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Abstract
Secondary brain injury after neurotrauma is comprised of a host of distinct, potentially concurrent and interacting mechanisms 
that may exacerbate primary brain insult. Multimodality neuromonitoring is a method of measuring multiple aspects of the 
brain in order to understand the signatures of these different pathomechanisms and to detect, treat, or prevent potentially 
reversible secondary brain injuries. The most studied invasive parameters include intracranial pressure (ICP), cerebral perfu-
sion pressure (CPP), autoregulatory indices, brain tissue partial oxygen tension, and tissue energy and metabolism measures 
such as the lactate pyruvate ratio. Understanding the local metabolic state of brain tissue in order to infer pathology and 
develop appropriate management strategies is an area of active investigation. Several clinical trials are underway to define 
the role of brain tissue oxygenation monitoring and electrocorticography in conjunction with other multimodal neuromoni-
toring information, including ICP and CPP monitoring. Identifying an optimal CPP to guide individualized management 
of blood pressure and ICP has been shown to be feasible, but definitive clinical trial evidence is still needed. Future work 
is still needed to define and clinically correlate patterns that emerge from integrated measurements of metabolism, pres-
sure, flow, oxygenation, and electrophysiology. Pathophysiologic targets and precise critical care management strategies to 
address their underlying causes promise to mitigate secondary injuries and hold the potential to improve patient outcome. 
Advancements in clinical trial design are poised to establish new standards for the use of multimodality neuromonitoring 
to guide individualized clinical care.
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Introduction

The worldwide incidence of neurotrauma is estimated to be 
more than 27 million annually, and nearly 5.5 million suf-
fer from severe traumatic brain injuries (sTBI) that require 
intensive care [1, 2]. Despite advances in management prac-
tices, sTBI continues to carry high mortality (20–40%) and 

substantial morbidity among survivors of whom an estimated 
half have moderate-to-severe disability even 1 year follow-
ing injury [3, 4]. The focus of critical care management after 
sTBI is to prevent, detect, and mitigate secondary brain inju-
ries (SBI) that are known to cause irreversible brain tissue 
injury and contribute to poor patient outcomes [5–8]. SBI 
are characterized by a cascade of biochemical, cellular, and 
molecular events underlying evolving structural tissue dam-
age and impacted by the effects of systemic insults, such as 
hypotension and hypoxemia [9]. To conceptualize SBI in a 
clinically actionable way, the term “brain shock” has been 
proposed akin to acute systemic circulatory failure associated 
with a mismatch between oxygen and energy-substrate sup-
ply and demand [10–12]. The end-result is cellular dysoxia, 
energy crisis, and if not reversed cell death.

Multimodality neuromonitoring (MNM) is a method 
of integrating and interpreting multiple sources of infor-
mation to better recognize, understand and respond to the 
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development of SBI. Although a universal definition or a 
minimum accepted set of modalities does not exist, measure-
ments that are frequently used include compartmental (e.g., 
intracranial) and perfusion pressures, tissue oxygenation and 
metabolism, pressure autoregulation, and electrophysiology 
[13]. Existing evidence for brain monitoring has focused 
on individual measurements and their utility in managing 
patients with sTBI. However, there is growing recognition 
that the use of integrated, complementary information may 
be better suited to guide individualized care rather than rely-
ing on a one-size-fits-all approach.

MNM in the adult sTBI population is typically associated 
with the use of invasive monitoring devices, including those 
that measure intracranial pressure (ICP) and derived pres-
sure reactivity indices (e.g., PRx), cerebral perfusion pres-
sure (CPP) and estimations of optimal CPP  (CPPOPT), partial 
brain tissue oxygen tension  (PbtO2), cerebral microdialysis 
(CMD), and electrocorticography (ECoG). An understand-
ing of these individual modalities and their existing evidence 
forms an important context for understanding how the use 
of MNM to guide management in sTBI has become the next 
frontier of clinical trial design aimed at improving the out-
come of these patients.

Individual Modalities

Intracranial Pressure and Derived Indices  
(CPP, PRx, CPPOPT)

ICP management has been a central tenet, if not a sine qua 
non, in the critical care of patients with sTBI. Measurements 
of ICP provide threshold-based targets for ICP and CPP. 
Using such targets has been the recommended strategy in the 
Brain Trauma Foundation (BTF) guidelines [14], and further 
supported in more recent expert consensus statements [15]. 
Observational and survey data, across different geographical 
health care settings, also suggest that it is the single most 
common invasive modality employed for the management 
of sTBI patients [16–19]. The current paradigm of manag-
ing ICP/CPP is based on escalating tiers of interventions 
according to threshold values. The BTF recommends treat-
ing ICP > 22 mm Hg because cohort-level values above this 
have been associated with increased mortality (level IIB rec-
ommendation) and to include clinical and radiographic data 
in management decisions (level III) [14, 20]. Intracranial 
hypertension (IHT) has been strongly associated with mor-
tality in observational investigations [20–23]. Additionally, 
several studies suggest that care in specialized centers that 
practice protocol-driven therapy—typically including ICP 
monitoring—is associated with lower mortality and better 
outcomes in patients with sTBI [24–29]. However, reports 
of benefit are not universal as conflicting studies have found 

either no effect or harm from ICP-guided management 
[30–34]. The only available randomized controlled trial 
(RCT) was conducted in Bolivia and Ecuador and compared 
management of sTBI patients using invasive ICP monitoring 
vs. imaging and clinical exam only. This study found no sig-
nificant between-group differences in morbidity or mortality 
measured at 6 months post-injury [35].

