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Abstract
Introduction: Cerebral hypoxia represents the final metabolic consequence of sustained intracranial pressure and 
impaired autoregulation. Continuous cerebral oxygen monitoring is essential to prevent secondary ischemic injury 
in neurocritical care particularly in severe traumatic brain injury, malignant infarction, and aneurysmal subarachnoid 
hemorrhage. It also guides management of systemic disturbances such as shock, sepsis, and respiratory failure and is 
increasingly used perioperatively in high-risk cardiac, carotid, and neurosurgical procedures.
Aim of the study: To synthesize physiological principles, monitoring modalities, and clinical applications of cerebral 
oxygenation across neurocritical care and perioperative settings, emphasizing bedside interpretation and integration 
within multimodal neuromonitoring.
Materials and Methods: PubMed and Scopus were searched (January 2010–January 2025) using MeSH terms and 
keywords including “cerebral oxygenation,” “brain tissue oxygen tension,” “jugular bulb saturation,” and “near-infra-
red spectroscopy.” Fifty-eight English-language studies (randomized controlled trials, observational studies, reviews, 
and editorials) were included. Non-English publications, animal studies, conference abstracts, unavailable full texts, 
and non–peer-reviewed articles were excluded.
Results: Brain tissue oxygen tension, jugular bulb oximetry, and near-infrared spectroscopy provide complementary 
insights. Brain tissue oxygen tension is invasive and region-specific (<25 mmHg indicates high risk), jugular bulb 
oximetry reflects global cerebral oxygen extraction, and near-infrared spectroscopy enables noninvasive regional 
trend monitoring. Multimodal neuromonitoring integrating these with intracranial pressure, transcranial Doppler, 
and electroencephalography improves detection and management of secondary ischemia. In neurocritical care, in-
vasive monitoring supports targeted interventions, whereas in ICU and perioperative settings, multimodal strategies 
balance diagnostic yield and feasibility.
Conclusions: Cerebral oxygen monitoring should be routinely implemented in high-risk patients. Multimodal neu-
romonitoring should be prioritized to detect hypoxia early and guide individualized cerebral perfusion strategies. 
Near-infrared spectroscopy should be used for continuous monitoring, while invasive modalities should be reserved 
for high-risk neurocritical patients. Standardized thresholds and protocolized approaches should be established 
through prospective, outcome-driven research.
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multimodal neuromonitoring, intracranial pressure, transcranial doppler, microdialysis.
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	�Introduction
Cerebral hypoxia is the final metabolic consequence 
of sustained intracranial pressure (ICP) elevation and 
impaired cerebral perfusion. When cerebral perfusion 
pressure falls below a critical threshold, oxygen deliv-
ery becomes insufficient, leading to metabolic distur-
bances and potential irreversible neuronal injury [1]. 
Preventing secondary ischemic brain damage remains 
a central objective in patients with acute neurological 
injury and severe systemic critical illness.

Several techniques have been developed to moni-
tor cerebral oxygenation and are widely used in neu-
rocritical care, particularly in traumatic brain injury, 
malignant infarction, and aneurysmal subarachnoid 
hemorrhage. Their application is expanding to general 
intensive care and perioperative medicine, where sys-
temic insults such as shock, sepsis, respiratory failure, 
or hypotension may disrupt cerebral oxygen balance 
[2].

However, the clinical value of cerebral oxygen moni-
toring remains incompletely defined, with heterogene-
ity in modalities, thresholds, and patient populations. 
This narrative review summarizes current evidence on 
monitoring techniques, their physiological basis, clini-
cal applications, and limitations, highlighting ongoing 
controversies and knowledge gaps relevant to multi-
modal neuromonitoring.

Beyond summarizing the literature, this article pro-
poses a physiology-based framework integrating sys-
temic determinants of oxygen delivery with regional 
and global cerebral oxygenation monitoring modali-
ties. It highlights the complementary roles and limita-
tions of PbtO₂, SjvO₂, and near-infrared spectroscopy 
across neurocritical, general intensive care, and perio-
perative settings, and proposes a practical multimodal 
monitoring algorithm to support bedside interpreta-
tion and individualized patient management.

A structured literature search of PubMed and Sco-
pus using predefined keywords and inclusion criteria 
was conducted to identify relevant studies, as detailed 
in the following Methods section.

