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150 | Chapter 9

In this thesis current standard clinical care for patients with severe acute brain 
injury (SABI) in de Intensive Care Unit (ICU) was explored and several modalities 
for neuroprognostication were assessed. Although the findings were encouraging, 
substantial knowledge gaps remain. Early and accurate identification of patients 
with the potential for a favorable outcome is important as this could prevent unjust 
withdrawal of life-sustaining therapy (WLST) and may guide clinical decisions-
making during hospital admission and subsequent rehabilitation opportunities. 
Each modality for outcome prediction offers different perspectives on recovery 
potential. Therefore, it is important to consider their value both individually and 
complementarily. In this chapter, the implications and limitations of each modality 
are discussed in relation to existing literature and the findings of this thesis. 
 
Consciousness scales 	  
Consciousness assessment remains the cornerstone of neurological examination 
in the ICU in patients with an impaired consciousness. Several studies have 
highlighted that the Full Outline of Unresponsiveness (FOUR) score may be superior 
to the Glasgow Coma Scale (GCS) score to assess the level of consciousness and 
for outcome prediction in patients admitted to the ICU with SABI.[1-4] Moreover, 
the European Academy of Neurology recommends the use of the FOUR score to 
diagnose the level of consciousness in patients with disorders of consciousness in 
the ICU.[5]  In line with these findings and recommendations, in Chapter 2 the FOUR 
score demonstrated a modest advantage over the GCS score in the acute phase of 
hospitalization. The reason that the GCS score remains the most commonly used 
coma scale likely stems from the fact it is deeply entrenched in medical training and 
clinical culture.[1, 6, 7] This makes clinicians reluctant to adopt a new scoring system 
even when evidence supports its superiority. Practical factors may also contribute 
to the lack of popularity of the FOUR score as it requires the additional assessment 
of brainstem reflexes and respiratory patterns. These components slightly increase 
assessment time and some clinicians are less familiar with their interpretation. As 
a result, established habits in clinical practice outweigh the incremental benefit 
of the FOUR score, slowing its adoption into routine clinical care in the ICU.	   
 
Furthermore, the findings in Chapter 2 suggest the Simplified Evaluation of 
Consciousness Disorders (SECONDs) could be used in the ICU setting as a more 
comprehensive assessment of the level of consciousness. The current need for 
ICU-appropriate scales capable of reliably classifying patients into consciousness 
levels such as unresponsive wakefulness syndrome (UWS) or a minimally conscious 
state (MCS) is further underscored by the development of the Coma Recovery 
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Scale-Revised for Accelerated Standardized Testing (CRSR-FAST) by Bodien et al.[8] 
This scale has been validated in the ICU setting and, similarly to the SECONDs, 
offers a time-efficient and accessible alternative to the Coma Recovery Scale 
Revised (CRS-R). The accurate identification of patients in an UWS or MCS is 
important, as the level of consciousness could have direct clinical implications, 
aid in prognostication and guide rehabilitation options. Clinical implications 
encompass adequate analgesia and overall symptom management, as literature 
suggests that patients in a MCS may have fully intact pain perception.[9, 10] The 
level of consciousness is important for prognostication, as patients in a MCS are 
more likely to regain consciousness over time.[11, 12] Finally, rehabilitation options 
differ depending on the patient’s level of consciousness at hospital discharge. In 
the Netherlands, all patients with SABI and a disorder of consciousness (UWS or 
MCS) for a minimum of 4 weeks are eligible for early intensive neurorehabilitation 
(EIN) in a specialized rehabilitation facility.[13] EIN consists of a 14 week program 
that encompasses up to 150 minutes of daily interdisciplinary therapy, multimodal 
stimulation, different mobilization strategies and optimization of pharmacological 
treatment. The primary aim of EIN is to support the recovery of consciousness and 
to prevent complications associated with prolonged inactivity. Patients who do not 
regain consciousness during the EIN program may be transferred to a prolonged 
intensive neurorehabilitation (PIN) program in one of four specialized nursing 
homes for up to 24 months after sustained brain injury.

Short-term outcomes of EIN have recently been reported by Driessen et al.[14] In 
a prospective cohort of a 104 patients with disorders of consciousness, 44% of 
the patients had regained consciousness by the end of the program, 41% were 
categorized as having a MCS, 10% an UWS and the remaining 6% had died. Previous 
studies indicated that patients with traumatic brain injury (TBI) are more likely to 
regain consciousness than patients with SABI due to other etiologies.[15, 16] Consistent 
with these findings, half of the TBI patients regained consciousness during EIN 
compared to only one third of the non-TBI patients. Moreover, Whyte et al. found 
that up to one third of TBI patients admitted to a rehabilitation facility without 
the ability to follow commands, were functioning independently after 5 years.
[17] These findings collectively suggest a certain level of patience and optimism 
is justified for this specific patient population as long-term (partial) neurological 
recovery remains a realistic possibility in TBI patients.