The dominant treatment paradigm based on population-
based single ICP/CPP thresholds is criticized for several rea-
sons. First, the methodologic approach used to derive the 
BTF-recommended ICP threshold for clinical interventions 
was based on a single cohort-level association of a mean 
ICP value calculated over several days of monitoring with 
dichotomized functional outcome; it follows that this value 
is an epidemiologic and not a patient-specific threshold. It 
should also be noted that a more recent investigation (includ-
ing TBI and non-TBI patients) using principal component 
analysis, and elastic net regression, identified thresholds less 
than 19 mmHg to be associated with better outcomes [36]. 
The point is that the analytic process employed in identify-
ing outcome-discriminating thresholds may make a differ-
ence in the recommended threshold. A further issue with the 
BTF approach is that the methodology pursued to derive this 
value cannot allow for differentiation between a potentially 
modifiable therapeutic target and a mere surrogate of sever-
ity. Second, triggers for intervention are based on unidimen-
sional excursions over a certain number, whereas degree and 
duration of intracranial hypertension, i.e., dose or burden of 
insult are not considered. Third, a fixed threshold (e.g., ICP 
values above 22 mmHg) ignores the phenotypic diversity 
among different types of sTBI, individual patient charac-
teristics, and the temporal progression of injury. Addition-
ally, a focus on ICP/CPP alone ignores other crucial patho-
physiologic variables that provide insight into relationships 
between cerebral blood flow, oxygen delivery and utiliza-
tion, and cerebral metabolism. Along these lines, there is 
a focus on what can be conveniently measured rather than 
what matters in detecting or predicting SBI. Finally, the risk/
benefit ratio for initiating potentially harmful interventions 
based on these fixed goals requires both context-specific 
and dynamic consideration [37–39]. These criticisms are 
partly acknowledged in the BTF guidelines by suggesting 
that rather than accepting a generic, absolute ICP thresh-
old, an attempt should be made to individualize thresholds 
based on patient characteristics, on risk/benefit considera-
tions for initiating treatment for elevated ICP values, and 
on other important variables that can be incorporated into 
decision-making.

Continuous ICP monitoring offers the ability not just 
to trend mean values, but to derive metrics that describe 
intracranial compliance and pressure–volume compensatory 
reserve [40]. The pulsatile ICP waveform can be physiologi-
cally understood as a surrogate of cerebral blood volume 
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(CBV) and when correlated to spontaneous arterial blood 
pressure (ABP) fluctuations, offers a window into the qual-
ity of cerebrovascular pressure reactivity [40]. Cerebrovas-
cular pressure reactivity is defined as the ability of vascular 
smooth muscle to respond to changes in transmural pressure 
and can be investigated by observing the relationship (or 
phase) between continuous ICP and ABP waveforms [41]. In 
pressure-reactive conditions, a rise in ABP leads within 5 to 
15 s to vasoconstriction leading to a reduction in CBV, and 
consequently ICP; if pressure-passive, ABP, CBV, and ICP 
all move in the same direction. A computer-aided method 
developed at Cambridge University, calculates and displays 
a moving coherence/correlation index between spontaneous 
slow waves (20–200 s) of ABP and ICP. This method derives 
a pressure reactivity index (PRx) that has values in the range 
between − 1 and + 1. A negative or zero value reflects a nor-
mally reactive vascular bed, whereas positive values reflect 
passive, nonreactive vessels. The PRx has been shown to 
independently correlate with clinical outcome after TBI and 
discrimination thresholds for survival (PRx > 0.25) and for 
favorable outcome (PRx < 0.05) have been reported [20]. In 
addition, a change of PRx from zero or negative to posi-
tive has been used to identify the lower inflection point in 
the pressure-flow autoregulation curve under experimental 
conditions [42]. PRx plotted against CPP shows a U-shaped 
curve, whose minimum theoretically corresponds to the pla-
teau section of the curve. This value was termed the “optimal 
CPP”  (CPPOPT). Perfusion pressures lower (increased mor-
tality) and higher (increased disability) than  CPPOPT have 
been associated with worse outcomes [43, 44]. However, 
the PRx has also been recently used in examining patient-
specific PRx-weighted ICP thresholds [45, 46]. When these 
individualized thresholds were used to quantify ICP burden 
based on ICP dose, i.e., pressure × time, they were stronger 
predictors of 6-month clinical outcome as compared with 
ICP doses derived from the generic thresholds of 20- and 
25-mm Hg (despite larger absolute ICP doses derived based 
on standard thresholds) [47]. These studies suggest that the 
impact of ICP on clinical outcome is critically linked with 
the state of cerebrovascular pressure reactivity; pressure-
passive conditions add vulnerability in the presence of 
intracranial hypertension.

To assess and monitor cerebral autoregulation (CA) in the 
absence of direct measures of CBF, surrogates of CBF are 
used. Recently, a group of 25 experts reviewed the available 
methodological and clinical literature aiming to reach con-
sensus for methods to clinically assess CA [48]. The methods 
they reviewed can be categorized by their CBF surrogate: 
transcranial Doppler flow velocity (transfer function analysis, 
ARI, Mx), ICP (PRx, L-PRx, LAx), brain tissue oxygena-
tion (ORx, TOx, THx), and microdialysis-derived glutamate. 
Only two methods have employed regional CBF measure-
ments (Lx, CBFx). These metrics reflect time-synchronized 

and averaged moving correlation coefficients between ABP 
(or CPP) changes and their corresponding CBF surrogate. 
Derived indices are noisy and require time-averaging over 
hours; primary signals must be filtered to remove high-
frequency transients and oscillations, in order to sample 
slow vasomotor waves [49]. The PRx was found to be the 
most studied and therefore most accepted CA assessment 
method despite lack of clear validation, concerns that it 
cannot capture differential behavior of CA with increasing 
versus decreasing CPP, poorly understood interference with 
other sources of CBF regulation (e.g., metabolism and oxy-
gen/ventilation), poor signal-to-noise ratio, and the need for 
additional software to derive these indices. The purpose of 
continuous autoregulation monitoring is to allow precision 
individualized approaches that contribute to alleviating cer-
ebral dysoxia and energy metabolic crisis. At the same time 
more data is needed on how to incorporate autoregulation 
monitoring into treatment protocols that shift the benefit-risk 
of interventions toward improved patient outcomes.

A first step regarding the feasibility of implementation 
has been accomplished by the completion of the  CPPOPT 
Guided Therapy: Assessment of Target Effectiveness (COG-
iTATE) phase II clinical trial (NCT02982122) [50]. COGi-
TATE was a European, four-center, non-blinded phase II 
RCT. The study was powered to achieve a 20% increase in 
percentage of monitored time with CPP concordant ± 5 mm 
Hg of the  CPPOPT (primary outcome). Patients were rand-
omized to either CPP 60–70 mm Hg or targeting the  CPPOPT. 
Twenty-eight patients were randomized to the control and 
32 patients to the intervention group. CPP in the interven-
tion group was in the target  CPPOPT range 46.5% (95% CI 
41.2–58%) of the monitored time and there was significantly 
less time spent below  CPPOPT in the intervention group 
(19.1% vs. 34.6% in the control group; p < 0.001). There 
were no significant differences between groups for TIL or 
for other safety endpoints. The COGiTATE study suggests 
it is feasible to monitor and target  CPPOPT in selected neu-
rocritical care units with prior experience with this monitor-
ing. Larger prospective studies are needed to further define 
safety and efficacy of a  CPPOPT-guided treatment strategy.

