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Abstract

tial application in the future.

care at the bedside.

pressure

Background: The use of multimodal neuromonitoring in pediatrics is in its infancy relative to adult neurocritical care.
Multimodal neuromonitoring encompasses the amalgamation of information from multiple individual neuromonitor-
ing devices to gain a more comprehensive understanding of the condition of the brain. It allows for adaptation to the
changing state of the brain throughout various stages of injury with potential to individualize and optimize therapies.

Methods: Here we provide an overview of multimodal neuromonitoring in pediatric neurocritical care and its poten-

Results: Multimodal neuromonitoring devices are key to the process of multimodal neuromonitoring, allowing for
visualization of data trends over time and ideally improving the ability of clinicians to identify patterns and find mean-
ing in the immense volume of data now encountered in the care of critically ill patients at the bedside. Clinical use in
pediatrics requires more study to determine best practices and impact on patient outcomes. Potential uses include
guidance for targets of physiological parameters in the setting of acute brain injury, neuroprotection for patients at
high risk for brain injury, and neuroprognostication. Implementing multimodal neuromonitoring in pediatric patients
involves interprofessional collaboration with the development of a simultaneous comprehensive program to support
the use of multimodal neuromonitoring while maintaining the fundamental principles of the delivery of neurocritical

Conclusions: The possible benefits of multimodal neuromonitoring are immense and have great potential to
advance the field of pediatric neurocritical care and the health of critically ill children.
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Introduction

There is a longstanding history and desire of assessing
the brain by multiple invasive and noninvasive modali-
ties in neurocritical care. The technological advances
now allow us to integrate the enormous amount of
time-synchronized data from these modalities into
a more cohesive summary that may provide a more
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comprehensive insight of the injured brain. At the same
time, the field of pediatric neurocritical care continues
to grow and mature with increasing experience and
expertise of the multidisciplinary interprofessional team
in managing children with critical neurological condi-
tions [1-6]. Together, these developments present an
exciting and unprecedented opportunity to incorporate
multimodal neuromonitoring as a core component of
a pediatric neurocritical care program [6, 7], with the
goals of expanding our knowledge of neuropathophysi-
ology at the bedside and advancing the care of children
with critical neurological conditions.
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Multimodal Neuromonitoring as a Strategy for Precision
Medicine in Neurocritical Care

One of the primary goals of pediatric neurocritical care is
to protect the brain and minimize secondary brain injury
in critically ill children. Optimizing cerebral blood flow,
metabolism, and oxygen delivery while supporting cardi-
opulmonary physiology underlies the basic principles of
neuroprotection. Currently, several published guidelines
for children with neurologic disease and injury provide
physiologic targets based on best available evidence and
expert consensus. For example, guidelines for the care of
children with traumatic brain injury (TBI) include intrac-
ranial pressure (ICP), cerebral perfusion pressure (CPP),
and brain tissue oxygenation (PbtO,) goals [8, 9]. Pedi-
atric post-cardiac-arrest management guidelines discuss
targeted temperature management, oxygenation, and
ventilation aims [10, 11]. Guidelines for managing acute
ischemic stroke in children comment on blood pressure,
temperature, and glucose targets [12]. As evidenced by
these guidelines, similar physiologic target values are
often applied to patients with heterogenous injuries in
the contemporary model of care. This approach, while
contributing to the evidence-based standardization
of care, may be suboptimal for the individual patient.
Therefore, implementing precision medicine with vary-
ing physiological targets over time based on the changing
physiologic state of the brain has been gaining momen-
tum in the field of pediatric neurocritical care as a
potential therapeutic approach to optimizing the care of
individual patients. Central to this idea is the use of mul-
timodal neuromonitoring. Here, we provide an overview
of current multimodal neuromonitoring in pediatric neu-
rocritical care and its potential application in the future.

What is Multimodal Neuromonitoring?

