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General introduction and
outline of this thesis



10 | Chapter 1

Introduction

Severe acute brain injury (SABI) is a diagnosis with far-reaching consequences for
both patients and their families. For those who survive SABI, the road to recovery
can be long and uncertain. Some patients will never recover at all, while other
may regain partial or full functionality over time.[" 21 An impaired consciousness
resulting from SABI often dictates the need for invasive mechanical ventilation.
[3-51 Patients requiring advanced life-support are typically admitted to the Intensive
Care Unit (ICU), where the clinical team aims to optimize treatment and estimate
the potential for neurological recovery. This estimation for neurological recovery,
also known as neuroprognostication, is an important aspect of care for this patient
population as it plays a key role in decisions regarding continuation or withdrawal
of life-sustaining therapies.® 7’

Causes

Avariety of underlying etiologies may cause SABI, including trauma, different types
of hemorrhage, stroke and infection. Traumatic brain injury (TBI) alone is reported
to globally contribute to 20 million new patients each year.® Leading causes of
moderate to severe TBI are falls and traffic related injuries.®® ° Subarachnoid
hemorrhage (SAH), another common cause of SABI, is most prevalent in middle-
aged patients and affects approximately 8 per 100.000 people each year in Europe.
[0, 11 |n older patient populations, ischemic stroke is more prevalent and globally
effects approximately 8 million people each year.l'" Infections such as bacterial or
viral meningitis and encephalitis are frequently observed in children and neonates,
but also occur in adults. Bacterial meningitis has the highest mortality of these
intracranial infections and globally affects over a million adult patients each year.
[131 Together, SABI is a spectrum of conditions which causes substantial disability
and mortality each year.

Prognostication

Clinical decision-making in patients with SABI is difficult due to several reasons.
First, these patients are by definition incapacitated and unable to voice their views
and concerns regarding their future. Consequently, family members are often
relied upon to represent the patient’s wishes, although those have not always
been discussed or accurately conveyed prior to hospital admission.!'* ' Second,
even when the wishes of the patient are clear, the decision-making process is
complicated by prognostic uncertainty. Reliable prognostic information is essential
as decisions on continuation or withdrawal of life-sustaining therapies heavily rely
on the anticipated neurological outcome. As each etiology of SABI is associated with
distinct pathophysiological mechanisms and corresponding prognostic markers,
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multiple modalities have been investigated.[ These modalities encompass both
functional and structural assessments of the brain. Functional modalities, including
bedside neurological assessments of consciousness and electroencephalography
(EEG), provide dynamic insights into residual awareness and cortical activity.l's: 7]
In contrast, structural modalities, such as blood-based biomarkers and advanced
neuroimaging, offer information regarding the extent of anatomical and cellular
damage.!'® '] Applying a range of complementary modalities, rather than reliance
on one single parameter, is increasingly recognized as essential for reliable
neuroprognostication in SABI patients. 2% 21

Consciousness scales

Some patients with SABI may regain consciousness quickly, while others develop
prolonged disorders of consciousness. Coma typically represents the most severe
disorder of consciousness observed in the acute phase following brain injury.
Patients may evolve from coma into an unresponsive wakefulness syndrome (UWS)
or minimally conscious state (MCS)(Table 1).?2 231 Patients in an UWS, previously
referred to as vegetative state, exhibit preserved sleep-wake cycles and may open
and close their eyes but are not aware of their surroundings. This is in contrast
with patients in a MCS who show fluctuating signs of awareness, such as purposeful
movements, visual tracking or command following. Accurate identification of
patients showing early signs of consciousness recovery is crucial as this may be
associated with more favorable neurological outcomes. 24 25

Table 1. Overview of disorders of consciousness

Arousal Awareness
Coma
Unresponsive wakefulness syndrome (UWS) +
Minimally conscious state (MCS) + +/-
Emergence from minimally conscious state (EMCS) + +

Adapted from Porcaro et al.’?’! Arousal is defined as the presence of spontaneous periods of
eye-opening, indicating wakefulness. Awaresness is defined as the capacity to coherently
perceive and respond to internal and external stimuli.

