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Abstract

OBJECTIVES: To address areas in which there is no consensus for the technologies, effort, 

and training necessary to integrate and interpret information from multimodality neuromonitoring 

(MNM).

DESIGN: A three-round Delphi consensus process.

SETTING: Electronic surveys and virtual meeting.

SUBJECTS: Participants with broad MNM expertise from adult and pediatric intensive care 

backgrounds.

INTERVENTIONS: None.

MEASUREMENTS AND MAIN RESULTS: Two rounds of surveys were completed followed 

by a virtual meeting to resolve areas without consensus and a final survey to conclude the Delphi 

process. With 35 participants consensus was achieved on 49% statements concerning MNM. 

Neurologic impairment and the potential for MNM to guide management were important clinical 

considerations. Experts reached consensus for the use of MNM—both invasive and noninvasive

—for patients in coma with traumatic brain injury, aneurysmal subarachnoid hemorrhage, and 

intracranial hemorrhage. There was consensus that effort to integrate and interpret MNM requires 

time independent of daily clinical duties, along with specific skills and expertise. Consensus was 

reached that training and educational platforms are necessary to develop this expertise and to 

provide clinical correlation.

CONCLUSIONS: We provide expert consensus in the clinical considerations, minimum 

necessary technologies, implementation, and training/education to provide practice standards for 

the use of MNM to individualize clinical care.

Keywords

Delphi consensus; multimodality monitoring; neurocritical care; precision medicine; secondary 
brain injury
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Multimodality neuromonitoring (MNM) refers to the use of more than one source 

of physiologic measurement that can be integrated, displayed, and interpreted to 

guide the clinical management of patients with brain injuries (1–3) (Box 1). 

Monitoring cardiopulmonary function using electrocardiography (ECG), blood pressure, 

and plethysmography (Spo2) is standard in intensive care settings to identify and treat 

significant changes in a patient’s condition. Yet, brain-specific measurements have not 

been standardized in clinical practice and may variably include modalities focused on 

intracranial pressure (ICP) or cerebral blood flow, cerebral metabolism, or cortical function 

(4) depending on the institution, experience of clinicians, or clinical context. “Multimodality 

monitoring”, as typically abbreviated MMM, has been nearly synonymous with the use of 

invasive brain monitoring modalities in adult intensive care, whereas pediatric intensive care 

more often employs noninvasive modalities. Any monitor or device used for continuous or 

frequent serial bedside measurements may be considered to be part of what is referred to 

here as MNM.

Literature focused on practical use of MNM includes a consensus summary statement (1), 

expert opinion recommendations (3) and surveys from adult (5) and pediatric (2) brain 

monitoring practices in mostly U.S. centers. Disease-specific practice surveys from Europe 

and Latin America have focused on MNM for traumatic brain injury (TBI) (6–8). Narrative 

reviews of invasive and noninvasive MNM (9–15), or MNM for patients with TBI (16, 17), 

aneurysmal subarachnoid hemorrhage (aSAH) (18, 19), and cardiac arrest (20) also exist. 

Yet, there remains no consensus regarding: a) the minimum set of technologies required for 

MNM, b) which patients may benefit from care guided by MNM, c) the effort required to 

integrate MNM measurements and interpret the resulting data, and d) the training required 

to understand and accurately interpret MNM information. Only by addressing these gaps can 

we hope to provide consistency within clinical practice, enhance the clinical utility of MNM, 

and begin to systematically improve individualized intensive care management strategies to 

impact outcome.

Evidence-based guidelines are rare for emerging applications such as MNM and therefore 

expert opinion is required to provide standards for implementation. We conducted a three-

round Delphi consensus process (21, 22) including clinicians with established expertise in 

the use of MNM to address these and other knowledge gaps.