Continuous monitoring of ICP and derived parameters 
offers the further opportunity towards prediction modeling 
of impending or future physiologic crises events [51]. The 
current therapeutic paradigm is a reactive one, where fixed, 
population-based treatment thresholds are observed and 
acted upon to reduce SBI. However, by the time treatment 
is enacted, it may be too late. The ability to predict the onset 
of physiologic crises could provide clinicians with valuable 
time to attempt aborting or manage these episodes more 
effectively, instead of merely reacting against ongoing SBI 
[52]. Prediction efforts have taken the form of ICP fore-
casting, involving algorithms designed to predict future ICP 
values, and ICP dose prediction, which involves algorithms 
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aimed at the development of early warning systems of 
impending crisis events [53]. A few successful attempts uti-
lizing high resolution, high frequency data from CENTER-
TBI and from the BOOST-II trial have been recently pub-
lished [54–56]. These reports show acceptable accuracy and 
potential clinical utility of prediction models for intracranial 
hypertension and brain tissue hypoxia; nevertheless, they 
await prospective validation before implementation towards 
prediction and prevention of SBI.

Partial Brain Tissue Oxygen Tension  (PbtO2)

In 1956, Clark described the principles of an electrode that 
could measure oxygen tension polarographically in blood 
or tissue [57]. The diffusion of oxygen molecules through 
an oxygen-permeable membrane into an electrolyte solu-
tion causes depolarization at the nearby cathode, starting 
an electrical current related to the amount of oxygen. These 
measurements today are performed via the Licox catheter 
(Integra Neurosciences; San Diego, CA). The probe has a 
diameter of 0.5 mm, and the measurement area is 13–18 
 mm2; clinical experience has shown a run-in time before sta-
ble measurements are obtained of less than 2 h. The catheter 
requires temperature correction by means of core tempera-
ture or, preferably, measurement of brain temperature. Other 
technologies have been developed using fiberoptic sensors 
to detect changes in the absorption of light relative to the 
free diffusion of oxygen molecules. The Neurovent-PTO® 
(Raumedic, Inc; Mills River, NC) catheter has a diameter 
0.63 mm and a measurement area of 22  mm2. In one study, 
a run-in time of a median of 8 h was required prior to stable 
measurements [58]. Both have been validated as accurate 
although differences may exist within clinical margins of 
error in absolute values, particularly in the setting of brain 
tissue hypoxia [59].

A question that remains not fully elucidated relates to 
the physiologic significance and interpretation of par-
tial brain tissue oxygen tension  (PbtO2) values. Is  PbtO2 
simply a CBF surrogate? Can it be used as an indicator 
of the balance between oxygen delivery, demand, and 
consumption? The current working model suggests that 
 PbtO2 should not be simplistically viewed as a marker of 
ischemic hypoxia but rather as a complex measure result-
ing from the various mechanisms involved in the oxygen 
delivery-utilization pathway [60, 61]. Gupta et al. demon-
strated that  PbtO2 does not represent end-capillary oxygen 
tension alone [62]. Subsequently, Menon et al. highlighted 
the importance of diffusion barriers in the oxygen pathway 
from blood to the mitochondrial respiratory chain; this 
barrier is localized in the microvasculature with structural 
substrates of vascular collapse, endothelial swelling, and 
perivascular edema [63]. Diringer et al. found no improve-
ment in the cerebral metabolic rate for oxygen  (CMRO2) 

after normobaric hyperoxia, “disconnecting”  PbtO2 and 
 CMRO2 [64]. Rosenthal et  al. reinforced the idea that 
 PbtO2 is not closely related to total oxygen delivery or 
to cerebral oxygen metabolism, and instead identified a 
parabolic relationship between  PbtO2 and the product of 
CBF and arteriovenous oxygen tension difference [65]. 
More recently, Launey et al. performed positron emission 
tomography (PET) concurrently with  PbtO2 and jugular 
venous bulb saturation  (SJVO2) monitoring and found 
no association between PET-derived ischemic brain vol-
ume (IBV) and  SJVO2 or  PbtO2 (many individuals with 
 PbtO2 < 15  mmHg had IBV values within the control 
range) [66]. The authors inferred that focal  PbtO2 moni-
toring is not reliably associated with global or regional 
burden of ischemia. Another possible inference is that a 
low  PbtO2 with control-range IBV may reflect situations 
of tissue hypoxia where there is no augmentation of oxy-
gen extraction fraction (OEF; as may be encountered with 
diffusion barrier hypoxia, mitochondrial dysfunction and 
microvascular shunting [12]).

Nonetheless, brain tissue oxygenation has been shown 
to have prognostic value as persistently low values have 
been associated with tissue necrosis and poor clinical out-
come [6, 67–69]. These observations motivated undertak-
ing prospective evaluations of monitoring and targeting 
 PbtO2. An important step forward comprised of a phase 
II RCT of the safety and efficacy of brain tissue oxygen 
monitoring. In the Brain Tissue Oxygen Monitoring in 
Traumatic Brain Injury (BOOST-2) trial, 110 patients 
were randomized to treatment based on ICP monitoring 
alone (goal ICP < 20 mm Hg) versus treatment based on 
ICP and  PbtO2 (goal > 20 mm Hg) [70]. The primary out-
come was achieved with a median fraction of time spent 
with brain tissue hypoxia  (PbtO2 less than 20 mm Hg) 
of 44% + / − 31% in the ICP group vs. 15% + / − 21% in 
the ICP +  PbtO2 group (P < 0.00001). There was no sig-
nificant difference between adverse events and protocol 
violations were infrequent. A pre-planned non-futility out-
come measure was also met, with a nonstatistical trend 
toward lower mortality and better outcome at 6-months in 
the ICP +  PbtO2 group. The investigators concluded that a 
treatment protocol guided by both ICP and  PbtO2 reduces 
the duration of measured brain tissue hypoxia. The use of 
brain tissue oxygenation, in conjunction with ICP moni-
toring, is garnering increasing attention and is currently 
under study in three RCTs: BOOST-III in North America 
(NCT03754114), the Brain Oxygen Neuromonitoring in 
Australia and New Zealand Assessment Trial (BONANZA) 
(ACTRN12619001328167), and the French OXY-TC trial 
(NCT02754063). These trials represent some of the larg-
est trials to test the use of MNM to guide management 
after sTBI and will provide pivotal knowledge on its use 
to improve patient outcomes.
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Cerebral Microdialysis

