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Abstract

Neurocritical care has further evolved in the last decades and is currently part of many health systems as
separately organized specialty. Neurocritical care involves interdisciplinary teams, protocol implementation
and neuromonitoring as well as research and further development of the filed. Its spectrum has drastically
been expanded and technological developments have improved multimodal monitoring capacities,
although its impact on patients’ management and functional status requires further research. Although
there is clear evidence that neurocritical care can improve outcomes and quality of life of patients who
are severely ill, understanding its structure, clinical practice and multimodal neuromonitoring is essential
for further development of this field. We present herein the historical evolution of neurocritical care units
and their current organization, as well as the spectrum of neurocritical diseases and available modalities
for neuromonitoring.
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Introduction

Critical care medicine and the concept of inten-
sive care unit is fast 70 years old and was evolved
after mechanical ventilation with positive pressure
was shown to be a solution for polio victims with
respiratory insufficiency!. The rapid grow up of the
specialty in the following years resulted in the es-
tablishment of specialized intensive care units (ICU),
such as postoperative neurosurgical units and, later,
neuroscience ICUs, which was dedicated to the treat-
ment of critically ill neurological patientst?!.

As a continuously evolving subspecialty of inten-
sive care medicine, critical care and management of
neurosurgical and neurological patients is a develop-
ing concept involving many clinical entities and new
technological modalities. Recently, with the rapid
development of acute stroke care and endovascu-
lar therapy, neurological critical care units (NCCUs)
covered further clinical problems, expanding their
spectrum of critically ill patientstl.

As the clinical spectrum and therapeutic complex-
ity of critically ill neurological patients admitted to
NCCU is continuously evolving, dedicated special-
ized multidisciplinary teams are required to optimal
management of acutely ill patients with life threating
neurological problems. In this context, a new sub-
specialization in neurology has emerged, individuals
trained to deal with the complexity of these issues,
called neurointensivists. These experts are not only
involved in the treatment of primary or secondary
neurological problems, they are also dedicated to
the development of this field as well as they play a
key role in the function of the multidisciplinary team
of NCCUsHBL

In this review article, we present the spectrum of
neurological patients treated in NCCUs, the existing
modalities of neurointensive monitoring, as well as
proposed organization and infrastructure of a NCCU.

Historical Evolution of NCCU

Although care of highly complex critically ill pa-
tients was always challenging in medicine, progress
in this filed was intensified in the second part of 20®
century®?. Currently COVID-19 pandemic triggered
further advancement in vaccine development. Simi-
larly, it was poliomyelitis epidemic, which catalyzed
the evolution of critical care of patients. Although
units for intensive care of postoperative neurosurgical
patients were already existed, it was the pandemic,
which led to a further development of the concept
of intensive care unitst®l.

In the early 1950s, Lassen and lbsen, amid the
pandemic of a virulent strain of poliomyelitis, utilized
manual mechanical ventilation to improve clinical
outcome of patients with respiratory failure or bulbar
weakness. Emergency tracheostomy and respiratory
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support with manual bag ventilation (conducted by
medical students) simplified care of critically-ill pa-
tients and resulted to a mortality drop from 80% to
50%!""!. That led to a further sophistication and im-
provement of care, practice and technical equipment;
a multidisciplinary special ward called intensive care
unit was developed and expanded to the majority
of large hospitals®®!,

Improving technology with advances in mechanical
ventilation, monitoring of invasive hemodynamics
and incubators for newborns led to the development
of more specialized units, such as surgical ICUs, coro-
nary care units, trauma and neonatal ICUs. Evidence
was provided suggesting a significant decline in mor-
tality of patients treated with mechanical ventilation
in ICUs compared with those in general wards!'?,
leading to the acceptance and further expansion of
this concept. In this aspect, care of traumatic brain
injury in specialized ICUs was the initial step for the
evolution of neurocritical care®?. The close coopera-
tion of neurosurgeons and consulting neurologists
led to the first neuroscience ICUs, treating both
neurosurgical as well as neurological patients with
meningitis and status epilepticus!'.