MATERIALS AND METHODS

Expert Panel Selection

An international panel of adult and pediatric intensive care experts with established expertise 

in MNM was identified using mailing lists from the Neurocritical Care Society Informatics 

Section, involvement in MNM-based workshops, and peer recommendations. Practitioners 

from any primary specialty background with personal experience using MNM in an 

ICU setting were included. We excluded nonpracticing providers and trainees, those with 

experience limited to single technologies (e.g., continuous electroencephalography [cEEG]), 

and those working outside of the ICU setting. The Institutional Review Board (IRB) of the 

University of Cincinnati approved the study (No. 2021-0124 MMM Delphi; approval date: 
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February 26, 2021) all procedures were followed in accordance with the ethical standards 

of the IRB and with the Helsinki Declaration of 1975. An email invitation and information 

sheet was sent to all potential participants who could then assent to participation or not.

Delphi Study Design

A three-round Delphi process design was used. Rounds 1 and 2 were survey-based 

(Microsoft Forms [Microsoft Corp, Redmond, WA]). Round 3 consisted of a virtual meeting 

and a final follow-up survey. All surveys were completed anonymously.

Round 1 consisted of a semi-structured survey including clinical considerations, case 

presentations, minimum necessary technologies, effort, and training standards. Structured 

statements used a Likert scale based on the Grading of Recommendations Assessment, 

Development, and Evaluation paradigm (23, 24). Participants could disagree (scores 1–3), 

remain neutral (scores 4–6), or agree (scores 7–9) with statements. Open-ended questions 

were included to generate ideas for new statements during round 2. All statements were 

developed by one of the authors (B.F.) and reviewed by 10 content experts.

Round 2 included the aggregate results from round 1 and a structured survey in which all 

statements required Likert scale responses. Experts could participate in round 2 regardless of 

participation in round 1. However, participation in round 2 was required for participation in 

round 3.

Round 3 was a virtual meeting to summarize areas of consensus and discuss statements 

that did not meet consensus criteria or did not exhibit between-round stability. Remaining 

statements were reevaluated for final consensus in a final survey. Input from round 3 

participants following the completion of the discussion and survey was used to draft a 

practical framework for MNM.

Consensus Criteria and Statistical Analysis

The primary endpoint for concluding the Delphi process was consensus for half of 

statements. Consensus for a given statement was defined as greater than 70% within the 

lowest or highest tertile (21) and an interquartile range (IQR) of responses less than or 

equal to 1.75 (25). Agreement was separately defined as a median Likert score within 

the highest or lowest tertiles or selection of a multiselect item by more than two-thirds 

of participants. Between-round stability was assessed using the McNemar change test (26) 

for dichotomous variables. Permutation testing without replacement over 104 iterations 

was used to approximate normality assumptions for Likert items. A p value of 0.05 was 

considered significant. Analyses were conducted using R Version 4.2.0 (R Core Team, 

Vienna, Austria).

RESULTS

A total of 58 experts were invited to participate. Thirty participated in round 1 (52%) and 

thirty-five participated in round 2 (60%). Both rounds were completed by 29 participants 

(Fig. 1; and Supplemental Tables 1 and 2, http://links.lww.com/CCM/H385). Eighteen 

participants (51%) were neurology trained; the majority of participants (83%) primarily 
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practiced neurocritical care. Six (17%) had a primarily pediatric practice. Half (51%) had 

greater than or equal to 11 years of clinical practice. A majority of experts had experience 

with 14 common MNM monitors and devices, although fewer pediatric specialists had 

experience with brain tissue oxygen (Pbto2) (33% vs 100%; p < 0.01) and regional cerebral 

blood flow (rCBF) monitors (0% vs 55% of adult specialists; p = 0.04).

Delphi Round Performance

Round performance is shown in Figure 1. In response to open-ended questions in round 

1, round 2 included additional sections regarding operationalization of MNM, reporting 

elements, core concepts, and educational formats. Eight statements failed to demonstrate 

between-round stability (Supplemental Materials 1 and 2, http://links.lww.com/CCM/H385). 