	�methods 
Design: 

This narrative review was designed to provide an in-
tegrative overview of cerebral oxygenation monitoring 

across neurocritical care, intensive care, and periop-
erative settings. Given the heterogeneity of monitor-
ing modalities, study designs, and clinical contexts, a 
narrative approach was selected to allow synthesis of 
physiological principles, technical aspects, and clinical 
applications that are not amenable to formal systematic 
analysis or meta-analysis.

A targeted literature search was conducted in the 
PubMed and Scopus databases to identify relevant 
publications on cerebral oxygenation monitoring in 
neurosurgery and neurocritical care. The search cov-
ered articles published between January 2010 and 
January 2025 and combined Medical Subject Head-
ings (MeSH) and free-text terms related to cerebral 
oxygenation and multimodal neuromonitoring. Key 
search terms included “cerebral oxygenation,” “brain 
tissue oxygen tension,” “jugular bulb saturation,” “near-
infrared spectroscopy,” “intracranial pressure,” “multi-
modal neuromonitoring,” “subarachnoid hemorrhage,” 
“traumatic brain injury,” “hypotension,” and “sepsis,” 
used individually and in relevant combinations.

The review focused on human studies published in 
English, including randomized controlled trials, ob-
servational studies, and both narrative and systematic 
reviews. Editorials and expert commentaries were in-
cluded when they provided relevant conceptual or clin-
ical insights. Studies were screened by the authors based 
on relevance to physiological mechanisms, monitoring 
techniques, and clinical applicability. Disagreements 
regarding inclusion or interpretation were resolved 
through discussion until consensus was reached. Fifty-
eight of the 98 papers were eligible for inclusion in this 
review (Figure 1).

Included studies were appraised qualitatively using 
predefined criteria to enhance transparency, includ-
ing study design, sample size and population charac-
teristics, methodological rigor, risk of bias (selection, 
measurement, confounding), and consistency of find-
ings with established physiological principles. Greater 
interpretive weight was assigned to higher-quality evi-
dence (e.g., randomized and prospective studies), while 
lower-quality or heterogeneous data were used to con-
textualize emerging concepts and areas of uncertainty.

The selected literature was synthesized narratively 
to provide an overview of current evidence, ongoing 
controversies, and the clinical relevance of cerebral 
oxygenation monitoring. As this was a literature-based 
review, informed consent was not required.
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	�Results and discussion
1. Cerebral oxygenation monitoring (physiology and 
monitoring techniques) 

Cerebral oxygenation is determined by a complex in-
terplay of systemic and intracranial factors. Key deter-
minants include cardiac output, mean arterial pressure, 
partial arterial oxygen (PaO₂), and carbon dioxide 
pressures (PaCO₂), hemoglobin concentration, and in-
tracranial pathophysiology such as elevated ICP, vasos-
pasm, ischemic lesions, or massive intracranial hem-
orrhage. For each of these factors, specific monitoring 
modalities have been developed to provide reliable 
information on cerebral oxygenation and to guide tar-
geted therapeutic strategies. Several of these methods 
have been incorporated into routine clinical practice. 
Brain oxygenation monitoring can be performed using 
several techniques, including measurement of brain 
tissue oxygen tension (PbtO₂), jugular bulb oximetry 
(SjvO2), and near-infrared spectroscopy (NIRS) [3].  
Each method provides valuable but distinct informa-
tion regarding cerebral oxygen delivery and utilization. 

PbtO₂ monitoring offers a direct assessment of local tis-
sue oxygen levels within a specific region of the brain, 
reflecting the balance between cerebral blood flow, ox-
ygen delivery, and metabolic demand [4]. It is particu-
larly useful in detecting regional hypoxia that may not 
be apparent through global monitoring parameters. 
Jugular bulb oximetry, in contrast, provides a global 
estimate of cerebral oxygen extraction by measuring 
the oxygen saturation of venous blood draining from 
the brain. It is helpful for identifying global cerebral hy-
poxia or hyperoxia, but it lacks regional specificity and 
may be influenced by extracerebral contamination or 
improper catheter positioning. Near-infrared spectros-
copy is a non-invasive method that estimates regional 
cerebral oxygen saturation through the absorption 
characteristics of oxygenated and deoxygenated hemo-
globin. It allows continuous bedside monitoring and 
trend analysis, although its accuracy can be affected by 
extracerebral tissue interference and variations in scalp 
thickness or skin pigmentation. Together, these tech-
niques complement each other and can guide targeted 
interventions aimed at optimizing cerebral oxygena-

Fig. 1. Inclusion criteria diagram.
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tion and preventing secondary brain injury. 