Cerebral microdialysis (CMD) is performed using an intrac-
ranial catheter with a 20  kDa microdialysis membrane 
within subcortical white matter. Using a steady flow of 0.3 
µml/min, perfusate freely exchanges with interstitial fluid, 
which is subsequently collected over the course of an hour. 
Small molecules that represent the substrate and products of 
glycolytic energy metabolism are measured using enzymatic 
reagents and colorimetric sensors including glucose, lactate, 
and pyruvate. In addition, cell injury markers are measured 
such as glycerol and glutamate. In an expert consensus 
summary statement, CMD was recommended as a monitor 
for several SBI mechanisms including ischemia, hypoxia, 
energy failure, and neuroglycopenia [71, 72].

In a meta-analysis of observational studies that focused 
on patients with TBI, the ratio of lactate to pyruvate (LPR) 
was associated with poor functional outcome at 3–6 months 
when values exceed 25 or 40, depending on the study [8]. 
Elevations in LPR > 40 define metabolic crisis and have been 
linked with non-ischemic reductions in  CMRO2 suggestive 
of reversible areas of mitochondrial dysfunction resulting 
from TBI [73, 74]. These elevations correspond to elevations 
in ICP or decreased CPP [8], seizures [75] and spreading 
depolarizations [76]. Furthermore, the presence of metabolic 
crisis is associated with long-term structural changes, with 
one study documenting frontal atrophy 6-months following 
trauma [77] and in a recent series of 14 patients, the LPR 
correlated with total cortical volume loss of 1.9% (95% CI 
1.7–4.4%) with an r =  − 0.68 [78].

When LPR is elevated, studies suggest that reductions 
in pyruvate < 70 umol/L may correspond to ischemia rather 
than mitochondrial dysfunction, although the former is far 
less common than the latter [79]. In the setting of high LPR, 
pyruvate levels can be helpful in terms of differential diag-
nosis. In a flow-dependent state where flow is inadequate 
leading to anaerobic metabolism, pyruvate is consumed. In 
addition, as delivery of glucose is also interrupted, pyru-
vate further decreases. On the other hand, in primary mito-
chondrial dysfunction and due to hyperglycolysis there is a 
large production of lactate, however tissue pyruvate remains 
preserved or even slightly increases [12]. Differentiating 
between these two phenotypes of LPR elevation can have 
therapeutic implications such as augmenting flow and oxy-
gen delivery would only be justified when the biochemical 
pattern suggests flow-dependency.

To avoid dysfunction in energy metabolism, the brain 
requires adequate glucose supply. Low CMD glucose con-
centrations have been associated with poor outcome [8] and 
consensus-based thresholds of 14.4 mg/dL or 18 mg/dL have 
been proposed [71]. In the setting of hyperglycolysis, either 
from increased conversion of glucose to lactate or shunt-
ing toward the pentose phosphate pathway, brain glucose 

may be low despite normal serum glucose [80]. In fact, a 
“normal” serum glucose target of 110–140 mg/dL may be 
associated with inadequate brain glucose [81, 82] and brain/
serum glucose thresholds < 0.12 (expected normal ratio 0.4) 
have been associated with metabolic crisis [83]. Metabolic 
stressors that increase  CMRO2 or provoke hypoxia/ischemia 
both impact brain glucose levels and the LPR (see example 
in Fig. 1). Most observational studies focus on CMD as a 
principal modality but the interpretation of CMD informa-
tion requires the use of additional physiologic information 
to navigate the differential causes for changes in neurochem-
istry after TBI [84].

Management of patients with TBI based on CMD involves 
an understanding of underlying causes for observed abnor-
mal metabolic states, but existing interventional clinical tri-
als have instead focused on providing alternative sources of 
fuel to the brain after injury. A prospective, within-subjects 
clinical study of 13 patients with severe TBI compared tight 
(80–110 mg/dL) vs. liberal (120–150 mg/dL) glucose con-
trol and found higher cortical glucose metabolism in those 
with brain tissue hypoglycemia and increased LPR [85]. 
In another study, 24 patients received sodium lactate infu-
sion to alter CMD values rather than glucose. By provid-
ing lactate, which can be used by astrocytes or converted 
via lactate dehydrogenase to pyruvate, the concentration of 
interstitial brain glucose rose only in patients with mitochon-
drial dysfunction, comprising half of the studied cohort [86]. 
A prior study using this paradigm in 15 patients (2/3 with 
mitochondrial dysfunction) found that sodium lactate was 
associated with increased brain glucose and a decrease in 
interstitial glutamate; the increased osmolarity of the infu-
sion was also associated with decreased ICP [87]. Although 
multiple modalities were used in conjunction with CMD in 
this study, they were surrogates for the safety and efficacy 
of sodium lactate rather than providing targets for broader 
intervention. In a small study that involved 8 patients with 
TBI undergoing CMD, disodium succinate infusion locally 
within the monitored tissue resulted in decreased LPR and 
an increase in pyruvate suggesting that the alternative fuel 
bypassed portions of the oxidative phosphorylation machin-
ery and allowed improved aerobic metabolism [88]. A sub-
sequent study was performed testing a tier-based clinical 
protocol to identify abnormal metabolic states using CMD 
in conjunction with other invasive monitoring, including ICP 
and  PbtO2 [89]. In all, there were 33 patients enrolled and 
over the course of monitoring, mitochondrial dysfunction, 
defined as LPR > 25 in the absence of other multimodality 
abnormalities, occurred 15% more frequently than periods 
with elevated ICP and 19% more frequently than brain tis-
sue hypoxia; in 5 patients succinate administration resulted 
in reduced LPR (12%) and raised brain glucose (17%). 
Taken together, these prospective clinical studies suggest 
mitochondrial dysfunction can be mitigated therapeutically 
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although most point out that multiple modalities should be 
employed to rule out and treat other causes for abnormal 
metabolic states. There remains a lack of clinical trial evi-
dence for the use of CMD to improve clinical outcome.