A recent nationwide study provides additional context into patients with prolonged 
disorders of consciousness. Overbeek et al. conducted a prevalence study across 
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all Dutch hospitals, rehabilitation centers and nursing homes, aiming to identify 
all patients in a MCS.[10] For each participant in the study, a CRS-R assessment was 
performed at least once by an experienced physician. A prevalence of 0.2-0.3 
per 100.000 inhabitants was observed, which is notably low compared to other 
European countries. Furthermore, a total of 6 patients were diagnosed with UWS. 
These findings may reflect a tendency to WLST early in SABI patients, as UWS is 
considered an undesirable outcome. Yet, it could also indicate that a substantial 
number of patients ultimately regain some level of consciousness over time and 
that UWS is encountered far less frequently than clinicians in the ICU may fear. 

Electroencephalography	  
The use of electroencephalography (EEG) reactivity testing for prognostication 
in SABI patients has been a topic of interest in recent years.[18-20] Systematic 
reviews recommend to uniform EEG reactivity testing and interpretation methods, 
however, its integration into every day clinical practice appears to be limited. 
In Chapter 3 the indications for routine (30-60 minutes) EEG recordings in a 
tertiary care facility were explored. This retrospective study revealed that EEG 
recordings were predominantly requested to rule out seizures or (non-convulsive) 
status epilepticus, suggesting clinicians may be largely unaware of EEG-based 
neuroprognostication methods in SABI patients. These findings subsequently led 
to a change in the local standard-of-care protocol. A routine EEG with reactivity 
testing is now recommended for all critically ill patients with SABI and an impaired 
consciousness. The EEG serves a dual purpose in this population: 1.) to rule out 
seizures or (non-convulsive) status epilepticus, which are treatable causes of 
disorders of consciousness and 2.) to aid neuroprognostication. In current practice 
EEG reactivity testing has been more thoroughly implemented with a dedicated 
reactivity testing protocol for SABI patients. This protocol consists of a set of five 
different stimulus types, the entire set is repeated thrice. The duration of the 
protocol is approximately 10 minutes. Certain stimulus types are more likely to 
elicit EEG reactivity than others, auditory and noxious stimulus types are generally 
considered the most effective.[21-23] In Chapter 4 the effectiveness of auditory 
stimuli was confirmed. Furthermore, the implementation of a standardized testing 
protocol improved raters’ certainty in detecting reactivity. An adaptation of the 
standardized testing protocol to a shorter version could be considered when a 
clear response to a milder stimulus type is already evident at the bedside.  	
 
In terms of EEG reactivity interpretation, a recent review by Hwang et al. found 
that quantitative methods may offer similar or even superior abilities to detect 
EEG reactivity compared to visual interpretation by experienced raters.[24] 
Quantitative markers are numerical features extracted from raw EEG signals using 
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computational algorithms. It is a way of capturing changes in signal amplitude, 
frequency and network synchrony which may not be visible to the human eye. 
Quantitative markers can be frequency-based features (e.g. power spectral density 
(PSD) and root mean square (RMS) amplitude) or functional connectivity-based 
features (e.g. phase-lag index (PLI)). Portnova et al. observed that patients with a 
more distinct decrease in theta PSD during tactile stimulations were more likely to 
have favorable outcomes.[25] Bouchereau et al. demonstrated that variations in the 
delta-band PLI after auditory stimulation in patients with SABI were independently 
associated with consciousness recovery in the ICU.[26] Similarly, Tao et al. identified 
that both suppressed RMS and suppressed PLI derived from a reduced-montage (5 
electrodes) were associated with unfavorable outcomes in comatose patients in 
the ICU.[27] Quantitative methods could eventually replace visual interpretation 
as they present a more objective and time-efficient approach to interpreting EEG 
recordings. However, several limitations must be addressed before widespread 
implementation is feasible. First, most quantitative markers still require validation 
in larger and more heterogenous patient cohorts to confirm their accuracy. Second, 
standardized implementation remains challenging as algorithms developed to 
determine PSD and PLI need to be incorporated into existing EEG acquisition and 
visualization programs which may vary between institutions. Another limitation, 
unrelated to the quantitative markers specifically, but inherent to EEG as a modality, 
is that EEG acquisition is time-consuming and labor-intensive. The application of 
electrodes on the scalp requires specialized personnel which limits availability, 
particularly outside of office hours. Emerging evidence suggests that reduced-
montage EEG systems or even ‘stick-and-play’ subhairline electrode patches 
can provide sufficient EEG signal quality for bedside interpretation.[27, 28] Recent 
research focuses on the use of a reduced frontal montage set-up for neurological 
outcome prediction in post-anoxic coma and for the rapid detection of stroke 
in pre-hospital or emergency room settings, often combined with quantitative 
EEG and automated analysis tools, with promising results.[29, 30] Electrode 
patches could potentially be applied by ICU nurses and physicians, reducing the 
need for specialized personnel and increasing the feasibility of EEG monitoring 
in the ICU. However, whether reduced-montage EEG systems provide reliable 
information for prognostication in SABI patients needs to be investigated.  	  