2.  Brain tissue oxygen tension (evidence and limita-
tions)

Even when intracranial pressure (ICP) and cerebral 
perfusion pressure (CPP) are managed according to 
current guidelines, episodes of cerebral tissue hypoxia 
may still occur. These may arise from microvascular 
dysfunction, impaired oxygen diffusion, mitochon-
drial failure, or systemic disturbances that limit oxygen 
delivery despite apparently adequate global physiologi-
cal parameters. Observational studies have consist-
ently linked reduced PbtO₂ with worse neurological 
outcomes after severe traumatic brain injury (TBI), 
including delayed recovery, cognitive impairment, and 
long-term disability. However, these associations re-
main observational and do not demonstrate that cor-
recting PbtO₂ abnormalities improves outcomes. Inter-
est in PbtO₂ monitoring reflects the recognition that 
ICP and CPP alone may incompletely capture cerebral 
oxygenation following brain injury.

PbtO₂ is measured using invasive probes inserted 
into the brain parenchyma, allowing continuous as-
sessment of regional oxygen availability. This approach 
can detect focal hypoxic episodes not reflected by 
global parameters. However, important limitations ex-
ist. Measurements represent a small tissue volume and 
may not reflect global cerebral physiology, while probe 
placement typically near the contusion or in apparently 
normal tissue, can influence the recorded values. The 
invasive nature of the technique carries a small risk of 
hemorrhage or tissue injury and requires a stabilization 
period before reliable measurements are obtained [5].

Observational evidence supports the clinical rele-
vance of low PbtO₂ levels. Wettervik et al. reported that 
sustained reductions, particularly below 25 mmHg and 
more markedly below 15 mmHg, were associated with 
unfavorable neurological outcomes [6]. These associa-
tions may be confounded by injury severity or systemic 
disturbances and are strongest when occurring along-
side other physiological abnormalities, suggesting that 
tissue hypoxia reflects broader cerebral metabolic dis-
tress rather than an isolated therapeutic target.

Randomized trials have evaluated whether PbtO₂-
guided therapy improves outcomes. In the BOOST II 
trial, Okonkwo et al. randomized 119 patients across 
ten intensive care units to management guided by ICP 
alone or by combined ICP and PbtO₂ monitoring [7]. 
Combined monitoring significantly reduced the bur-

den of cerebral hypoxia, demonstrating physiological 
efficacy, but the trial was not powered to detect clinical 
outcome differences. In contrast, the multicenter OXY-
TC trial conducted by Payen et al. found no significant 
improvement in six-month functional outcomes with 
combined monitoring [8]. Differences in study design, 
including intervention strategies and patient hetero-
geneity, may partly explain these findings. Post-hoc 
analyses suggested possible benefit among selected pa-
tients, indicating that patient selection may influence 
clinical utility.

Two large ongoing randomized trials aim to clarify 
these uncertainties. The BOOST-3 trial is enrolling 
more than 1,000 patients with severe TBI to compare 
ICP-guided management with combined ICP and 
PbtO₂-guided therapy [9,10]. Similarly, the BONAN-
ZA-GT trial is evaluating early PbtO₂-guided treat-
ment versus standard ICP/CPP-based care in 860 
patients [11,12]. Their results will be critical in deter-
mining whether physiological improvements translate 
into meaningful clinical benefit.

Meta-analytic evidence remains inconclusive. A 
systematic review by Chang et al. reported a modest 
increase in favorable functional outcomes with com-
bined monitoring but no reduction in mortality [13]. 
However, small sample sizes and variability in moni-
toring protocols limit firm conclusions. Observational 
cohorts, such as Narotam et al. [14], have reported 
improved outcomes with PbtO₂-directed protocols, al-
though these findings are limited by confounding.

