TMT = Trail Making Test; RAVL.I = Rey Auditory Verbal
Learning (immediate); RAVL.R = Rey Auditory Verbal Learning (recall); HAM.D = Hamilton Rating Scale for depression; HAM.A = Hamil-
ton Rating Scale for anxiety; DS = Digit span.

Table 3. Sample characteristics one month after reconstructive surgery.

ID DC-CP 1 MMSE TMT.A TMT.B RAVLT.I RAVLT.R TOKEN DS HAM.A HAM.D

01 1 28 60 100 29.53 7.6 32 7 12 10

02 9 10 NA NA NA NA 26.5 NA 10 12

03 4 28 81 100 34.5 7 32.5 7 9 6

04 1 7 NA NA NA NA 8.25 NA NA NA

05 9 28 55 120 33.5 7.6 32.7 6 10 10

06 10 26 90 240 30.5 6.5 20.4 6 10 6

07 11 28 55 120 33.5 7.6 32.7 6 10 10

08 12 26 100 240 30.5 6.5 20.4 6 10 6

09 12 24 120 300 38 9 30.25 5 10 12

10 8 26 80 180 33.5 6.7 32.5 6 10 10

11 2 28 60 100 29.53 7.6 32 7 12 10

12 11 26 90 240 30.5 6.5 20.4 6 10 6

13 12 26 100 240 30.5 6.5 20.4 6 10 6

14 9 26 80 180 33.5 6.7 32.5 6 10 10

15 6 28 81 100 34.5 7 32.5 7 9 6

Pre-Post changes
p-values 0.001 0.002 0.002 0.002 0.002 0.014 0.003 <0.001 0.001

1 The time passed between compressive craniectomy and cranioplasty (DC-CP) is expressed in months. LEGEND: MMSE = Mini Mental
State Examination; TMT = Trail Making Test; RAVL.I = Rey Auditory Verbal Learning (immediate); RAVL.R = Rey Auditory Verbal Learning
(recall); HAM.D = Hamilton Rating Scale for depression; HAM.A = Hamilton Rating Scale for anxiety; DS = Digit span.
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Friedman’s test detected significant differences in all outcomes except Digit Span, as
reported in Table 4. All significant differences found by the post-hoc test are depicted in
green in Figure 1.

Table 4. Subjects’ scores over time, comparison analysis results by Friedman’s test and Conover test.

Assessment
Scores at Each Examination (Median (First-Third Quartile)) Friedman Test Post-Hoc Analysis

T0 T1 T2 T3 T4 T5 p-Value Sign. Diff. p-Value *

MMSE 26.0
(26.0–28.0)

28.0
(6.0–28.0)

28.0
(26.0–28.0)

28.0
(26.0–28.0)

28.0
(27.0–29.0)

28.0
(27.0–29.5) <0.001

T4-T0
T5-T0
T5-T1

<0.001
<0.001
0.003

TMT.A
TMT.B

81.0
(60.0–90.0)

180.0
(100.0–240.0)

81.0
(70.0–100.0)

180.0
(110.0–240.0)

80.0
(65.0–90.0)

170.0
(105.0–200.0)

60.0
(135.0–165.0)

160.0
(105.0–170.0)

50.0
(45.0–55.0)

100.0
(95.0–150.0)

40.0
(40.0–50.0)

90.0
(80.0–95.0)

<0.001

T4-T0
T5-T0
T4-T1
T5-T1
T5-T2

<0.001
<0.001
<0.001
<0.001
0.001

RAVLT.I
RAVLT.R

33.5
(30.5–33.5)

7.0 (6.5–7.6)

33.5
(30.5–33.5)

7.0 (6.5–7.6)

34.0
(31.2–35.7)

7.0 (7.0–7.6)

35.0
(32.0–36.0)

7.0 (7.0–7.6)

35.0
(32.5–36.5)

8.0 (8.0–8.0)

36.0
(34.0–39.0)

8.0 (8.0–8.0)
<0.001

T4-T0
T5-T0
T4-T1
T5-T1
T5-T2

<0.001
<0.001
<0.001
<0.001
0.002

DIGIT SPAN 6.0 (6.0–7.0) 6.0 (6.0–7.0) 6.0 (6.0–7.0) 6.0 (6.0–7.0) 6.0 (6.0–7.0) 6.0 (6.0–7.0) 0.05 - -

TOKEN 32.0
(20.4–32.5)