During round 3, discussion called for experts to differentiate between invasive or 

noninvasive monitoring modalities for case-based statements which were rephrased and 

addressed in a final survey. Case-based scenarios that had previously achieved consensus 

were reaffirmed for both invasive and noninvasive monitoring modalities. After round 3, 

80 of 164 statements (49%) achieved consensus and all statements without between-round 

stability were affirmed. Table 1 summarizes areas of consensus; quantitative results are 

presented in Supplemental Table 3 (http://links.lww.com/CCM/H385). Supplemental Tables 

4 and 5 (http://links.lww.com/CCM/H385) present areas of agreement without consensus 

and areas of neither agreement nor disagreement, respectively.

Contexts of Use

Expert consensus was achieved for clinical factors that are important when considering the 

utility of MNM, including the patient’s level of consciousness, underlying disease state, and 

potential risk for secondary brain injuries. There was consensus that MNM is best used to 

guide individualized management, including abstention from harmful therapies. There was 

neither agreement nor disagreement about whether or not prognosis or age should impact the 

utility of MNM.

For both invasive and noninvasive monitoring strategies, there was consensus for the use 

of MNM in comatose patients with TBI, aSAH, or supratentorial intracerebral hemorrhage 

(ICH). For case-based scenarios involving patients with a Glasgow Coma Scale score of 

9–12, experts could neither agree nor disagree on the utility of invasive and noninvasive 

MNM. No case-based scenarios achieved consensus for the use of noninvasive MNM alone. 

However, pediatric specialists differed from adult specialists in the utility of MNM for: a) 

patients with early status myoclonus postcardiac arrest (pediatric specialists median 7.5, IQR 

7–8 vs adult specialists median 7, IQR 6–8; p = 0.03), b) patients requiring venoarterial 

extracorporeal membrane oxygenation (ECMO) (pediatric specialists median 7.5, IQR 7.5–

8.0 vs adult specialists median 6, IQR 5–7; p < 0.01), and c) patients requiring venovenous 

ECMO (pediatric specialists median 7, IQR 7–7 vs adult specialists median 6, IQR 4–7; p = 

0.02).

Minimum Necessary Monitors, Devices, and Technologies

There were 10 invasive and noninvasive monitors and devices considered important for 

MNM and many were also agreed upon as important across several specific clinical contexts 
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of use (Table 2; and Supplemental Fig.1, http://links.lww.com/CCM/H385). There was 

agreement, but not consensus, that cerebrovascular autoregulatory indices (e.g., pressure 

reactivity index or tissue oxygenation index), optimum cerebral perfusion pressure (CPPopt), 

and quantitative electroencephalography are also important. Near-infrared spectroscopy 

(NIRS) and extended-duration transcranial Doppler (TCD) were agreed upon only by 

pediatric specialists.

Consensus-based technologies necessary for MNM include bedside displays of single and 

multiple values and trends over time displayed in time-locked fashion on a single visual 

display; access to high-resolution data; and the ability to manipulate data displays at bedside 

(i.e., scrolling or zooming in and out of different timescales). Bedside displays of summary 

data, an ability to set thresholds or alerts, and the capability to annotate MNM data in 

real-time to denote clinical events achieved consensus. The need for real-time remote review 

of MNM data alongside annotated clinical events, and an ability to access high-resolution 

data independent of bedside devices also reached consensus.

Minimum Necessary Clinical Effort

There was consensus that integration and interpretation of MNM data requires specific skill 

and expertise and that ICU providers (in general) do not have adequate time to integrate 

and interpret MNM during daily clinical care. Integration of both brain and cardiopulmonary 

measurements is essential along with the ability to manipulate, analyze, and interpret these 

data to provide clinical correlation. There was consensus that most ICU providers would 

find regularly written reports summarizing and interpreting MNM data helpful for decision-

making during daily clinical care (Supplemental Fig. 2, http://links.lww.com/CCM/H385).