Overall, PbtO₂ monitoring provides valuable physi-
ological information and can identify regional hypoxia 
not detected by ICP and CPP alone. PbtO₂ monitoring 
is best regarded as a complementary physiological tool 
that enhances detection of cerebral hypoxia, with clini-
cal benefit dependent on its integration into targeted, 
individualized management rather than use as a stan-
dalone therapeutic target.

3. Jugular bulb oximetry (evidence and limitations)

Jugular bulb oximetry is a monitoring modality that 
reflects the global balance between cerebral oxygen 
delivery and consumption rather than regional brain 
oxygenation. A catheter positioned in the jugular bulb 
measures oxygen saturation in cerebral venous blood, 
either intermittently or continuously, providing an in-
direct estimate of overall cerebral oxygen extraction. 
Unlike PbtO₂ monitoring, which reflects localized 
oxygenation, SjvO₂ represents averaged venous out-
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flow from the entire brain. Consequently, its clinical 
value lies primarily in conditions associated with dif-
fuse cerebral injury, such as severe TBI, subarachnoid 
hemorrhage, and selected neurosurgical procedures 
where trends in global oxygen extraction may help 
identify cerebral hypoperfusion or increased metabolic 
demand [15–17]. However, because it reflects global 
rather than regional oxygenation, SjvO₂ may fail to de-
tect focal ischemia in heterogeneous brain injuries. In 
addition, its invasive nature, technical complexity, and 
the availability of more region-specific techniques have 
reduced its routine use in modern neurocritical care.

Physiologically, low SjvO₂ values indicate increased 
cerebral oxygen extraction and may suggest cerebral is-
chemia. Several studies support its potential prognos-
tic and diagnostic value. Senapathi et al. observed that 
SjvO₂ trends during the first 72 hours after severe TBI 
correlated with mortality, suggesting that sustained 
abnormalities may reflect ongoing cerebral metabolic 
distress [18]. Similarly, Moritz et al. reported that jugu-
lar bulb monitoring during carotid surgery could de-
tect cerebral ischemia during carotid clamping with 
reasonable sensitivity and specificity [19], supporting 
its role in identifying global perfusion imbalance.

However, other investigations highlight important 
limitations. Lee et al. found that SjvO₂ measurements 
did not reliably correlate with cerebral blood flow or 
metabolic markers in post–cardiac arrest patients [20]. 
Favier et al. suggested that in cases of elevated SjvO₂ 
in comatose cardiac arrest survivors, EEG may help 
identify patients likely to benefit from hypertonic sa-
line therapy [21]. Likewise, Keller et al. reported poor 
correspondence between SjvO₂ changes and cerebral 
blood flow in hemispheric stroke [22]. Chan et al. 
found that SjvO₂ below 45% was associated with sig-
nificant metabolic derangements and may represent an 
ischemic threshold [23]. In contrast, Richter et al. ob-
served that low SjvO₂ episodes were rare after cardiac 
arrest and that higher values were paradoxically asso-
ciated with worse outcomes, likely reflecting impaired 
oxygen utilization [24]. These findings illustrate a key 
limitation: as a global measure, SjvO₂ may not detect 
regional ischemia or localized metabolic failure.

Additional studies emphasize the importance of 
physiological context. Ramos et al. demonstrated that 
head elevation reduced intracranial pressure without 
affecting SjvO₂, indicating preserved global oxygen 
balance despite changes in intracranial dynamics [25]. 
Similarly, Kumari et al. reported comparable cerebral 

oxygenation during neurosurgery despite differences 
in SjvO₂ values with transfusion strategies [26]. These 
findings suggest that SjvO₂ fluctuations may reflect sys-
temic or procedural factors rather than direct changes 
in cerebral perfusion.

Given these limitations, multimodal approach has 
been proposed to enhance interpretation. Tsaousi et al. 
suggested that combining SjvO₂ with NIRS and tran-
scranial Doppler provides complementary insights 
into cerebral perfusion and oxygenation [27]. Similar-
ly, Ansar et al. highlighted that SjvO₂ and NIRS assess 
different physiological domains, with SjvO₂ reflecting 
global balance and NIRS providing regional cortical 
trends [28].