Multimodal neuromonitoring refers to the use of tech-
nology from various monitoring sources to assess the
physiologic state of the brain more comprehensively.
Historically, the physical neurologic examination is con-
sidered the gold standard for monitoring the health and
functional state of the brain. However, many factors affect
the reliability of the clinical examination in children with
critical neurological conditions and therefore may limit
its utility to assess the status of the brain. This includes
the severity of the ongoing neuropathological process
and factors in the pediatric intensive care unit (PICU)
that may mask the clinical examination, such as the use
of sedation and neuromuscular blockade. Additionally,
once the underlying neuropathological process alters the
functionality of the brain, affecting the clinical examina-
tion, injury may be occurring to a critical degree, which if
not quickly addressed, can lead to irreversible functional
injury with significant effect on outcome. Multimodal

neuromonitoring may provide early detection of patho-
logic changes before the impairment becomes clinically
evident, thus allowing for timely intervention and pre-
venting progression to irreversible brain injury.

Multimodal neuromonitoring encompasses time-syn-
chronized data integration from multiple neuromoni-
toring devices and cardiopulmonary monitors to look
beyond the physical examination for a more compre-
hensive understanding of the clinical state of the brain
in relation to the general hemodynamic state of the
patient. This may allow for individualized identifica-
tion of optimal targets for physiologic variables, both
within the central nervous system and systemically,
during the critical phase of illness. For instance, in
TBI, guideline recommendations for management are
largely based on monitoring of ICP as well as targeting
CPP with the use of arterial blood pressure measure-
ments [8, 9]. Although minimum targets are suggested
in the guidelines, these may not be the optimal param-
eters for individual patients with heterogenous inju-
ries because cerebral autoregulatory range may differ
between individuals and at different times in the same
individual. Therefore, a multimodal approach combin-
ing systemic physiological parameters, such as mean
arterial pressure (MAP), with cerebral physiological
parameters such, as ICP, PbtO,, and microdialysis, may
further refine the CPP target for each patient at a given
time point [8, 9, 13-22]. When the physiologic state of
the brain lies outside the target range, multimodal neu-
romonitoring can assist in clarifying potential causes
and thus provide opportunity for more targeted inter-
vention. Once intervention has occurred, multimodal
neuromonitoring aids in detailed evaluation of the
response to treatment, leading to more robust under-
standing of the needs of each patient and more tailored
therapies [23].

One example of using multimodal neuromonitor-
ing in pediatrics, described by Appavu et al. would be a
child with TBI who has developed intracranial hyper-
tension [24]. There can be many causes of increased ICP
following TBI, including new or extending hemorrhage,
cerebral edema, hydrocephalus, seizures, hyperemia,
or plateau waves. Once conditions requiring immediate
surgical procedure are excluded, options for interven-
tion vary significantly depending on etiology, including
administration of hyperosmolar therapy, rescue seizure
medications, neuromuscular blockade, or adjustment of
CO, or blood pressure targets [2]. Without clear delinea-
tion of the sequence of events, it can be difficult to deter-
mine whether commonly seen complications after TBI,
such as seizures, are the cause or the result of the cascade
of events following increased ICP, including decreased
blood flow and inadequate oxygen delivery. By reviewing
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Table 1 Devices used in pediatric neurocritical care multimodal neuromonitoring [24-27]

Invasive monitoring

Non-invasive monitoring

Intracranial pressure monitor (bolt, external ventricular device)
Brain tissue oxygenation

Cerebral microdialysis

Pressure reactivity index

Depth electrodes

Jugular venous oximetry

Continuous electroencephalogram
Near- infrared spectroscopy
Transcranial doppler

Pupillometer

Cerebral blood flow

Optic nerve sheath diameter
Somatosensory evoked potentials
Visual evoked potentials

End-tidal carbon dioxide monitor

synchronized neuromonitoring data trends from multiple
devices, including ICP monitors, continuous electroen-
cephalography (cEEG), transcranial Doppler (TCD), and
end-tidal CO, monitors, in conjunction with the physical
examination, the cause of the increased ICP may become
more readily apparent and the targeted treatment more
quickly administered. This can be achieved even in the
absence of a reliable clinical examination, such as with
the use of neuromuscular blockade.