In the acute phase, the Glasgow Coma Scale (GCS) remains the most commonly
used tool to assess the level of consciousness due to its simplicity and widespread
familiarity. Another option is the Full Outline of Unresponsiveness (FOUR) score,
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which is a valuable alternative for patients receiving mechanical ventilation.
(26, 271 This score includes components focused on the respiratory pattern and
brainstem reflexes. However, to quantify patients into one of the more nuanced
disorders of consciousness categories (e.g. UWS or MCS), other scales may be more
appropriate.®! The Coma Recovery Scale Revised (CRS-R) is currently the gold
standard for this purpose, but this scale is time consuming and requires specialized
training.®! An alternative is the Simplified Evaluation of Consciousness Disorders
(SECONDs), a relatively new scale developed by Aubinet et al. which provides faster
assessment times.[% Nevertheless, consciousness assessments remain notoriously
difficult, because behavioral responses may be minimal or inconsistently present.
This diagnostic complexity contributes to a misdiagnosis rate of approximately
40% of UWS patients who in fact exhibit small reproducible signs of awareness
corresponding with MCS when assessed with the CRS-R by an experienced clinical
team.B3" 32 |t is therefore recommended to repeat consciousness assessments often
to increase accuracy and reliability.[33-*! An additional challenge is that the use of
these more comprehensive scales is limited in the ICU as they have been primarily
developed and validated in the later stages of hospital care and in rehabilitation
settings. Studies assessing the performance of scales able to identify UWS and MCS
in the ICU setting are needed.

Electroencephalography

EEG recordings offer a real-time assessment of cortical electrical activity and may
capture dynamics of conscious and unconscious cognitive processes. In the ICU
setting, it is especially valuable as it can be performed at the bedside, without the
need for patient transportation. A limitation of EEG is that it requires systematic
evaluation by experienced neurophysiologists to ensure accurate interpretation.
B¢l In critically ill patients, EEG is often used for the detection of epileptiform
activity and to rule out (non-convulsive) status epilepticus as these are potentially
reversible causes of an impaired consciousness.”! Furthermore, analysis of EEG
background patterns plays an important role in prognostication of patients with
post-anoxic brain injury.B 3! Recent studies have indicated that EEG may also
provide prognostic insights in patients with SABI of non-anoxic origin. In particular
EEG reactivity, a change in the EEG pattern in response to external stimulation,
has been associated with favorable functional outcomes in patients with SABI.
41 However, EEG reactivity testing protocols are currently inconsistent and could
benefit from a more uniform approach.“ The American Clinical Neurophysiology
Society (ACSN) has taken an initial step toward achieving this goal by established
standardized terminology for the interpretation of critical care EEG recordings.®
This nomenclature includes a statement on the interpretation of EEG reactivity.
The next step involves identifying which types of stimuli are most effective in
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eliciting EEG reactivity in patients with SABI.* 4 Different stimulus types include
auditory, visual, tactile and noxious stimuli. The development of a standardized
EEG reactivity testing protocol incorporating only the most effective stimulus types
could further enhance accuracy and efficiency of this prognostication modality.

Blood-based biomarkers

Assessing biomarkers released into the blood upon injury holds particular promise
as measuring their concentrations presents a way of quantifying structural damage
of the brain. Several blood-based biomarkers have been identified as potentially
useful in neuroprognostication, including neurofilament light (NFL), ubiquitin
carboxy-terminal hydrolase L1 (UCH-L1), S100 calcium-binding protein B8 (S1008),
tau protein, glial fibrillary acidic protein (GFAP) and neuron specific enolase (NSE).
[18, 461 These biomarkers originate from different cellular sources and may therefore
provide additional information about the nature and severity of the brain injury
(Figure 1).