Electrocorticography

The use of scalp EEG monitoring is well-established for 
patients with severe neurotrauma and is recommended in 
several guidelines for use primarily in detecting nonconvul-
sive seizures, which occur in 2–33% of patients with mod-
erate to severe TBI [90–93]. Translational science has long 
used electrodes placed directly on or within the brain, termed 
electrocorticography (ECoG), in animal models of diseases 
including TBI. In humans, the field of epilepsy pioneered 
the use of ECoG to refine localization of seizure onset zones 
for surgery based on its higher-resolution spatial sampling 
and a lower signal/noise ratio. Translating this approach into 
the ICU, the use of electrode strips placed in the OR under 
direct visualization in patients undergoing craniotomy or 
craniectomy began with its use to record spreading depo-
larizations for the first time in human subjects, 11/14 of 

whom had TBI [94]. ECoG strip recordings are achieved 
by using a 6-contact flexible strip that is placed over ~ 5 cm 
of contiguous cortex, ideally with its most distal electrode 
near the area of injury, providing a spatial continuum of 
the injury penumbra [95]. EcoG strip recordings have until 
recently remained a research tool in prospective observa-
tional studies, but centers have begun to adopt this tech-
nique as standard care. By contrast, recordings from depth 
electrodes began as a practical clinical tool supported by 
retrospective observational research [96]. Depth electrodes 
consist of an 8-contact array of electrodes spanning ~ 2 cm 
of the catheter and placed through a burr hole, skewering the 
cortex, which is generally recorded directly by 2–3 of the 
available electrodes. This technique is attractive because the 
electrode can be placed at bedside and anchored using bolts 
that accommodate multiple catheters for MNM [58, 96].

After TBI, early seizures are those that occur within 
7 days of injury. In a recent systematic review and meta-
analysis, authors identified just 9 RCTs that tested whether 
antiseizure drugs (ASDs) were useful to prevent early sei-
zures [97]. ASDs such as phenytoin or levetiracetam were 
found to be effective at reducing the risk for early seizures 

Fig. 1  Ischemic vulnerability. A young adult admitted after rollover 
all-terrain vehicle accident with post-resuscitation Glasgow Coma 
Scale score of 5 T and a unilaterally nonreactive pupil. Preoperative 
axial CT is shown in inset box (top) and demonstrated a left sub-
dural hematoma with midline shift. Post-operative CT demonstrates 
decompression after hemicraniectomy and evacuation of the sub-
dural hematoma and placement of a multimodality neuromonitor-
ing bolt in the right frontal region. The MNM data shown on the left 
was obtained post-trauma day 1. Twelve hours of monitoring data are 
presented. There is initially brain tissue hypoxia  (PbtO2) and hyper-
emia (rCBF) with an increase in brain water content (K) suggesting 
the development of cerebral edema. Initially, an increase in the sys-

temic oxygen saturation  (SpO2) resolves the brain tissue hypoxia. The 
lactate pyruvate ratio (LPR) remains less than 40 and the pyruvate 
and brain glucose concentrations are within normal limits. Because 
of the decompressive hemicraniectomy, intracranial pressure (ICP) 
is relatively preserved. A neurological examination is performed (red 
vertical line) resulting in an increase in cerebral blood flow, suggest-
ing an increase in the cerebral metabolic rate of oxygen metabolism 
 (CMRO2). The  PbtO2 remains preserved but there is a decrease in 
brain glucose with a drop in pyruvate concentration to < 70 umol/L 
and an increase in the LPR > 40, which meets the definition of 
ischemic metabolic crisis
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after TBI (OR 0.42; 95% CI 0.21–0.82). However, ASDs 
were not found to reduce the risk for post-traumatic epilepsy. 
These studies did not test the impact of ASD prophylaxis on 
other clinical outcomes beyond mortality, however. Hamper-
ing existing observational studies is the lack of standard-
ized use of continuous EEG (cEEG), which is required to 
diagnose nonconvulsive seizures. Nonconvulsive seizures 
are more common after acute brain injury relative to clinical 
seizures, and their recognition is an important consideration 
in management of patients with TBI. In a post-hoc analy-
sis of 251 patients with moderate to severe TBI enrolled 
in an RCT that required cEEG upon admission to ICU, 
the incidence of electrographic seizures was only 2.6%. In 
this study, the presence of both seizures and ictal-interictal 
patterns associated with seizures had no association with 
3-month functional outcome [92] but may have impacted 
cognitive recovery in survivors [98].

In contrast, ECoG recordings have demonstrated a much 
higher burden of seizures. Using ECoG strip electrode 
recordings, a prospective study that enrolled 138 patients 
with surgical TBI found an incidence of 28% relative to only 
13% of patients with seizures diagnosed using cEEG as part 
of standard care [99]. Depth ECoG studies have documented 
an incidence of seizures in up to 61% of patients [75]. In 
both studies, 40–50% of EcoG seizures were not observed on 
scalp EEG, suggesting seizures may be significantly under-
diagnosed when relying on clinical exam or on scalp EEG 
alone. No trial exists to test whether the management of acute 
seizures detected on scalp EEG or ECoG impacts outcome.

Spreading depolarizations (SDs) are large electrographic 
events that occur within cortex consisting of a complete 
depolarization of neural tissue that spreads at 3 mm/min 
across contiguous regions of cortex and manifest as a large 
amplitude, negative slow potential change in the ECoG sig-
nal lasting ~ 120 s. SDs are a marker and a mechanism of 
SBI, and their electrochemical and electrographic signatures 
are an order of magnitude larger than those observed dur-
ing seizures [100, 101]. Tissue depolarization is the electro-
graphic correlate of cytotoxic edema observed as restricted 
diffusion on MRI. Traditionally, clinical EEG amplifiers 
have included AC-coupled hardware which allow for stable 
recording of high-frequency EEG in the range that is typi-
cally reviewed: 0.5–70 Hz at standard sampling frequencies. 
However, AC-coupled amplifiers also filter the DC signal, 
eliminating the slow potentials that occur during SD. Next-
generation EEG amplifiers have been developed that are 
capable of recording DC signals and software filters capa-
ble of displaying either centered DC or near-DC EEG data. 
ECoG recordings provide the gold-standard for the detection 
of SDs, as slow potential changes dissipate in scalp EEG 
recordings. Tissue that has depolarized is unable to produce 
the post-synaptic potentials that create these higher frequen-
cies, and thus SDs are also associated with a depression of 

this activity. Due to the volume of cortex required to be 
simultaneously involved in these depressions, scalp EEG is 
only capable of detecting about 40% of the spreading depres-
sions observed using EcoG [102].