To date, there is no standardization of what multimodal
neuromonitoring means in the field of pediatric neuro-
critical care, with each institution developing its own
approach based on the needs of their patient population
and available resources. As a result, devices used in clini-
cal care and clinical practice vary greatly across institu-
tions. There are many combinations of clinical devices
used for monitoring the brain in the PICU depending on
the diagnosis and needs of each patient. Recently, devices
used for multimodal neuromonitoring in the care of
pediatric patients have been described [24—-27] (Table 1).
The potential clinical variables frequently targeted in
pediatric multimodal neuromonitoring, both neurologi-
cally and systemically, are listed in Table 2 [28-30].

What is a Multimodal Neuromonitoring System?

With a growing number of physiologic variables being
monitored and an increasing number of devices used to
collect them, the volume of data and information incor-
porated into the care of children in the PICU with the use
of multimodal neuromonitoring is immense. A frequently
cited number from 1992 is that clinicians face >200 vari-
ables when evaluating a patient in the intensive care unit
(ICU) [31]. With health care data growing exponentially,
30 years later, this number has grown substantially. It is
not surprising that we have likely surpassed our human
capacity to collect and interpret data at the bedside in
a meaningful way with the speed required for patients
who are changing so quickly in the ICU. Dedicated

Table 2 Variables frequently evaluated with multimodal
neuromonitoring [28-30]

Systemic variables Neurological variables

Arterial blood pressure Intracranial pressure

Pao, Cerebral perfusion pressure
PaCO, Brain tissue oxygenation
pH Cerebral autoregulation
Glucose Brain compliance

Electrolytes Cerebral lactate

Lactate Cerebral pyruvate
Mixed venous saturation Cerebral glucose
Pulse oximetry Pulsatility index
Temperature Resistive index
Complete blood count Lindegaard ratio
Osmolality Seizures

EEG background pattern

EEG analytics (alpha-delta ratio)

EEG electroencephalogram, PaCO, partial pressure of carbon dioxide in arterial
blood, Pa0, arterial oxygen pressure

multimodal neuromonitoring systems may be a solution
to manage this incredible volume of information from
multiple sources and discover patterns and meaning,
which may ultimately enhance and individualize the care
of the patients. Multimodal neuromonitoring systems
integrate time-synchronized data from individual neu-
romonitoring devices into one location in a manner that
is visually helpful and ideally user-friendly. Most systems
allow for review of data trends over time in which several
hours of data can be visualized easily at one time (Fig. 1).
Compared to the individual high-resolution waveforms
in which only a few seconds can be viewed per screen,
long-term simultaneous trending of multiple physiologi-
cal data may improve the ability to identify important
clinical patterns that may not be visible when viewing
each waveform individually [32].
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Fig. 1 A 13-year-old female patient with traumatic brain injury undergoes multimodality neurologic monitoring. Increases in ICP are associated
with periodic bursts of delta activity, maximal over the right hemisphere. Subsequent neuroimaging demonstrates worsened left hemispheric cer-
ebral edema with midline shift, and the patient undergoes a left hemispheric decompressive craniectomy. ABP arterial blood pressure, CO, carbon
dioxide, CPP cerebral perfusion pressure, CSDA color dense spectral array, ECG electrocardiogram, ETCO, end-tidal carbon dioxide, HR heart rate, ICP
intracranial pressure, LH left hemisphere, RH right hemisphere, rSO, cerebral regional oximetry. Credit to Brian Appavu, MD