Figure 1. Neurobiomarkers

NSE
UCH-L1

Neuron

Representation of the origin of various neurobiomarkers.
Adapted from: Zetterberg et al.’] Created with BioRender.com

An important consideration in the use of blood-biomarkers is their distinct
temporal profiles following SABI. Some markers, such as 51008, UCH-L1 and GFAP
rise rapidly within hours after injury and decline relatively quickly, reflecting acute
cell damage.” % |n contrast, NFL exhibits slower kinetics, often peaking days to
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weeks after the initial injury and remaining elevated for prolonged periods.“ 50
These sustained elevations are thought to reflect ongoing axonal degeneration
and secondary injury processes. Biomarker dynamics may also vary depending
on the underlying etiology of SABI. In post-anoxic patients elevated levels of
NSE are associated with worse outcomes.5" In TBI patients, NFL and GFAP have
shown greater utility as predictors of long-term neurological outcome.?? 531 Serial
measurements of a combination of blood-based biomarkers may lead to earlier
detection of secondary injury processes and provide valuable information on injury
severity and neurological outcomes.

Imaging

Neuroimaging remains a central component in the prognostication process of
SABI patients. Computed tomography (CT) is typically the first-line diagnostic
modality due to its availability and utility for identifying structural lesions such as
hemorrhage, herniation and diffuse cerebral edema.?! Additionally, it may be used
for prognostication as the loss of gray-white matter differentiation and extensive
brain swelling are strongly associated with poor neurological outcome.5”! Magnetic
resonance imaging (MRI) offers superior sensitivity for detecting diffuse axonal
injury, brainstem lesions and ischemic changes, especially in the subacute phase.
181 Advanced MRI techniques, including diffusion-weighted imaging (DWI), diffusion
tensor imaging (DTI) and susceptibility-weighted imaging (SWI) can further
characterize the extent of white matter injury and microhemorrhage burden and
aid in prognostication.!": 5%
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Aims of this thesis

This thesis focuses on current standard clinical care for SABI patients in the ICU
and explores the use of several promising modalities for neuroprognostication. The
main objectives of this thesis are:

e To assess the use of more comprehensive consciousness scales in the ICU
setting

e To explore the current clinical use of routine EEG recordings in the ICU and
to assess the value of EEG reactivity for prognostication

e To study the prognostic utility and temporal dynamics of various promising
blood-based biomarkers

e To explore factors associated with very early withdrawal of life-sustaining
therapy

e To investigate long-term outcomes in SABI patients and current practices
of post-ICU follow-up

Outline of this thesis

Chapter 2 evaluates the use of different consciousness scales for the prediction
of favorable outcome. The commonly used Glasgow Coma Scale (GCS) score is
compared with the Full Outline of Unresponsiveness (FOUR) score and the Simplified
Evaluation of Consciousness Disorders scale (SECONDs) score. It is investigated
which of these scales is most reliable for outcome prediction and if optimal cutoff
scores can be identified.

Chapter 3 explores the current clinical practice of routine EEG recordings in the
ICU. The findings of the EEG recordings and corresponding changes in anti-seizure
medication prior to and after the EEG recording are investigated.

Chapter 4 delves into the use of EEG with reactivity testing for patients with
an impaired consciousness in the ICU. The effectiveness to elicit reactivity of
various types of EEG stimuli is investigated: auditory, visual, tactile and noxious
stimuli. Additionally, associations between the presence of reactivity and hospital
survival and 6-month favorable outcome are explored. This chapter also compares
a standardized testing protocol with random stimuli application.
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Chapter 5 focuses on the use of serial measurements of the blood-based biomarkers
NSE, GFAP and NLF for the prediction of hospital mortality in patients with SABI. It
assesses the association between hospital mortality and biomarker concentrations
over time.

Chapter 6 investigates a subset of patients in whom life-sustaining therapy is
withdrawn within 24 hours after hospital admission. This chapter explores which
baseline patient characteristics are associated with early withdrawal of life-
sustaining therapy. Additionally, physicians’ notes are reviewed to identify factors
they cited as influencing their decision to withdraw life-sustaining therapy.

Chapter 7 evaluates if information on long-term neurological outcomes is
accessible to ICU physicians as recovery after SABI requires time. It explores from
which sources this information can be retrieved and a recommendation to optimize
post-ICU care for neurocritical care patients is formulated.

Chapter 8 provides a concise summary of all findings in this thesis. Chapter 9
reflects on these findings in a broader context and focuses on future directions. In
Chapter 10 a concise summary of this thesis is provided in Dutch.
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