Prospective, observational clinical studies have demon-
strated a high burden of SDs using ECoG strip recordings 
in patients with sTBI requiring surgical decompression. In 
two multicenter studies including a total of 241 patients, 
SDs were detected in 56–60% of patients [103, 104]. SDs 
that occurred in clusters (defined as 3 SDs within a 2-h win-
dow [92]) or involved cortex in which the EEG was already 
electrically suppressed (termed isoelectric SDs) were asso-
ciated with a lack of motor recovery at the time of hospital 
discharge and double the odds for worse functional out-
come at 6 months (OR 2.29, 95% CI 1.13–4.65; p = 0.02). 
Importantly, the underlying pathophysiology of SBI after 
sTBI links both SDs and seizures. In a post-hoc analysis of 
patients enrolled in a prospective, observational study of 
SDs in surgical TBI, seizures were half as common as SDs, 
but occurred in 43% of patients with clustered or isoelectric 
SDs relatively to patients with no or sporadic SDs alone 
(18%). Seizures were often temporally associated with SDs, 
and the presence of seizures was independently associated 
with a worse EEG background and a lack of motor recovery 
at hospital discharge. However, seizures were not indepen-
dently associated with worse 6-month functional outcome, 
rather they modulated the association between SDs and 
outcome. Taken together, the co-incidence of both SDs and 
seizures suggests multiple avenues of potential therapeutic 
intervention; however, clinical decisions remain a matter of 
significant debate and RCTs have been limited [105]. Using 
a pilot, randomized multiple crossover design including 10 
patients with subarachnoid hemorrhage or TBI, the use of 
ketamine at doses of > 1.15 mg/kg/h was associated with less 
SDs; below this, the odds for SD increased by 13.8 (95% CI 
1.99–1000) [106]. The fact that ketamine can also be used 
to treat refractory seizures makes this intervention ripe for 
future study [107, 108]. See Fig. 2 which illustrates the indi-
vidual modalities discussed.

MNM Clinical Studies and Trials

Most of the clinical trial evidence for MNM management 
strategies to date has focused on single modalities. In a nar-
rative review of MNM studies [109], there were only 43 
studies that used more than one modality in patients with 
TBI specifically. Of these, 28 (65%) were observational in 
nature and half came from the same research group. All but 
two utilized ICP monitoring and four studies that studied 
ICP monitoring included only non-invasive optical imag-
ing or ultrasound-based monitoring modalities. Only three 
studies focused primarily on the use of MNM to guide 
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management as a primary intervention. In one study of 
113 patients admitted with sTBI, the intervention studied 
included both MNM and neurointensivist consultation and 
found that this programmatic change in clinical care resulted 
in improved 6-month functional outcome (OR 2.5, 95% CI 
1.1–5.3; p = 0.02) [110]. An increasing number of studies 
using sophisticated trial design are emerging to provide 
definitive evidence that individualized management based 
on MNM may improve outcome in patients with sTBI.

ICP and  PbtO2

BOOST3

The Brain Oxygen Optimization in Severe TBI Phase 3 
(BOOST-3) study is the follow-up RCT to the BOOST-2 
trial. It is designed as a multicenter, randomized, blinded-
endpoint comparative effectiveness study enrolling 1094 
patients, across North America with sTBI monitored with 
both ICP and  PbtO2 [111]. All patients enrolled receive 
both ICP and  PbtO2 monitoring devices and are rand-
omized to management guided by ICP alone (blinded to 

 PbtO2 values) vs. combined ICP +  PbtO2. Tier-based pro-
tocolized interventions are used to target ICP < 22 mmHg 
and  PbtO2 > 20 mmHg and active monitoring and man-
agement are carried out for a minimum of 5 days. The 
primary outcome measure is the Glasgow Outcome Scale-
Extended (GOSE) performed at 180 (± 30) days by a 
blinded central examiner. Favorable outcome is defined 
according to a sliding dichotomy where the definition of 
favorable varies according to baseline severity (predicted 
probability of poor outcome based on the IMPACT core 
model). As designed, BOOST-3 is powered to detect a 
10% absolute difference in clinical outcome. In a sup-
plemental study to BOOST-3, EEG will be added to both 
ICP and  PbtO2 to evaluate the relationship between these 
values in the setting of seizures and periodic discharges. 
The aim of the prospective, observational ELECTRO-
BOOST (ELEtroencephalography for Cerebral Trauma 
Recovery and Oxygenation) study is to understand the 
impact of seizures on multimodality physiology in order 
to identify dynamic EEG biomarkers representative of 
SBI and understand the impact of seizures and periodic 
discharges on outcome.
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Fig. 2  Neuromonitoring modalities. CMD, cerebral microdialy-
sis;  CPPOPT, optimum cerebral perfusion pressure; CSD, clustered 
spreading depolarization; ECoG, electrocorticography; ICP, intracra-

nial pressures; ISD, isoelectric spreading depolarizations;  PbtO2, par-
tial pressure of brain tissue oxygen; PRx, pressure reactivity index; 
SD, spreading depolarization
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BONANZA

The Brain Oxygen Neuromonitoring in Australia and New 
Zealand Assessment (BONANZA) trial aims to improve out-
comes post sTBI and reduce long-term healthcare costs and 
will enroll 860 patients with sTBI into a pragmatic, patient-
centered RCT of neuro-intensive care management based on 
early brain tissue oxygen optimization [112]. BONANZA, 
like BOOST-3, monitors  PbtO2 in a blinded fashion in the 
control arm allowing the evaluation of cumulative hypoxic 
burden between groups.