More broadly, reviews have reached similar conclu-
sions. Oddo et al. reported that while invasive tech-
niques such as PbtO₂ better detect regional hypoxia 
and support individualized strategies, SjvO₂ has lower 
diagnostic precision and limited evidence supporting 
routine use [29]. Consequently, it is increasingly con-
sidered a complementary physiological indicator rath-
er than a stand-alone modality.

Table 1. summarizes key studies designs on SjvO2 
use for cerebral oxygenation monitoring.

SjvO₂ is best interpreted as a complementary global 
indicator of cerebral oxygenation in diffuse brain injury 
or generalized hypoperfusion and requires integration 
with regional monitoring modalities to guide clinical 
decision-making and improve diagnostic accuracy.

4. Near-infrared spectroscopy (evidence and limita-
tions)

NIRS provides an indirect estimate of cerebral oxygen 
saturation and is widely used as a noninvasive adjunct 
for detecting cerebral hypoxia and guiding individual-
ized therapeutic interventions. Its ease of application 
and ability to provide continuous monitoring allow its 
use not only in neurosurgical and neurocritical care 
settings but also in broader clinical contexts where 
cerebral oxygenation monitoring is relevant [30,31]. 
However, its clinical value remains debated due to 
methodological limitations and variability in monitor-
ing techniques, diagnostic thresholds, and study end-
points.

Viderman et al. conducted a systematic review in-
cluding 2,291 patients across 19 studies and suggested 
that NIRS may serve as a screening tool for identify-
ing intracranial hemorrhage in TBI, particularly in 
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prehospital environments [32]. A negative NIRS result 
may help exclude hemorrhage and reduce unnecessary 
CT imaging, while early assessment may facilitate tri-
age to neurosurgical centers. However, heterogeneity in 
devices, patient populations, and thresholds limits the 
strength and generalizability of these findings.

Roldan et al. highlighted the potential value of NIRS 
as a bedside monitoring modality during acute TBI 
[33]. Continuous monitoring of regional cerebral oxy-
gen saturation may enable early detection of hypoxia 
and impaired perfusion, while dynamic changes may 
provide indirect insight into cerebrovascular autoregu-
lation. However, most studies are observational and fo-
cus on physiological variables rather than patient-cen-
tered outcomes, limiting conclusions regarding clinical 
impact.

Beyond neurocritical care, NIRS has been increas-
ingly evaluated in cardiothoracic anesthesia [34]. Dur-
ing cardiac surgery, cerebral oxygen saturation may 
fluctuate due to hemodynamic instability, arrhythmias, 

cardiopulmonary bypass, and circulatory arrest. In 
these settings, NIRS may allow early detection of cer-
ebral desaturation and support timely corrective inter-
ventions. However, evidence for improved neurologi-
cal outcomes remains inconsistent, as most studies rely 
on surrogate physiological endpoints.

This discrepancy is illustrated by the randomized 
trial by Bieze et al. in elderly patients undergoing major 
non-cardiac surgery [35]. Although NIRS-guided an-
esthesia reduced the duration of cerebral desaturation 
episodes, no significant reductions in postoperative 
morbidity or complications were observed, suggesting 
that detected desaturation does not always correspond 
to clinically relevant ischemic injury.

Several studies highlight important technical and 
physiological limitations of NIRS. Lukaszewski et al. 
reported persistently high NIRS values during brain 
death evaluation in a patient with massive intracranial 
hemorrhage, likely due to extracranial signal contami-
nation [36]. Similarly, Pedersen et al. demonstrated 

Table 1: Summary of Studies on Jugular Bulb Oximetry Monitoring.
Study 

(Author, Year) Population / Design Monitoring Method Conclusions / Implications

Ramos et al. Systematic review & meta-analy-
sis; 16 studies on head elevation in 
acute brain injury

ICP, CPP, SjvO₂, PbtO₂, AVDO₂ Moderate head elevation (30°) 
effectively lowers ICP without im-
pairing perfusion or oxygenation.

Tsaousi et al. Review on perioperative cerebral 
desaturation

NIRS, SjvO₂, TCD (multimodal) Multimodal monitoring improves 
detection but no proven out-
come benefit yet.

Senapathi et al. 63 patients with severe TBI, obser-
vational

SjvO₂ SjvO₂ is a prognostic indicator of 
mortality in severe TBI.