The specialty of critical care and emergency neu-
rology was further developed in following decades
focused on stupor and coma as well joined training
of neurologists and intensivists and leading positions
of neurologists in NCCUs, while acute brain injury
and its complications along with recognition and
treatment of acute medical and surgical acute neu-
rology was recognized as important additional skill
of neurologistsi?'?. Societies for intensive or neuro-
critical care, such as the international Neurocritical
Care Society or the national Deutsche Gesellschaft
fur Neurointensiv- und Notfallmedizin were founded,
guidelines and special specialization programs were
development to sufficiently train and qualify neurolo-
gists for neurocritical care 311 Currently, NCCUs are
mostly units treating neurologic and neurosurgical
patients, so that patients could benefit from both
expertise in dealing with their complex problems.
Future perspectives may include a board certification
through neurologic societies. Neurocritical care is
expected to expand to other fields of expertise, such
as pediatrics with the recognition of a sub-specialized
field of pediatric neurocritical carel'®, while devel-
opment in multimodal monitoring requires further
research and standardization'”2'8! for the future.

General Organization and Infrastructure

Most modern NCCUs are mixed units treating
neurological and neurosurgical patients, function-
ing either inside a general ICU as dedicated beds or
in separate autonomous units. A survey in Germany
showed that only 20% of NCCUs functioned as in-
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dependent intensive care units of neurology or neu-
rosurgical departments. The majority of neurocritical
beds were part of interdisciplinary units, where only
25% of them had a neurologist in their team!'9420!,

The organization of NCCUs is not always clearly
defined. An ICU can be open, semi-open and closed.
By an open ICU any physician can admit and care
for ICU patients, while in a semi-open ICU involves
consulting intensivists, while patients are admitted
from other physicians. By the closed ICU, which is
typical for medical ICUs, intensivists admit and attend
all ICU patients?!. Team composition may vary and
can include a large variety of specialists.

Given this lack of organizational criteria for the
development of NCCUs, Neurocritical Care Society
tried to outline a recommend framework for the
structure, personnel and processes for a successful
neurocritical care program!?2.

Three levels of NCCUs can be defined. Level |
units are comprehensive centers of neurocritical care
equipped and able to provide expert and interdisci-
plinary care, featuring a wide spectrum of advanced
monitoring and surgical and medical treatment, while
offers advanced professional training. Level Il units are
able to stabilize acutely ill patients and treat stable
neurocritical diseases. A Level Il unit can evaluate and
stabilize neurological emergencies, while facilitates
transfer to Level | and Il unitsf2224],

A good coordinated, multidisciplinary team is criti-
cal prerequisite for the optimal function of the unit.
It has been shown that an interdisciplinary team with
expertise in neurocritical care can achieve better out-
comes regarding mortality, functional outcomes and
resource management 2°1271 Standards for continu-
ous training and physician staffing of the interdisci-
plinary team have been proposed in detaill?I?.

Similarly, adequate nurse training and competency
in neurocritical care is required to provide safe and
quality care in NCCUs. Skill and competency of the
nurses should be assessed periodically using qual-
ity indicators describing nursing carel?®. Staffing
ratios for an optimal nursing care have been also
proposed(??. Specialty certifications are also an in-
dicator of quality of care and should be encouraged
as it may be also associated to improved patients’
outcomes29M30,

Of interest is the important role of pharmacists
as essential members of the interdisciplinary team
of the NCCU. Studies suggest that intensive care
pharmacists may lead to improvement of care and
patients’ outcome, due to reduce of adverse drug
reactions®'M33], decrease ventilator days 34 and im-
provements in morbidity, mortality and length of
stayB?L3® while there are also evidence suggesting
an optimized resource management by reducing
medication costsi®’.

Furthermore, respiratory therapists applying proto-

cols and procedures regarding mechanical ventilation
and tracheostomy®®, as well as physical, occupational
and speech therapists and qualified dietitians® may
improve outcomes and cost-effectiveness as well as
successfully evaluate and dealing with the complexity
of problems regarding neurocritical care.

Of importance regarding processes and safety in
NCCU is the building and implementation of proto-
cols and guidelines combined with the evaluation
of outcomest?l. Safety of patients’ care is also an
essential part of ICU structure and the quality con-
trol of the unit’s function. Standardized processes,
guidelines, protocols and checklists can help reducing
errors and building a culture of safety, which affects
patient outcomes. Recurrent evaluation and improve-
ments in quality of neurocritical care as part of the
structure of a NCCU is essential for the maintenance
of a safe environment for patients and staffl4/+4%!,

Multimodal monitoring in NCCU

As most of the patients with severe neurologi-
cal and neurosurgical diseases in NCCU are sedated
and intubated, neurologic examination, although
essential for clinical evaluation of the patient, may be
extremely difficult and insufficient. Thus, neurocritical
monitoring parallel to the monitoring of systemic
parameters, such as cardiac rhythm, arterial blood
pressure, oxygen saturation, temperature etc. is of
essential importance for the implementation and
response of the patient to therapeutic interventions,
as well as detection of early signs of a neurological
decompensation. In addition, neurocritical monitor-
ing may help understanding the complexity of the
underlying disorders, detecting an early neurological
deterioration, guiding individualized care decisions
and implementing therapeutic protocols and eventu-
ally improving neurological outcome and quality of
life of patients with severe neurological illnesses®“®l.