32.0
(20.4–32.5)

32.0
(30.0–32.7)

32.0
(30.0–32.7)

32.0
(30.0–32.7)

32.0
(30.0—32.7) <0.001

T3-T0
T4-T0
T5-T0
T3-T1
T4-T1
T5-T1

0.002
<0.001
<0.001
0.003

<0.001
<0.001

HAM.A 10.0
(10.0–10.0)

10.0
(5.2–10.0)

10.0
(5.5–10.0) 9.0 (5.5–9.0) 4.0 (3.5–5.0) 3.0 (2.0–3.0) <0.001

T4-T0
T5-T0
T4-T1
T5-T1
T4-T2
T5-T2
T5-T3

<0.001
<0.001
0.003

<0.001
0.003

<0.001
0.007

HAM.D 10.0
(6.0–10.0) 8.0 (5.2–10.0) 9.0 (5.5–10.0) 9.0 (5.5–9.0) 5.0 (4.0–6.0) 3.0 (3.0–4.0) <0.001

T4-T0
T5-T0
T5-T1
T5-T2
T5-T3

<0.001
<0.001
<0.001
<0.001
0.001

LEGEND: MMSE = Mini Mental State Examination; TMT = Trail Making Test; RAVL.I = Rey Auditory Verbal Learning (immediate);
RAVL.R = Rey Auditory Verbal Learning (recall); HAM.D = Hamilton Rating Scale for depression; HAM.A = Hamilton Rating Scale for
anxiety. * with the Bonferroni’s correction for six comparisons, the corrected level of significance was 0.008.

Figure 1. Boxplot of differences between times (T) for each neurophysiological test. T indicates the
different time points.
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Despite the absence of significant changes in Digit Span scores, the RAVLT test scores
showed a gradual improvement in memory occurring over the years. The more significant
differences in cognitive recovery have been detected after four years from cranioplasty.
Indeed, no significant changes between T0 and T1, as well as between T1 and T2 emerged.
On the contrary, we found significant differences between T4 and T0-T1, as well as between
T5 and T0-T1-T2 in all battery tests. In addition, significant differences between T3 and T1
also emerged in TOKEN scores (p = 0.003).

4. Discussion

Cranioplasty following brain surgery is still a thorny debate. Several studies focusing
on the materials used, surgical techniques, and timing to perform CP are present in the
literature. However, a recent retrospective study [22] on a cohort of 40 patients with DC
following severe TBI, compared with a reference population of 115 patients with DC due
to other conditions, reports that a successful cranioplasty predicts a favorable outcome
after 1 year, whereas patient outcome as assessed before cranioplasty does not predict
cranioplasty success or failure.

To the best of our knowledge, this is the first study dealing with long-term cognitive
and emotional outcomes of patients with TBI who underwent decompressive craniectomy.
The findings of this retrospective study showed that cognitive performance may continue
to improve over the years after cranioplasty, and in some cases, until a nearly complete
neurological recovery. Overall, the more significant differences in cognitive recovery in
our sample have been detected after four years from CP, given that no significant changes
between T0 and T1, as well as between T1 and T2 emerged.

The improvement in neurological status after CP was not so surprising for different
reasons. First, we must consider that our patients were young, hence with a higher
“cognitive reserve” due to a better neuronal plasticity; and that patients following TBI
usually present a better recovery, even after months/years from the acute event [23]. The
mechanisms subtending these improvements after CP could be the increase of cerebral
blood flow and neural metabolism, as well as changes in cerebrospinal fluid hydrodynamic.
In order to repair structural defects caused by DC, cranioplasty seems to be the best way to
balance the atmospheric pressure on the cranial defects. Increasing the overall intracranial
compliance, cerebrospinal fluid velocity, and the flow in the craniospinal junction may
promote better blood flow circulation, especially at the cerebral cortex level, also the
modifying metabolic gap. Therefore, the increase in cerebral blood flow could be the
key component to boost neuralplasticity and then motor and cognitive functioning [5,12].
After all, cranioplasty can remarkably improve cerebrospinal fluid (CSF) dynamics and
provide cortical perfusion for both the ipsilateral and contralateral hemispheres. In their
study, Shahid et al. [24] reported an improvement in cerebral perfusion in different lobes
in around 94% of patients. Sarubbo et al. [25] observed a progressive decline of cortical
perfusion in the injured hemisphere and a stable perfusion in the contralateral hemisphere
after surgery, hypothesizing a possible role of cranioplasty in restoring flow to meet the
prevailing metabolic demand. An increase in CSF flow and CBF with a potentially related
improvement in cognitive function was also observed by other authors. The causative
impact of CSF on neurological function, however, requires further study.