Operationalizing Neuromonitoring

Consensus addressing barriers to the implementation of MNM included the need for bedside 

interfaces to facilitate clinical understanding of MNM information and investment in the 

education of bedside users (e.g., the clinical care team) to better understand and respond 

to MNM information. There was agreement, but not consensus, that dedicated personnel 

with technical expertise (e.g., a neuromonitoring technologist) and a MNM “reader” could 

be helpful in implementing MNM. Experts reached consensus on the need for consistency 

in identifying which patients require invasive or noninvasive MNM and which specific 

technologies should be used. There was consensus that local practice standards should be 

developed by engaging a multidisciplinary group of stakeholders involved in the clinical care 

of patients undergoing MNM.

Training Background and Educational Opportunities

There was consensus that specific training is required to develop expertise in the 

interpretation of MNM data, although there was no consensus regarding the type of training 

programs that presently provide this foundation. Approaches to education include hands-on 

workshops, supervised performance, and clinical practice. Agreement was reached on nine 

core concepts critical for an adequate knowledge base to interpret MNM data (Fig. 2). 

Finally, there was agreement but not consensus that expertise should be recognized via 

certification, through either a working group or an established society.
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DISCUSSION

This Delphi process identified several broad areas of consensus concerning the practice of 

MNM. Consensus was achieved regarding the utility of MNM for clinical decision-making 

and the need for consistency in patient selection and the modalities used for clinical 

care. Our consensus process identified essential technologies for providing MNM. Experts 

agreed that MNM should be accompanied by the integration and interpretation of MNM 

information, which requires time and expertise independent of the work of daily clinical 

care. Our findings are summarized as a framework for MNM practice standards based on 

expert input (Table 3).

We identified important clinical considerations regarding the utility of MNM. While some 

guidelines (27, 28) and an increasing number of clinical studies (29) highlight the utility of 

MNM to guide clinical management, experts in our Delphi process also considered MNM 

to be useful specifically to abstain from or de-escalate potentially harmful therapies. This 

consensus is supported by results from the Benchmark Evidence from South American 

Trials: Treatment of Intracranial Pressure study (30), which found that the use of invasive 

ICP monitoring allows for de-escalation or limitation of potentially harmful therapies, 

for example, paralytics or increased sedation. The Brain Oxygen Optimization in Severe 

Traumatic Brain Injury-II study (31) reported fewer interventions in the MNM ICP/Pbto2 

arm (n = 867 interventions) versus ICP-only arm (n = 933 interventions).

Our consensus process also identified indications for MNM—using invasive or noninvasive 

modalities—reaffirming existing literature, focused on comatose patients with severe TBI 

(sTBI), aSAH, or ICH. However, experts did not reach consensus on any case-based 

scenario for which noninvasive modalities alone would be preferred. Prior consensus 

from an international group of mostly adult intensive care experts (1) viewed invasive 

ICP monitoring as a prerequisite for the interpretation of MNM, whereas a pediatric 

intensive care survey found noninvasive modalities were more commonly used (2). Broader 

indications for MNM have been described in pediatric intensive care including patients 

with hypoxic-ischemic injuries or undergoing ECMO. In our study, experts agreed MNM 

might be useful in these scenarios, but consensus was only achieved by pediatric specialists. 

Expanded indications for MNM in other ICU settings, including adult patients undergoing 

ECMO (32) or those with other critical care disorders for which patients are at-risk for 

secondary brain injury, are likely possible if noninvasive modalities are more frequently 

employed.