There are multiple classes of multimodal neuromoni-
toring systems that are currently in use in pediatric insti-
tutions [26] (Fig. 2). Systems can generally be divided into
two major types: a stand-alone kiosk/computer system
and a distributed system [33]. The stand-alone system
is a physical monitor or a computer with built-in soft-
ware specific to that device that is brought to a patient’s
bedside. Neuromonitoring devices are connected and
input data directly into the kiosk for real-time review.
The benefit of this type of system is that the kiosks are
mobile and do not require dedicated data ports. Each
unit allows for monitoring one patient at a time, and
data may be saved on the device itself or uploaded to a
hospital server. Review of the data can be done at the
bedside in real-time. Additional software may allow for
remote reviewing to aid in patient care, multidiscipli-
nary collaboration, quality improvement, adherence to
guidelines, or research. Newer units that are currently
on the market are equipped with decision support for
clinicians as well as machine learning algorithms and
smart alarms. Although these are not pediatric specific,
each institution can tailor the template for these kiosks

and protocols to meet the needs of their specific patient
populations. In contrast to the physical kiosk monitors,
distributed systems involve a remote server where the
data can be accessed from network computers or the
Web. Data can be sent continuously to the server from
multiple locations. Because there is no stand-alone unit,
multiple patients can be monitored at one time, which
allows for large-scale informatics without a machine for
each patient. Data are viewed remotely.

Current Clinical Guidelines

Currently, there is no pediatric specific guideline on
the use of multimodal neuromonitoring in the PICU.
In a recent survey study on the practice of multimodal
neuromonitoring in PICUs in North America, only
8 of 52 institutions reported using a multimodal neu-
romonitoring system [6]. For those institutions using
multimodal systems, device protocols included moni-
toring with near-infrared spectroscopy (NIRS) (8), ICP
monitors (7), electroencephalography (EEG) (5), PbtO,
(3), TCD (3), brain temperature (3), pupillometry (2),
and jugular venous oximetry (1). Implementation of
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multimodal neuromonitoring in each institution was
highly variable. This study highlights the pressing need
to develop evidence-based clinical guidelines for the
use of multimodal neuromonitoring in pediatrics.

In the absence of dedicated pediatric guidelines, the
existing consensus statement from the Neurocritical
Care Society on multimodal neuromonitoring in neu-
rocritical care, published in 2014, may serve as a guide
[34]. Specifically, the statement recommends the use of
time-synchronized systems that display data in a man-
ner to “reduce cognitive load and improve judgments of
clinicians,” the use of clinical decision support tools and
algorithms, and the use of smart alarms. Additionally,
the statement calls for device manufactures to adhere
to communications standards to improve interoperabil-
ity between devices.

Clinical Application of Multimodal Neuromonitoring

in Pediatric Neurocritical Care Patients

The clinical experience of multimodal neuromonitoring
remains limited in the pediatric population. Most stud-
ies involve the traditional physiological variables (HR,
MAP, SaO,) in conjunction with one additional neu-
romonitoring modality [15, 16, 23, 35-38]. In contrast,
there is a longstanding history of employing multiple
neuromonitoring modalities in adults with critical neu-
rological conditions [39, 40]. Nevertheless, multimodal
neuromonitoring that focuses on identifying cerebral

autoregulation is increasingly described in pediatric TBI,
hypoxic-ischemic encephalopathy, and arteriovenous
malformation rupture [15-17, 23, 35-38, 41]. These ret-
rospective analyses of the prospectively acquired data
revealed that impaired cerebral autoregulation was asso-
ciated with unfavorable outcome [15, 16, 35, 36, 38, 41,
42]. Additionally, the amount of time and the magni-
tude of deviation from the derived optimal autoregula-
tion value were associated with unfavorable outcome
[15, 16, 35, 36, 38, 41, 42]. Importantly, the MAP or CPP
values that yielded the optimal cerebral autoregulation
may differ between patients; some may even be outside
of the consensus-based MAP or CPP ranges for the spe-
cific condition [15, 17, 36]. Together, these investigations
highlight the feasibility and possibly the importance of
deriving individualized physiological targets for the man-
agement of children with critical neurological conditions.