OXY‑TC

The Impact of Early Optimization of Brain Oxygenation 
on Neurological Outcome after Severe Traumatic Brain 
Injury (OXY-TC) study is a multicenter, open-labeled, ran-
domized controlled superiority trial with two parallel groups 
and target enrollment of 300 sTBI patients in France [113]. 
Invasive probes must be in place within 16 h from trauma 
onset. Patients are randomly assigned either to ICP alone 
or ICP +  PbtO2. This trial is different in that not all patients 
receive both probes. The ICP group is managed according 
to international guidelines to maintain ICP ≤ 20 mm Hg; 
however, no specific protocol directed at lowering ICP is 
dictated, and choice of treatments is left to clinical discre-
tion. The ICP +  PbtO2 group is managed to maintain ICP 
plus  PbtO2 ≥ 20 mm Hg. The primary outcome is GOSE at 
6 months (powered towards 30% relative reduction of unfa-
vorable outcome). Secondary outcomes include quality-of-
life assessment, mortality rate, therapeutic intensity, and 
incidence of adverse events during the first 5 days.

HOBIT

An alternative way of increasing  PbtO2 is to expose 
patients to hyperbaric oxygen therapy  (HBO2) produc-
ing an increased  PaO2 concentration and thus increased 
delivery of  O2 for diffusion to brain tissue [114]. It is cur-
rently unclear whether a certain threshold of  PbtO2 must 
be reached to see improvements in cerebral oxidative 
metabolism (preliminary evidence suggests this threshold 
may be ≥ 200 mmHg) [115]. Enhanced  O2 diffusion may 
revert anaerobic to aerobic metabolism and allow mito-
chondria to restore depleted cellular energy. Evidence of 
such improvement has been shown via increased  CMRO2 
following  HBO2 treatments in contrast to normobaric 
oxygen [116, 117]. These observations have motivated 
the ongoing Hyperbaric Oxygen Brain Injury Treatment 
(HOBIT) trial [118]. This is a multicenter North Ameri-
can phase II adaptive RCT with a target enrollment of 
200 sTBI patients. The two principal aims are to identify 
the optimal combination of  HBO2 treatment parameters 

(pressure, frequency, and intervening normobaric hyper-
oxia) that have a > 50% probability to improve 6-month 
GOSE in a subsequent phase III RCT.

Electrophysiology and Multimodal ICU Management

INDICT

Clinical and translational research on both causes and treat-
ment of SDs has resulted in a convergence of potential inter-
ventions that may be applied to the clinical setting. Studies 
have demonstrated that the threshold for the development 
of SDs is enhanced by low glucose levels, hypoperfusion 
(either low ABP or CPP) and brain tissue hypoxia [119]. 
In addition, increases in metabolic demand such as fever 
[120] or functional activation of tissue (i.e., stimulation of 
eloquent areas of cortex) create risk for the development of 
SDs [121, 122]. Pharmacologic blockade of NMDA currents 
has been demonstrated in multiple translational models to 
block or reduce the magnitude of SDs and in an observa-
tional study of patients with various disease processes, the 
use of ketamine has been shown to reduce the odds of having 
SDs (OR 0.38, 95% CI 0.18–0.79) [123].

With the clear impact of SDs on clinical outcomes and 
the practical targets for intervention that may reduce their 
burden, an RCT aimed at Improving Neurotrauma by Depo-
larization Inhibition with Combination Therapy (INDICT; 
NCT05337618) [124] began enrollment in 2022. This study 
includes patients undergoing surgical decompression for 
sTBI with an ECoG strip electrode placed as part of stand-
ard care. INDICT aims to enroll 72 patients, of which 60% 
are expected to have SDs and will subsequently be rand-
omized 1:1 into one of two arms: a standard ICU care arm 
and a tier-based intervention arm. This study is particularly 
novel in its targeting of a specific pathomechanism (SD) in a 
population enriched for this pathology by randomizing only 
those patients who exhibit SD after enrollment. Tier-based 
management first includes optimization of CPP, manage-
ment of ICP and  PbtO2, maintenance of adequate serum 
glucose levels, and avoidance of fever. If SDs continue to 
occur, these parameters are more aggressively managed, and 
ketamine is initiated at a dose of 1 mg/kg/h. For patients who 
are intubated and continue to exhibit SDs despite these inter-
ventions, ketamine is increased to a maximum of 4 mg/kg/h 
until SDs resolve. Patients then step down through the tier-
based management platforms as long as SDs do not recur. 
This phase IIb study aims to determine the feasibility of 
real-time ECoG-guided management strategy to reduce SD, 
improve cerebral physiology, and ultimately to reduce SBI. 
INDICT is powered to detect a 50% reduction in SD burden 
and will follow patients through 6 months to determine func-
tional, cognitive, and quality of life outcomes.
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Limitations and Considerations for MNM 
Trial Design

Open Questions in Interpretation of MNM Data

Indices such as  PbtO2 and LPR are derived from regional 
probes sampling a small volume of brain tissue. Depending 
on the location of the probe (e.g., proximity to a contusion 
or a subdural hematoma) and the nature of injury (e.g., 
diffuse vs. focal), interpretations of measurements and rec-
ommended actions may differ considerably. Caution is also 
needed in combining regional with global data, as when 
an external ventricular drain is used to derive ICP/CPP/
PRx/CPPOPT. This is salient as most interventions have 
systemic and not localized effects (such as focused suc-
cinate infusion mentioned earlier [89]). A further problem 
is the potential for regional heterogeneity that could result 
in conflicting intervention plans. For instance, different 
parts of the brain may demonstrate divergent and oppos-
ing physiology, e.g., coexisting hyperemia and ischemia 

[66]. Figure 3 illustrates how these create challenges to 
clinical decision-making. MNM also generates continu-
ous data that evolves over time and requires attention to 
the trends and changes that may require a re-evaluation of 
management strategy or real-time decisions for treatment. 
However, there is little evidence to guide an understanding 
of how physiologic patterns change over time, as for exam-
ple, in terms of possible transitions from macrovascular to 
microvascular ischemic mechanisms, or the duration and 
potential for reversibility of post-ischemic mitochondrial 
dysfunction. The ability to detect these changes over time 
is dependent on the resolution and frequency of meas-
urements and while intraparenchymal monitors may pro-
vide high frequency continuous data, CMD is performed 
hourly, and ultrasonography or imaging may be performed 
daily or less. Such differences in time resolution may 
interfere with interpretation of observed patterns, and lead 
to misguided action plans. A third open question relates to 
understanding that improving pathophysiology guided by 
MNM does not guarantee improved patient outcomes. The 

Fig. 3  Challenges in clinical decision-making. A young adult admit-
ted after motorcycle collision with pre-hospital hypoxia and post-
resuscitation Glasgow Coma Scale score of 6 T. Pre-monitoring axial 
CT is shown in inset box (top) and demonstrates multifocal super-
ficial and deep contusions with global cerebral edema. A multimo-
dality neuromonitoring bolt and an external ventricular drain were 
placed in the right frontal region (bottom). The MNM data shown on 
the left was obtained post-trauma day 2. Twelve hours of monitoring 
data are presented. During the first 6 h, regional cerebral blood flow 
measurements (rCBF) are consistent with hyperemia (black dashed 
box) which contributes to elevated intracranial pressure (ICP), a rel-
atively low cerebral perfusion pressure (CPP), and loss of autoregu-
latory function represented by an elevation in the pressure reactiv-
ity index (PRx; black). There is also brain tissue hypoxia  (PbtO2). 