There was consensus that invasive (ICP, cerebral perfusion pressure, Pbto2) or noninvasive 

(cEEG, quantitative pupillometry) modalities were necessary for MNM in conjunction 

with cardiopulmonary measurements (arterial blood pressure [ABP], ECG, temperature, 

Spo2, and end-tidal co2 [ETco2]). There was agreement, but not consensus, that measures 

of cerebral autoregulation (both indices and calculation of CPPopt) were important. This 

may reflect the findings highlighted by a recent Delphi process, which found lack of 

expert consensus in whether and how to include these measures yet in clinical practice 

despite their importance in adults with sTBI (33). Rather, these and other specific measures 

such as electrocorticography and cerebral microdialysis (CMD) held agreement in several 
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specific contexts. There is tremendous variability in the use and availability of brain-specific 

modalities. In a European multicenter TBI-focused practice survey, fewer than one-quarter 

of institutions considered invasive monitoring in patients with coma and negative CT or 

patients with abnormal CT who could not be assessed (7), scenarios for which we achieved 

consensus that MNM would be useful. In a survey of primarily academic centers mostly 

in North America (72%), 58% reported use of cEEG compared with fewer than 5% of 

European TBI centers (5, 7). The use of TCD has been reported by 38–49% of centers, 

Pbto2 by 15–26%, NIRS by 0–19%, rCBF by 4–5%, jugular venous oximetry by 3–9%, 

CMD by 2–13%, and autoregulatory indices by less than 5% (5–8). Practitioner-dependent 

variability also exists: neurointensivists are more likely than other intensivists to use TCD, 

Pbto2, or rCBF (5). However, there is consistency in the use of cardiopulmonary parameters, 

as most centers across surveys used ABP (77–93%), ETco2 (up to 90%), or cardiac output 

monitoring to guide management (26–53%) (5–7).

Experts in our study reached consensus that MNM data should be integrated and available 

in a single visual display both at bedside and remotely to facilitate review across multiple 

timescales. In a survey of pediatric intensive care centers, only eight of 52 centers (15%) 

used a platform to integrate multimodality information (2) suggesting this is an under-

recognized need for the use of MNM. We also achieved consensus that integration of 

MNM information and its clinical interpretation requires specific skill and expertise. Prior 

Delphi statements focused on single devices supported standardization of implementation 

and interpretation by specially trained experts (22, 34). Prior consensus similarly endorsed 

interpretation of MNM by practitioners with rigorous training and expertise (1). Current 

use of MNM relies on limited evidence and conflicting conclusions regarding relationships 

between multiple measurements (35). There is risk to using inaccurately interpreted 

information for automated analytic algorithms and smart alarms recommended by prior 

expert consensus (1). Our experts reached consensus that a curriculum including identified 

core concepts would allow development of management algorithms, identification of 

physiologic thresholds, and creation of a standardized lexicon of patterns that occur within 

integrated MNM data. This idea of leveraging standardization and training paradigms 

to enable clinical correlation of novel observations has been successful in critical care 

electroencephalography, where standardized terminology (36) has led to multiple practice-

changing studies.

Finally, there was consensus that the expertise employed to use and maintain necessary 

technologies, interpret MNM information, and report observations in clinic context requires 

effort independent of daily clinical care. A multicenter survey of international TBI centers 

reported the time and resource cost of MNM is often underestimated (37). Expert consensus 

agreed the daily work of intensive care precluded the time required to adequately interpret 

MNM information and that dedicated interpretation and reporting of MNM information 

to clinical teams was not captured by existing procedural codes. Experts agreed with 

development of a standardized framework for dedicated MNM interpretation and reporting 

to support multidisciplinary care teams (4, 38, 39). This paradigm was recently implemented 

in a pediatric intensive care population where MNM uniformly influenced care decisions, 

reducing the duration of invasive monitoring and mechanical ventilation (39).
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There were several limitations to our study. First, there is no set of formal requirements 

for Delphi processes (22) in the era of remote teleconferencing. The response rate from 

invited experts was lower than the 90% (IQR, 80–100%) response rates reported in a 

systematic review of Delphi consensus processes in healthcare (21). However, the 35 

participants in our study were double the median of 17 (IQR, 11–31) participants in other 