Aside from evaluation of cerebral autoregulation,
multimodal neuromonitoring has been applied in other
pediatric patient populations with acute brain injury,
including those with subarachnoid hemorrhage and
acute liver failure, in an effort to optimize clinical param-
eters. In children with subarachnoid hemorrhage, an
approach is often taken similar to neuromonitoring for
adult patients, which includes cEEG with advanced ana-
lytics (alpha-delta ratio), TCD, and ICP/CPP evaluating
for cerebral vasospasm and delayed cerebral ischemia
while minimizing increased ICP [43-45]. In acute liver
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failure, multimodal neuromonitoring with cEEG, TCD,
jugular venous oxygen saturation, and NIRS has been
proposed [46-48]. Combining multiple noninvasive
approaches in this patient population is important, par-
ticularly when the risks of invasive monitoring are ampli-
fied because of coagulopathy. More study is needed to
determine optimal targets and best practice for interven-
tions in these clinical scenarios and to determine whether
applying these measures improves outcome. As clinicians
gain familiarity with multimodal neuromonitoring and
advance research, available modalities are likely to be
applied to a growing number of conditions.

Integrating physiological data and variables derived
from multimodal neuromonitoring into clinical practice
in real-time is at its infancy in pediatric neurocritical
care. A recent study by Appavu et al. [7] demonstrated
that incorporating multimodal neuromonitoring in the
management of pediatric TBI could influence clini-
cal decision-making on the timing of neuroimaging
and interventions such as neurosurgical interventions,
adjustment of medications, escalation or de-escalation
of therapies, adjustment of physiologic targets and neu-
roprognostication. In this study, multimodal neuromoni-
toring was associated with a reduction in duration of ICP
monitoring and mechanical ventilation [7]. Continu-
ous adjustment of the target CPP based on the cerebral
autoregulation values derived from multimodal neu-
romonitoring is feasible and safe in adult patients with
TBI [49]. Additionally, in the future, continuous refine-
ment of the physiological targets based on the real-time
multimodal data stream may provide a personalized
therapeutic strategy that is adaptive to the changing clini-
cal conditions. Ultimately, prediction analytics from real-
time multimodal neuromonitoring data may forestall
impending intracranial crisis, which may allow the clini-
cians to implement preventive interventions.

The use of multimodal neuromonitoring has also been
proposed as a means to better understand various pat-
terns on cEEG and how both the brain’s hyperexcitabil-
ity and suppression may relate to secondary brain injury
[30, 50]. The use of cEEG is well established and has
been expanding, with consensus statements specifically
addressing its use in critically ill adults and children [43,
51]. Not only used to detect seizures, EEG is also used
to identify changes in background activity, which could
signify new or worsening injury, such as ischemia, new
focal lesion, or increased ICP [30]. The addition of quan-
titative EEG has allowed for better visualization of data
trends occurring on the EEG, which helps identify pat-
terns not immediately obvious on the raw EEG [30, 52].
There are EEG patterns on the ictal-interictal continuum
whose significance can be difficult to determine by EEG
alone. Although not definite seizure, these hyperexcitable

patterns could increase metabolic demands in the brain
and contribute to secondary brain injury in certain path-
ological brain states. Whether to treat can be difficult
to ascertain. Using a combined approach of monitor-
ing ICP, PbtO,, and microdialysis along with NIRS and
TCD could help understand whether these patterns are
contributing to abnormal blood flow, increased ICP, or a
cerebral metabolic crisis. If noted, treatment may be ben-
eficial [30, 50]. Additionally, Appavu et al. [53] explored
the relationship between the alpha-delta ratio on quanti-
tative EEG and brain tissue hypoxia in pediatric patients
with TBI and found that PbtO, values<10 mm Hg were
associated with a decreased alpha-delta power ratio. This
potentially identified a critical threshold for the develop-
ment of brain ischemia that could impact outcome that
likely would not be readily identified on the raw EEG
[53]. Therapeutic interventions to mitigate this EEG sup-
pression could lead to improved outcomes. More study is
needed.