Blood-based biomarkers
Blood-based biomarkers for neuroprognostication have become increasingly 
popular.[31] This is partly attributed to the fact that blood sampling is a relatively 
simple bedside procedure, requiring minimal to no effort from the patient. 
Another advantage is that blood-based biomarkers are not affected by sedation 
levels and offer a quantitative marker of structural integrity of the brain. Existing 
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resuscitation guidelines already recommend the use of neuron-specific enolase 
(NSE) as part of the multimodal prognostication protocol in patients following 
cardiac arrest.[32] In Chapter 5 we investigated whether serial measurements of 
NSE,  glial fibrillary acidic protein (GFAP) and neurofilament light (NFL) could be 
used for the prediction of hospital mortality in patients in the  ICU with SABI. 
Although biomarker concentrations were higher in non-survivors during the first 
days of admission, consistent with recent literature, differences in temporal 
trajectories were less distinct.[31, 33, 34] These findings likely reflect the overall 
severity of brain injury in this cohort: even survivors sustained substantial brain 
injury, potentially reducing the contrast in biomarker concentrations between the 
groups. This suggests that blood-based biomarkers may have limited discriminative 
value in patients with SABI. However, in populations that also include patients with 
moderate and mild brain injury, these biomarkers may still hold important clinical 
utility. For example, GFAP and UCH-L1 have been approved by the Food and Drug 
Administration in the United States to identify patients who require a CT-scan after 
mild traumatic brain injury.[35, 36] In another study performed by Zylyftari et al. a 
point-of-care measurement of GFAP in the ambulance was used in a pilot study to 
determine whether unconscious patients with brain injury could be distinguished 
from those without.[37] They were able to identify patients with intracranial 
hemorrhage based on increased GFAP concentrations. This is a relevant finding, as 
it suggests that pre-hospital GFAP measurements could guide decisions about the 
ambulance’s destination: a neurosurgical center or a general hospital.  	

Besides biomarkers of structural injury of the brain, the subsequent inflammatory 
response can be assessed using inflammatory markers. Several studies have 
highlighted the potential of interleukin 6 (IL-6), IL-8, IL-15, tumor necrosis factor 
α (TNF-α) and monocyte chemoattractant protein 1 (MCP-1) for the monitoring 
of disease progression and prognostication.[38-40] Inspired by insights gained from 
research in patients with acute respiratory distress syndrome, which has shown that 
identifying inflammatory subphenotypes can reduce heterogeneity and possibly 
enable targeted interventions, Samanta et al. sought to define subphenotypes 
in TBI patients. Using IL-6, IL-15 and MCP-1, two subgroups could be identified, 
with each different 6-month clinical outcomes.[41] Subphenotyping strategies 
could possibly enhance current prognostication methods and contribute to more 
individualized treatment. 

Unfortunately, most biomarker assessments are currently constrained by the limited 
availability of laboratories capable of performing the required analyses. Samples 
often need to be processed at external facilities or specialized laboratories, 
leading to higher costs and delayed results that restrict their immediate clinical 
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application. Nevertheless, the field is rapidly evolving and as the clinical utility 
of biomarker assays continues to be demonstrated, the development of point-of-
care techniques is expected to improve accessibility.[42, 43] A combination of both 
structural and inflammatory biomarkers will most likely provide the best accuracy.
[44, 45] Future studies should focus on defining such biomarker panels and establishing 
clinically relevant thresholds for prognostication in patients with SABI.

Imaging
Standard imaging techniques, particularly CT-scan findings, are essential for the 
initial assessment of injury severity.[46, 47] In Chapter 6  it was highlighted that in 
nearly all patients in whom life-sustaining therapy was withdrawn early, physicians 
reported that the findings on the CT-scan at admission had influenced their 
decision. While CT imaging is readily available, its prognostic value is limited to 
the detection of overt structural damage. In contrast, magnetic resonance imaging 
(MRI) offers more detail, especially in the posterior fossa and brainstem.