Second, patients performed neuropsychological rehabilitation during the hospitaliza-
tion, which promoted an improvement in cognitive function [26–28]. Therefore, part of
the recovery could be due to such specific training. Previous studies have shown that if
an intensive and multidisciplinary rehabilitation program starts early, then the cognitive
and motor recovery will be better. Therefore, it is possible to attribute part of the recovery
occurring immediately after the CP to this surgical procedure, while the gradual improve-
ment of cognitive and functional outcomes is probably due to a competitive effect between
the surgical procedure and rehabilitation [29–31].

Third, most of the subjects did not have a severe cognitive impairment before CP.
It is well-known that the severity of the brain injury and the degree of pre-cranioplasty
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deficits may influence the degree of cerebral blood flow improvement after CP and the
patient’s subsequent neurological recovery [22]. However, in our study, in three subjects
with a severe deficit in attention, executive functions, and memory before CP, and/or at
one-month follow-up, the improvement was so high over three to four years after the injury
that they were eventually able to complete the assessment with satisfactory scores.

Only a few studies have strictly focused on cognitive recovery after this surgical
procedure, and the assessment was often performed with different tools [4–8]. On the
contrary, many studies have aimed to understand the right timing to perform cranioplasty
after DC. Thus, most studies report about functional and cognitive improvements in
patients with severe TBI, especially when the surgical procedure has been performed
within three to twelve months after the event [23]. Indeed, early CP was found to improve
cognitive function by restoring CSF hydrodynamics, intracranial compliance, and cerebral
blood flow when neurocognitive changes are at their peak [26]. However, when is the right
timing to perform CP is still controversial because it variably affects functional recovery
and is also a risk factor for infections and other complications [32,33]. Archavlis et al. [34],
in a 10-year retrospective study on a cohort of 200 patients, observed that patients who
performed CP within 7 weeks from the decompressive craniectomy had an improvement
of 78% (measured by the GCS) versus the 46% observed in patients who underwent
cranioplasty after 7–12 weeks and only 12% after 12 weeks. Di Stefano et al. [35] found
a low probability of complications when CP was performed within 3 months from the
decompressive craniectomy, whereas the work by Corallo et al. [36] sustains that the timing
of cranioplasty is independent of neurologic outcomes. However, the recent review by
De Cola et al. [12] concluded that CP performed within 3 months from DC may lead
to greater effects on motor functions, whereas for the cognitive domain, the best choice
seems to be performing CP from 3 to 6 months, especially if the patient has received
neuropsychological rehabilitation.

The novelty of this study is the long-term observation of cognitive and emotional
outcomes in the TBI population after cranioplasty. In our opinion, long-term cognitive
follow-ups of patients are fundamental to understand if there was a complete recovery,
as the significantly improvement over the years highlighted by our findings. Beyond the
recovery immediately observed after cranioplasty, this study reports a clear improvement
even in patients who initially had a minor and slow recovery. In this prospective, the
timing of cranioplasty could become less important, since the effects can distribute over
time, and patients continued to improve.

Last but not least, our findings also report a significant improvement in mood, most
likely concurring with long-term acceptance of the traumatic event and the return to a
normal life.

The main limitation of the study consists in the small sample size, and therefore our
results, though promising, needs to be interpreted with caution. Larger and multicenter
studies should be fostered to confirm these promising findings. Moreover, the retrospective
nature of the study may cause some information bias since we used existing records, as
well as a bias due to the lack of a control group. However, we did not assess CP effects on
recovery, but we only observed the recovery over time. In fact, the long-term follow-ups
and the complete neuropsychological battery represent the main strength of the study.

5. Conclusions

This retrospective study further suggests the importance of CP in the complex manage-
ment of patients with TBI showing that patients might continue to improve their cognitive
function over a long period after the surgical procedure. Further larger sample prospective
studies with longer follow-up period are needed to confirm these findings and better clarify
the role of CP and neuropsychological rehabilitation in the functional recovery of these
frail patients.
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