Some institutions also employ multimodal monitoring
for neuroprotection in children without clear brain injury
who are at high risk as a result of their overall critical ill-
ness, as exemplified by multimodal neuromonitoring
protocols for patients requiring extracorporeal mem-
brane oxygenation (ECMO) support because of the high
risks of seizures, stroke, hemorrhage, and hypoxic injury
as well as direct injury to major blood vessels supplying
or draining the brain [29, 54—57]. Similar to children with
known neurologic concerns, multimodal neuromonitor-
ing in children at risk for neurologic complications most
commonly involves a single neuromonitoring modality in
conjunction with physiologic parameters. For instance,
cEEG monitoring is recommended for high-risk popula-
tions on ECMO [43]. Not only can EEG identify seizures,
but it can also screen for focal injury such as ischemia
with changes in background activity [30]. Serial cra-
nial ultrasounds can be used as a screening measure for
injury, and certain variables can be trended as an indirect
marker for autoregulation, such as resistive indices [58].
TCD allows for intermittent monitoring of blood flow in
which an increase can be a marker for hemorrhage risk
[59]. NIRS can be used to screen oxygen delivery and
use in the brain [60]. Therefore, combining all three neu-
romonitoring modalities in children undergoing ECMO
could theoretically lend insight into CBF and autoregu-
lation through TCD, while determining its adequacy to
support cerebral metabolism by NIRS, in the context of
altered brain activities as manifested by cEEG. Although
more study is needed to determine whether this type
of monitoring changes outcome, it may help identify
changes in the brain early, allowing for modification
of treatment and ideally avoidance of injury. This con-
cept is well established in the pediatric cardiac surgery
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population, in which routine use of neuromonitoring
during surgery and anesthesia and perioperative cEEG
monitoring have been used for neuroprotection [61-63].
Multimodal neuromonitoring has also been proposed for
other conditions without clear brain injury, such as sep-
sis, acute respiratory distress syndrome, and renal dis-
ease, in which clinical examination may be confounded
[64].

Finally, there is a growing interest in using multimodal
neuromonitoring for guidance in neuroprognostication,
particularly in the setting of cardiac arrest [10, 11]. While
research is ongoing, more study is required before defini-
tive recommendations can be made.

Challenges and Pitfalls of Multimodal Neuromonitoring
Obtaining and storing a large volume of high-resolution
data, particularly when collecting information at the
waveform level, can be challenging and costly. There is
no standard data protocol for the disparate systems to
integrate the large amount of time-synchronized data.
Each multimodal system uses its own software with pro-
prietary protocols for connectivity and for data display;
therefore, there is a lack of universal compatibility across
different systems and neuromonitoring devices. Many
multimodal systems also obtain information from the
electronic health record, and many of the same barriers
exist for integration with the various electronic health
record systems [65]. Ongoing governmental priority on
medical device and electronic health record interoper-
ability will undoubtedly address this fundamental and
crucial issue [66].

Artifact represents a common source of error for all
available modalities. Accounting for artifacts in the data
algorithms proves challenging, particularly if smart
alarms or decision support programs are in use [65].
Therefore, visual inspection of the data display continues
to be the gold standard to ensure fidelity, which is labor-
intensive and limits the potential of leveraging big data
analytics for patient care.

Each monitoring modality has inherent assumptions
and limitations. Therefore, it is possible that multiple
monitoring modalities may lead to differing conclusions
regarding the condition of the brain. Recognizing the
inherent limitations of each monitoring device and when
the assumptions are violated is paramount in order to
minimize the potential misinterpretation of the data. For
instance, cerebral autoregulation is evaluated by examin-
ing the slow ICP changes (a proxy for CBF) in response
to systemic blood pressure fluctuations, expressed as the
pressure reactivity index. Although the magnitude of the
blood pressure changes is important, the rate at which it
occurs also influences the brain’s ability to compensate to
maintain appropriate CBF [67]. Therefore, administration

of vasoactive medications represent an exogenous fac-
tor that may interfere with the physiological correlation
between CBF and MAP, a potential violation of the basic
assumption for the derivation of cerebral autoregulation
curves through the pressure reactivity index [68].