Delphi processes (21). We chose to exclude continuous, noninvasive ICP measurements 

insufficiently validated for clinical use (15) and other emerging technologies. Familiarity 

with existing devices may have influenced expert preferences, and the limited evidence 

base for MNM may have biased consensus regarding contexts of use. We had broad 

representation among experts but were limited in our ability to generalize areas of consensus 

to pediatric intensive care. We did not address emerging economies with unique needs and 

resources. Finally, we acknowledge that not all brain monitoring modalities are equivalent: 

different risk/benefit thresholds exist for the use of invasive versus noninvasive modalities, 

and some may be more helpful than others to evaluate specific pathology.

CONCLUSIONS

This Delphi process provides expert consensus supporting practice standards for the use of 

MNM to guide individualized intensive care for at-risk patients. We provide a framework 

informed by areas of consensus to guide the selection of technologies necessary for 

MNM and establish that the effort required to integrate and interpret MNM information 

is independent from daily clinical care. This consensus statement also provides avenues to 

enhance implementation of MNM and provide training and education for its broader use.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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KEY POINTS

Question:

What consensus exists for the use of multimodality neuromonitoring (MNM) in clinical 

care?

Findings:

MNM requires skill and expertise to integrate and interpret information consistently 

across clinical scenarios using a minimum set of technologies to guide and individualize 

management.

Meaning:

Practice standards are needed to best use MNM, and we provide expert consensus to 

support these standards.

Foreman et al. Page 12

Crit Care Med. Author manuscript; available in PMC 2024 April 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DEFINITIONS USED FOR THE DELPHI PROCESS

Multimodality neuromonitoring (MNM)

“Neuromonitoring” refers to the use of any frequent (ideally continuous) measure of 

brain physiology that can be obtained at the bedside to detect clinically important 

events in real-time. “Multimodality” refers to the use of more than one source of 

measurements for a more comprehensive assessment of the brain, implying a higher level 

of complexity reserved for selected at-risk patients, typically in an intensive care setting 

in patients with limited neurological examination. MNM is distinct from neurodiagnostic 

approaches such as radiological tests or tests ordered infrequently or as-needed, such as 

somatosensory evoked potentials or serum-based biomarkers.

Contexts of use

Broadly, contexts of use include the users, tasks, equipment, and both physical and social 

environments in which a system of service is used. In this case, contexts refer to the 

medical environment, including the type of problem that a patient may have for which 

MNM might be useful or helpful.

Data

The set of integrated measurements collected during the course of MNM which can be 

used for review, manipulation, or analysis.

Devices

Technologies, typically hardware, used to generate measurements used for brain 

monitoring by interfacing directly with the patient such as intraparenchymal strain gauge 

catheters, optical imaging pads, or electrodes and amplifiers.

Measurements

The quantifiable parameters that form one of a set of numerical data that defines and sets 

conditions for a system, in this case the brain and its neurophysiology.

Modalities

The strategies used to monitor the brain, including routine vital sign monitoring, 

noninvasive technologies such as scalp electroencephalography, and invasive approaches 

such as intracranial pressure monitoring.

Monitors

Hardware that records the output of devices locally, typically within a patient’s room. 

Examples include intracranial pressure monitors, electroencephalography systems, and 

bedside vital sign monitors.

Technologies

Any hardware or software that is applied for practical purposes to MNM.
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Figure 1. 
Delphi process flow diagram.
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Figure 2. 
Core concepts necessary for clinical neuromonitoring. Participants were asked to select 

each core concept that was felt to be critically important for a clinician to have an 

adequate knowledge base for understanding and interpreting multimodality neuromonitoring 

information. Concepts in orange achieved agreement, defined as selection by greater than 

two of three participants; those in light gray did not meet the threshold for agreement. The 

y-axis reflects the number of participants that selected each concept out of a total of 35.

EEG = electroencephalography, SD = spreading depolarizations, SZ = seizures.
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