Beyond conventional structural imaging, neuroimaging techniques can be used to 
assess residual brain function. Monti et al. demonstrated that task-based functional 
MRI, for example imagining playing tennis or walking through one’s home, can reveal 
willful modulation of brain activity in patients who are behaviorally unresponsive.
[48, 49] These findings challenged the traditional classification of consciousness levels 
and emphasized the limitations of bedside neurological examination alone. More 
recently, the CONNECT-ME study by Amiri et al. further explored this concept 
by combining resting-state functional MRI with EEG reactivity testing to assess 
residual consciousness in patients with acute disorders of consciousness.[50] Models 
combining the two modalities were able to predict consciousness levels at study 
enrollment and ICU discharge with maximum area under the receiver operating 
characteristic curve values of 0.78 (95% CI 0.71-0.86) and 0.83 (95% CI 0.75-0.89). 
Moreover, these markers were able to predict 3-month functional outcome.[51]	  
 
Although sophisticated neuroimaging techniques hold promise, their 
implementation remains difficult. The majority of studies in this field have 
been conducted in highly specialized centers and involve relatively small and 
selected patient populations. MRI acquisition in critically ill patients requires 
substantial time investment and resources for safe transportation and continuous 
monitoring during the scanning process. In addition, advanced research 
sequences are preferably acquired with 3 Tesla MRI scanners to ensure optimal 
imaging quality. However, these scanners are available in approximately 40% 
of the Dutch hospitals, most commonly in university hospitals and research 
institutions.[52] A possible conclusion could be that these imaging techniques 
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are indeed very valuable for neuroprognostication, but simply not feasible for 
the general neuro-ICU population, especially in non-academic hospitals. 	  
 
General future directions	 
Neuroprognostication after SABI is inherently complex.[53-55] The risk of prematurely 
withdrawing life-sustaining therapy in patients who may recover remains a major 
clinical and ethical concern. Yet, the decision to continue life-sustaining therapy 
can be equally difficult as neurological recovery is not guaranteed. Neurological 
recovery often requires considerable time investment, specialized care and 
consistent motivation and commitment from both patients and their families. 
Reliable prognostication is therefore essential to provide realistic expectations 
and to support clinical decision-making. 

Given the limitations of standalone predictors, future research should focus on the 
development and implementation of an evidence-based multimodal prognostication 
protocol. In comatose patients following cardiac arrest, current guidelines already 
recommend a multimodal approach, in which the presence of two or more indicators 
of an unfavorable outcome is considered highly predictive for poor neurological 
outcome.[32] For SABI patients, a multimodal prognostication protocol should ideally 
incorporate bedside neurological examinations, blood-based biomarkers (both 
inflammatory and structural), EEG with reactivity testing and advanced neuroimaging 
techniques (e.g. functional MRI). Development of such a protocol would require 
consensus on the optimal timing, frequency and interpretation of each modality 
based on existing and future research. Once a prognostication protocol has been 
established, the focus should shift toward national implementation as this could 
improve consistency in clinical care, decision-making and facilitate comparison 
of outcomes between centers. Importantly, availability of infrastructure for all 
modalities should not be a requirement for implementation. Hospitals should be 
encouraged to implement those components that are locally feasible. Additionally, 
as proposed in Chapter 7, the introduction of multidisciplinary post-ICU discharge 
clinics in each center should be considered to improve long-term follow-up. Beyond 
protocol development, continued sharing of clinical expertise remains essential. 
The EEN (Expertisenetwerk Ernstig Niet-aangeboren hersenletsel) na coma network 
currently offers on-site consultations with a mobile expert team specialized in 
patients with prolonged disorders of consciousness.[56] They provide diagnostic 
and therapeutic advice and can offer recommendations on subsequent steps for 
rehabilitation, for example EIN. Ultimately, a solution to address all limitations 
of each modality could be the establishment of a dedicated neuroprognostication 
center in the Netherlands, focused on accurately assessing the current level of 
consciousness and offering extensive prognostic testing. A multi-day ‘carousel’ 
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of assessments could allow patients to return to their referring hospitals with a 
robust prognosis. The advantages of a specialized center are the concentration 
of expertise and resources in one place. Furthermore, it would offer valuable 
opportunities for research in this complex patient population.  

Conclusions
This thesis contributed to the field of neuroprognostication in SABI patients in 
the ICU by deepening our understanding of the use of several modalities for 
outcome prediction and by evaluating current clinical practice in a tertiary care 
facility. Overall, these findings could aid in the development of a multimodal 
prognostication protocol and provide practical insights into ways to improve 
current clinical practice.
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