Additionally, whether proposed physiologic targets
using multimodal neuromonitoring in various disease
processes are indeed the optimal targets remains unclear.
At the same time, indices that are derived from different
monitoring devices may differ from each other, as exem-
plified by the lack of agreement on the derived optimal
MAP and upper and lower limits of cerebral autoregula-
tion values between the pressure reactivity index and the
cerebral oximetry index methods in adults with hypoxic-
ischemic encephalopathy [69]. Similarly, the pressure
reactivity index and cerebral oximetry index are also
poorly correlated in children with TBI [17]. Together,
these studies highlight the difficulty of deciphering data
and determining their validity from multimodal neu-
romonitoring. However, combining multiple monitoring
modalities may leverage the strength of each modality
while mitigating the inherent limitations. For instance,
cerebral blood flow velocity estimation by TCD varies
based on the angle of insonation, possibly resulting in
intraoperator and interoperator variability. The Doppler-
derived flow velocity provides limited insight regarding
the actual and the adequacy of CBE These limitations
may be addressed by NIRS with operator-independent
regional cerebral oxygenation measurements based on
which the adequacy of CBF is inferred. Conversely, TCD
can potentially mitigate the technical challenges of NIRS
infrared beam due to the thickness of the skull and scalp
edema and the inherent spatial resolution limitation by
providing direct Doppler measurement of each major
cerebral vessel.

When interpreting data collected in the ICU, clinicians
rely on additional contextual information, such as treat-
ments or medications, ongoing interventions, ventilator
settings, laboratory values, and nursing reports, which
may be located in different electronic health databases
with varying difficulty to access and correlate temporally
with other data. Therefore, identifying the data sources
and seamlessly integrating them with the data from the
multimodal system remain a significant challenge [65].
Moreover, it is important to recognize that simply con-
necting neuromonitoring devices to patients is unlikely
to result in improved outcome. It is the manner in which
the data are collected, analyzed, and interpreted and in
which change is implemented at both the individual
patient level and the programmatic level where the ulti-
mate benefits are likely to be seen.

Finally, data supporting the positive influence of mul-
timodal neuromonitoring on patient outcome, as well
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as the optimal target values in pediatrics, are limited.
However, a recent single-center retrospective analysis of
a prospectively implemented standardized multimodal
neuromonitoring program did identify an association
between the use of multimodal neuromonitoring in chil-
dren with TBI and decreased duration of mechanical
ventilation and ICP monitoring [7]. More study is needed
to better characterize the effect of multimodal neu-
romonitoring in children.

Despite these challenges, the potential benefits can be
immense. Collection of large-volume high-resolution
waveform data, combined with computer analytics, has
the potential to allow for identification of new patterns
and connections otherwise not recognizable to the clini-
cians [65]. This can potentially lead to better individual-
ized care at the bedside and better evaluation of response
to treatment for each patient. More importantly for the
field as a whole, it may lead to a better understanding of
the pathophysiology of various brain injuries, which may
inform future research on a greater scale. Standardization
of neurocritical care informatics and the rapidly growing
field of big data and predictive analytics for both adult
and pediatric patients have the potential to advance the
field greatly in a relatively short period of time. As more
innovative technology is incorporated at the bedside, the
potential to revolutionize care will become even greater,
and the importance of integrating data in a meaningful
way will become even more necessary. Already, quantita-
tive EEG, three-dimensional color plots illustrating time
and magnitude of ICP elevations, and three-dimensional
computational models of CSF dynamics are elevating the
approach to understanding the physiologic state of the
brain for patients with neurologic conditions [70-72].
These and other novel approaches to data visualization

and identification of important signals and trends in the
critically ill brain are likely to provide important clues
necessary to transform therapeutic options and positively
influence patient outcomes.

Building Multimodal Neuromonitoring Programs

in Pediatrics

Few pediatric institutions have published their experi-
ences on the design and implementation of a pediatric
neuromonitoring program. Appavu et al. described their
experience of implementing a multimodal neuromonitor-
ing program in pediatric TBI at a pediatric hospital [7].
Physiologic recordings were reviewed at the bedside and
remotely. With the implementation of remote review,
additional monitoring capabilities included cerebral
autoregulation based on the pressure reactivity and pulse
amplitude indices and calculation of brain compliance.
Following review of the data, a multidisciplinary team
discussed physiologic targets and goals of care for the
day. A formal daily report for multimodal neuromonitor-
ing was placed in the chart outlining details of monitor-
ing to assist targeted individualized care.