Global neurologic status remains a tool to evaluate
patients’ clinical status and is recommended to be
routinely performed. However, a change in neuro-
logical status may often present too late to inform
therapeutic management. Therefore, various neu-
romonitoring tools have been development for dif-
ferent physiologic parameters, which can adequately
reflect patients’ pathology®’.

The concept of multimodal monitoring aims to
detect a secondary brain injury and guide therapeutic
decisions. Monitor of intracranial pressure (ICP) is a
wide spread technique used mainly to detect elevated
intracranial pressure and imminent brain herniation
in high-risk patients with acute brain trauma and
imaging or clinical features suggestive of increased
intracranial pressurel®l,

Monitor of ICP can be done either through a ven-
triculostomy or using intraparenchymal monitoring,
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as these are the gold standards for measuring ICP.
Other invasive methods of ICP monitor exist, however
their measurements are less accuratel*. Alternatively,
a noninvasive method to monitor ICP can be used,
although there are not very accurate too. Transcranial
Doppler can be used to predict ICP, by evaluating
various parameters, however accuracy of this method
is low%. Tympanic membrane displacement is an-
other method based on the transmission of the CNS
pressure to the perilymph of cochlea, however this
technique is characterized from several limitations>I'l.

Electroencephalography is frequently implemented
in NCCUs not only in the context of status epilepti-
cus and for the detection of epileptiform activity in
general, but also after cardiac arrest and prediction of
cerebral vasospasm after subarachnoidal hemorrhage.
As a monitor of cortical function, EEG reactivity
and burst suppression musters are markers predict-
ing recovery after a cardiac arrest, while changes in
EEG pattern may predict changes in cerebral blood
flow in the context of vasospasm after subarachnoid
hemorrhagel?.

Transcranial Doppler sonography in neurointensive
care can have many applications as an inexpensive
and non-invasive method. Monitoring of vasospasm
following a subarachnoid hemorrhage can predict
the onset of ischemia, as increased systolic flow ve-
locities are related to delayed cerebral ischemia and
poor outcomes. Although TCD has been shown to
be highly sensitive and offering a negative predic-
tive value for delayed ischemial®>4, lack of studies
regarding the impact of TCD on clinically relevant
outcomes has limited its use. Furthermore, indications
for TCD in NCCUs are the detection of microembolic
signals due to carotid stenosis, helping estimating
the stroke risk, the evaluation of cerebrovascular
reserve and the assessment of cerebral autoregula-
tionP?l. Although not typically part of a multimodal
neuromonitoring, these TCD applications may inform
clinical decision making in NCCUs and lea to improve-
ments in patients’ outcomes.

Cerebral microdialysis is a technique involving a
catheter inserted in brain parenchyma and allow-
ing frequent sampling and analysis of various mark-
ers of interest, such as glucose, glutamate, lactate
and pyruvate. Although relative safe, this method
has many limitations such as episodic collection of
samples and right placement of the probe in the
parenchyma. In addition, lack of evidence and tri-
als regarding cerebral microdialysis limits practical
interpretation of findings and development of rec-
ommended practices?®.

Sensors for brain tissue oxygenation can be im-
planted to evaluate brain tissue oxygen tension. There
is evidence of a correlation between reduced brain
tissue oxygenation tension and worse outcomel’l.
Monitoring of ICP in combination with measure-
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ments of brain tissue oxygenation compared to ICP
monitoring alone resulted in a significant decrease of
average duration and depth of tissue brain hypoxia
and a trend toward lower mortality and favorable
outcomesP®. Further, near-infrared sprectroscopy
measures the attenuation of reflected light, which
depends on the level of oxygen saturation in blood.
Noninvasive sensors can measure brain parenchyma
oxygenation, although their use can be limited from
factors such as skin tone or scull thickness. Addition-
ally, although there is still a lack of evidence in litera-
ture regarding the impact of this modality in patients’
outcome, its combined use with other modalities can
be implemented in monitoring cerebral autoregula-
tionP?!. Alternatively, jugular venous bulb oximetry
is an invasive method less frequently used and is
subject to many limitations, such as low accuracy
and secondary complications, such as infection and
jugular venous thrombosis and should be used only
as part of a multimodal monitoring®2.