Moritz et al. 48 patients undergoing carotid 
surgery (regional anesthesia)

SjvO₂ SjvO₂ effectively detects cerebral 
hypoperfusion during carotid 
clamping.

Favier et al. Retrospective cohort, comatose 
cardiac arrest survivors

SjvO₂ + EEG Elevated SjvO₂ may indicate peri-
vascular edema; EEG can guide 
HTS therapy benefit.

Kumari et al. 80 adults in elective neuro-onco-
logical surgery, RCT

SjvO2 Transfusion of older PRBCs (>14 
days) appears safe in neuro-
oncologic surgery.

Lee et al. Retrospective analysis of 36 early 
post–cardiac arrest datasets

Jugular bulb parameters (%CBF, 
lactate/creatine ratio)

SjvO₂ and related metrics have 
limited value post–cardiac arrest.

Chan et al. 25 severe head injury patients SjvO₂ + cerebral microdialysis SjvO₂ <45% marks onset of ce-
rebral ischemia; represents isch-
emic threshold.

Keller et al. 10 patients with severe hemi-
spheric stroke

Jugular bulb oximetry, ICP, CBF SjvO₂ unreliable for perfusion 
monitoring in ischemic stroke; 
TBI thresholds not applicable.

Richter et al. Prospective study, 40 post–car-
diac arrest patients

Jugular bulb oximetry SjvO₂ seldom detects hypoxia 
post–cardiac arrest; limited util-
ity for management.

Ansar et al. Systematic review Jugular bulb oximetry, NIRS SjvO2 is useful for global cere-
bral ischemia, NIRS is practical 
and detects focal ischemia, 
combined multimodal may be 
optimal
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that oxygen saturation values measured at the dura did 
not differ significantly from those recorded at the skin, 
indicating a substantial extracranial contribution to 
the signal [37]. These findings reduce the specificity of 
NIRS for assessing true cerebral oxygenation.

Further evidence of both sensitivity and interpreta-
tive limitations was provided by Tobias, who observed 
significant variability in cerebral oxygenation during 
one-lung ventilation despite normal systemic oxygen 
saturation [38]. This suggests that cerebral hypoxia 
may occur independently of systemic oxygenation, al-
though the clinical significance of transient desatura-
tion remains uncertain.

The role of NIRS in guiding transfusion strategies 
has also been explored. Leal-Noval et al. reported that 
a NIRS-guided transfusion protocol resulted in fewer 
transfusions compared with a hemoglobin-based strat-
egy, although no clear improvement in major clinical 
outcomes was observed [39].

Several studies suggest that NIRS may assist in main-
taining cerebral oxygen balance, guiding transfusion 
decisions, identifying intracranial hemorrhage, and 
detecting intracranial hypertension [40,41]. However, 
variability in study design, monitoring devices, and in-
tervention protocols limits direct comparison between 
studies.

The technical limitations of NIRS are well summa-
rized by Moerman et al. [42]. Because oxygen satura-
tion is estimated indirectly through light absorption, 
measurements are susceptible to interference from am-

bient light, extracranial tissues, and variability in tis-
sue composition and probe positioning. Consequently, 
NIRS is more useful for monitoring trends rather than 
absolute values. In addition, it reflects a mixed vascu-
lar compartment and evaluates only a limited cortical 
region, meaning that focal ischemia outside the moni-
tored area may remain undetected.

NIRS allows continuous, noninvasive monitoring of 
regional cerebral oxygenation and may detect subclini-
cal hypoxia even when systemic oxygenation appears 
normal [30–42]. However, methodological limitations, 
extracranial signal contamination, and lack of stand-
ardized thresholds complicate interpretation. Table 2 
summarizes monitoring techniques and their clinical 
use.

NIRS is a practical and widely applicable tool for 
continuous monitoring and trend detection, but its 
limitations require cautious interpretation and integra-
tion with other neuromonitoring modalities to inform 
clinical decision-making.

5. Multimodal neuromonitoring concepts (evidence 
and limitations)

For many years, therapeutic strategies, follow-up, and 
prognostic evaluation in neurocritical care relied pri-
marily on clinical neurological examination and neu-
roimaging. While essential, this approach provides 
limited insight into secondary cerebral injury related 
to impaired oxygenation and perfusion, thereby over-
looking dynamic pathophysiological processes that 

Table 2: Cerebral Oxygen Monitoring Techniques.
Technique Description Clinical Availability / Typical Use

Jugular bulb venous 
oximetry

Provides a global estimate of cerebral 
oxygen balance but is invasive and in-
sensitive to focal ischemia.