In this case, the brain tissue hypoxia and elevations in ICP could be 
related to either hyperemia and microvascular shunting with diffusion 
hypoxia or a CPP below the lower limit of autoregulation creating 
vasodilatation and elevated cerebral blood volume. A decision was 
made to begin vasopressors (red vertical line). While increasing the 
CPP improved autoregulation and increased  PbtO2, it also drove an 
increase in hyperemia. A ventilatory change subsequently resulted in 
a sudden drop in end-tidal  CO2  (ETCO2; black arrow) resulting in a 
sharp decrease in ICP and resolution of hyperemia, suggesting devel-
opment of vasoconstriction;  PbtO2 was preserved. In this case, adjust-
ing two different parameters (increasing CPP and decreasing  ETCO2) 
resulted in the improvement of two different target parameters  (PbtO2 
and ICP)
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concern here is not to “throw the baby out with the bath-
water.” MNM data should primarily be helpful in provid-
ing insight into brain tissue physiology and patterns that 
suggest SBI or other changes in patient state. However, 
global functional patient outcomes are heavily influenced 
by various factors that may remain unrelated or unmodifi-
able regardless of the quality of MNM guidance.

Precautionary Tale of Pulmonary Artery Catheters: 
Clinical Trials of Diagnostic Tools

The pulmonary artery catheter (PAC) was developed in the 
1970s to measure cardiac output and pulmonary artery pres-
sures and to infer diastolic left heart filling pressures [125]. 
The multimodal assessment of cardiac function thus afforded 
was used to optimize preload and systemic vascular resistance 
in an individualized way in selected ICU patients. The use of 
the PAC was associated with changes in management in 80% 
of patients [126]. However, the PAC required interpretation 
of waveforms, multiple measurements, and the ability to infer 
specific relationships between cardiopulmonary pressures and 
volumes. The complexity of using this data to make correct 
management decisions is underscored by a study that found 
only 65% agreement with expert interpretation [127]. The use 
of this diagnostic tool was subsequently found to have no clear 
impact on survival in ICU patients in part because of a lack of 
a common strategy to guide its use and the misinterpretation 
of the data it provided [128].

Likewise, the use of brain-focused multimodality moni-
toring has evolved from its beginnings in the 1960s using 
external ventricular drainage catheters to continuously meas-
ure ICP and the interpretation of intracranial waveforms 
[129]. Today, a plethora of devices are available to meas-
ure pressure, flow, oxygenation, metabolism, and function 
within the brain tissue itself and these are tightly related 
to systemic physiology measured routinely in the ICU set-
ting, including cardiac telemetry, arterial blood pressure, and 
peripheral oxygen saturation. This data, similarly, is com-
plex and its interpretation is often subject to local expertise 
and bedside evaluation. There are no standards that exist 
for which combinations of measurements should be used in 
clinical care, how best to record or display these data, and 
how measurements should be interpreted over time [11].

Existing clinical trials targeting single modalities and 
using simple thresholds such as ICP or CPP alone have 
been largely unsuccessful [7, 35]. The use of multimodality 
monitoring offers the potential to refine and individualize 
critical care management much the way the PAC promised 
to do. Yet, clinical trials that specifically focus on the use 
of MNM data to improve outcome after TBI risk a simi-
lar fate if they are not designed cautiously (one should also 
consider the additional difficulty of including large num-
bers of patients in MNM studies). Pitfalls include (a) use 

in broad populations that are not enriched for the pathology 
targeted for intervention, (b) timing of monitoring infor-
mation, whether too early or too late relative to injury, (c) 
incomplete measurement of potentially useful parameters, 
(d) misinterpretation of what the data represents for a given 
patient, and (e) use of interventions that may not target spe-
cific pathologies but rather their manifestations, for instance 
treating elevations in ICP rather the underlying source of 
these elevations by giving hyperosmotic therapy when CSF 
diversion might be warranted.

Precision medicine relies on individual variability to tai-
lor management and physiology-based interventions rather 
than broadly applying a single intervention to a population 
at-risk. The BOOST-III study (NCT03754114) provides an 
excellent example of this form of trial design targeting com-
binations of ICP or  PbtO2 abnormalities depending on their 
potential underlying cause. Clinical trial design has also 
focused on enriched populations with specific pathology, 
such as SDs, with decades of evidence for their role in evolv-
ing secondary brain injuries. The INDICT study not only 
focuses on a specific physiology but leverages the tier-based 
multi-intervention approach of BOOST to truly individu-
alize management within the context of the heterogeneity 
of TBI. Finally, studies are leveraging big data generated 
using MNM by providing easy-to-understand visualization 
of analytic tools, enabling real-time management decisions 
specific to a given patient at a given time. The COGITATE 
trial (NCT02982122) has demonstrated the feasibility of 
strategies such as this.

A common theme that emerges from these and other 
novel study designs for patients with TBI is not the use of 
multimodality monitoring per se to positively impact out-
come. Rather, multimodality monitoring is being used for 
the identification of specific endophenotypes within the TBI 
population, to provide unequivocal definitions rather than 
relying on clinician interpretation, and to prescribe inter-
ventions that are flexible. There is recognition across the 
community of TBI researchers that there are no monolithic 
interventions or targets that will exist across any population 
sized to power efficacy for any specific outcome. Strategies 
to standardize approaches and to more rigorously interpret 
multimodality monitoring information will allow identifica-
tion of new and clinically relevant endophenotypes based on 
enhanced understanding of the pathophysiology underlying 
SBI. In doing so, MNM promises to inform the next genera-
tion of clinical trials and avoid the PAC trap.
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