This study highlights several factors to consider for the
implementation of a multimodal neuromonitoring pro-
gram (Table 3). A clearly defined criterion will facilitate
the implementation on the appropriate patient cohort.
Integrating information from multimodal neuromonitor-
ing into clinical practice with respect to the frequency of
data review, criteria for intervention, and assessment of
the therapeutic response requires careful deliberations
and discussions among the stakeholders because it could
lead to a paradigm shift in the overall management strat-
egy. Revisions of the guidelines and protocols to include
measurements and derived values, such as optimal MAP,

Table 3 Considerations for implementation of a pediatric multi-modal neuromonitoring program [7]

Identify key stakeholders: nursing, pediatric critical care, pediatric neurocritical care, pediatric neurology, pediatric neurosurgery, radiology, biomedical
engineering department, information technology, and hospital administration

Identify multi-modal neuromonitoring system to be used (kiosk vs. distributed) and software required

Identify planned monitoring devices and ensure compatibility with multi-modal neuromonitoring system. Identify additional connections that may be

required

Determine mechanism for data transfer, data storage, and interface with EMR

Identify patient populations to be monitored

Identify method for bedside and remote review

Identify composition of multi-modal neuromonitoring clinical team
Determine process for multi-disciplinary review and discussion of data

Determine standardized process for reporting/documentation of results of multimodal monitoring

Develop patient care/management protocols for multimodal neuromonitoring

Create process for equipment care, setup, and connection when patient identified

Create process for cleaning and preparation of multimodal system for next patient if kiosk monitor is used

Determine plan for education of nurses and bedside clinicians
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from multimodal neuromonitoring will provide guidance
to the providers, as exemplified by the recent incorpora-
tion of a treatment algorithm for brain tissue hypoxia by
PbtO, in the pediatric TBI guideline [9]. It is also essen-
tial to establish an internal performance review on the
impact of multimodal neuromonitoring on the therapeu-
tic intensity and outcome because there is a paucity of
published data.

Ideally, the implementation of a pediatric multimodal
neuromonitoring program includes the development
of a comprehensive multidisciplinary interprofessional
team with expertise in neurocritical care. Experience and
competence in the use of each specific neuromonitoring
modality as well as in the interpretation, integration, and
application of the acquired data is required. Creating this
community of practice surrounding the neuromonitoring
program supports a more standardized approach, allow-
ing for ongoing improvement initiatives as experience is
gained. Developing an educational program for members
of the team caring for patients undergoing multimodal
neuromonitoring is critical and allows for a broader
reach of expertise throughout each institution [6, 30].

How multimodal neuromonitoring is used in clinical
practice and the interoperability of the devices and sys-
tems will greatly influence the cost and infrastructure
considerations and vice versa. Therefore, significant
efforts should be devoted to specifying the requisite
physiological parameters to monitor and the equip-
ment needed for each neurological condition. A thor-
ough familiarity with the capability, and perhaps more
importantly the limitation, of different multimodal sys-
tems should guide the decision on a suitable platform.
Because of the rapid advances in medical technology
that may quickly render the devices and platforms
obsolete, long-term functionality and adaptability need
to be considered.

Conclusions

Multimodal neuromonitoring provides innovative
approaches to investigate the physiology and patho-
physiology of the brain at the bedside and holds great
promise to transform the management of children
with critical neurological conditions. It must be noted,
however, that multimodal neuromonitoring alone is
unlikely to substantially improve outcomes for patients
with critical neurologic illness. It must be incorporated
into a model of care with strong focus on neurocriti-
cal care fundamentals, including standardized physical
neurologic examinations, proper patient positioning,
and education of all providers caring for neurocritical
care patients at the bedside [73]. Comprehensive pro-
grams to support the implementation of multimodal

neuromonitoring with multidisciplinary involvement
must be developed alongside the employment of the
technology to realize its greatest potential.
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