Finally, regional cerebral flowmetry is a method
used to monitor cerebral blood flow. Using a thermal
diffusor flowmeter, blood flow can be estimated from
thermal loss along two elements. This method has
its limitations, as it is highly sensitive to positioning
and its accuracy depends on patient temperatures.
There is also a lack of evidence regarding its predic-
tive role. Alternatively, a laser doppler flowmeter
measures erythrocyte flux directly, however its use
is still experimentally®el.

Neurological Diseases and Outcomes

Although initially neurocritical care involved brain
injury and neurosurgical patients, it currently involves
a broad spectrum of neurological diseases and condi-
tions related to disorders of consciousness, circulatory
or respiratory functions as a result of a neurological
disease or complications of a neurological disease
such as infections, sepsis, aspiration etc. Next to
traumatic brain or spine injury, neurologic diseases
associated with neurocritical care are acute cerebro-
vascular disorders, infectious disorders, such as en-
cephalitis or abscesses, or inflammatory disorders,
such as NMDAR-encephalitis or severe Guillain-Barre
syndrome, refractory status epilepticus or brain tu-
mors. More rarely, disorders associated with neuro-
degenerative diseases, such as a Parkinson crisis or
respiratory insufficiency by ALS, as well as hypoxic or
metabolic encephalopathies, tetanus, intoxications or
a malignant neuroleptic syndrome may necessitate
treatment in NCCUs(®,

There is robust evidence that neurocritical care im-
proves outcomes, especially when specialized neuro-
intensivists are involved®®2. A reduction of length of
stay, without increase in complications and increased
chances of discharge to home have been related to
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more clinician experience due to patient volume,
adherence to protocols, earlier catheter removal and
mobilization and use of improved technology and
neuromonitoring datal®'he3Heel,

Outcomes of patients with acute cerebrovascular
disorders have been improved due to the develop-
ment of stroke unitst®’.. Neurocritical care has also
been associated to better outcomes of stroke pa-
tients. A benefit for patients with ischemic stroke,
as well as intracerebral hemorrhage, has been found
regarding length of stay, decreased mortality and
increased rate of return to pre-stroke function when
neurointensivists were involved in patients’ treat-
ment. Similarly, improved outcomes have been shown
for patients with intracerebral hemorrhage treated in
NCCUs 8711 Regarding subarachnoidal hemorrhage,
there is evidence of decreased length of stay in hospi-
tal, decreased rate of ventriculoperitoneal shunting,
decreased mortality and increased rate of favorable
disposition with increased rate of good functional
outcome for patients treated in specialized neuro-
critical units with presence of neurointensivistst’2H741,

Apart from acute cerebrovascular disorders and
traumatic brain injury, data regarding other diseases
are scarce in literature and not always consistent due
to heterogeneity. In one study patients with status
epilepticus admitted to NCCU were more likely to
become continuous electroencephalograms and less
likely to be intubated compared to patients treated in
a medical ICA, however the overall mortality, length
of stay and outcome was not different between these
two groups”®.. Outcome of cerebral venous sinus
thrombosis was improved after institution of NCCU,
however data for other diseases are in general rare®".

In addition, there are evidence of a financial ben-
efit of a NCCU. Although neurocritical illnesses are
costly and resource demanding ¢, NCCUs staffed
with neurointensivists can lead to lower costs due
to decrease in length of stay and lower total costs of
carel’7/78 While in another study a dedicated NCCU
was related to higher costs, lower mortality and bet-
ter quality of life outweighed the extra NCCU costs
resulting eventually to improved cost-effectivenesst”®.

Conclusions

Neurocritical care has been evolved in the last dec-
ades and is now an essential part of critical care in
many health systems worldwide. The spectrum of
neurological illnesses treated in an NCCU has simi-
larly been evolved. There is convincing evidence of
improved outcomes of neurocritically ill patients,
however functional outcomes remain oft poor. Be-
side improvements in protocols and training of neu-
rointensivists, technological advances have improved
neurocritical monitoring. However, multimodal moni-
toring needs further research to elucidate its role in

informing therapeutic decisions. Patients’ outcomes
depend on the interpretation of data from multimod-
al monitoring, implementation of informed protocols
regarding patients’ management and developing and
implementation of therapy according to changes
detecting in multimodal monitoring. Neurointensiv-
ists and NCCUs with their interdisciplinary teams are
expecting to have a leading role not only in treating
neurocritically ill patients, but also in research and
further scientific advancement of this field.
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