Continuous monitoring of global cerebral oxygen-
ation in severe TBI patients, rare use in SAH, neuro-
surgery, cardiac surgery

Brain tissue oxygen tension 
monitoring

Offers direct regional measurement but 
requires neurosurgical probe placement.

Widely used in neurocritical care and research set-
tings, particularly in severe TBI, SAH, and selected 
neurocritical patients

Transcranial Doppler 
ultrasonography

Non-invasive and portable but operator-
dependent, providing only indirect oxy-
genation data.

Specialized centers; neurocritical care, stroke, SAH, 
perioperative monitoring

Positron emission 
tomography (PET)

The gold standard for assessing cerebral 
oxygen metabolism but impractical for 
continuous use.

Primarily research use; limited clinical availability

Functional magnetic 
resonance imaging (fMRI)

Offers high spatial resolution but is non-
continuous and unsuitable for unstable 
patients.

Research and elective clinical applications

Near-infrared spectroscopy 
(NIRS)

Allows continuous, non-invasive moni-
toring but is limited by extracerebral 
signal contamination and lack of stan-
dardized thresholds.

Widely available; used in cardiac, thoracic, vascular 
surgery, ICU, and prehospital screening
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evolve after the primary insult. Multimodal neuromon-
itoring (MMM) has emerged to address these limita-
tions by integrating multiple monitoring tools tailored 
to evolving cerebral physiology. The principal aims of 
MMM are early detection and characterization of sec-
ondary brain injury, continuous monitoring in patients 
with a Glasgow Coma Scale (GCS) score < 9 due to 
traumatic brain injury or subarachnoid hemorrhage, 
and guidance of timely, targeted interventions to limit 
secondary damage.

MMM combines clinical assessment, neuroimaging, 
and both invasive and non-invasive monitoring mo-
dalities, enabling a more accurate and individualized 
evaluation of cerebral physiology and prognosis. Core 
components include intracranial pressure monitoring 
via intraparenchymal or intraventricular catheters; op-
timization of systemic hemodynamics to maintain CPP 
around 60–70 mmHg; assessment of cerebral blood 
flow, most commonly with transcranial Doppler ultra-
sonography; evaluation of cerebral oxygenation using 
NIRS, PbtO₂, and SjvO₂; and analysis of cerebral me-
tabolism via microdialysis [43–45]. Table 3 summariz-
es key MMM concepts.

Despite increasing adoption, MMM approaches 
vary across studies, limiting direct comparison be-
tween strategies [46]. In a review by Taş et al., 45 stud-
ies were analyzed, of which only ten specifically evalu-
ated MMM-guided therapy. Intracranial monitoring 
and PbtO₂ were the most frequently used modalities, 
while SjvO₂ use declined with increased adoption of 
NIRS. Importantly, studies incorporating MMM were 
associated with improved patient outcomes [47].

By integrating data on autoregulation, blood pres-
sure, cerebral blood flow, oxygenation, and metabolism, 
MMM provides a more comprehensive understanding 
of cerebral physiology than conventional monitoring 

alone. However, further validation is needed to con-
solidate its clinical impact [48]. Each modality has in-
herent limitations, as outlined by Sharma et al. [49]. 
Neurological examination is valuable but requires re-
peated assessments; pupillometry is influenced by ana-
tomical and physiological factors; transcranial Doppler 
is operator-dependent and limited to selected vascular 
territories; NIRS primarily reflects frontal cortical oxy-
genation; and PbtO₂ provides regional information and 
is invasive [49].

MMM has been most extensively studied in trau-
matic brain injury. Casault et al. highlighted the value 
of components such as PbtO₂, pressure reactivity index, 
and cerebral microdialysis in guiding management of 
severe TBI [50]. Similarly, Robba et al. demonstrated 
that combined ICP and PbtO₂ monitoring supports 
individualized, physiology-driven management, facili-
tates early detection of secondary injury, and contrib-
utes to improved outcomes [51].

Its application is also expanding in subarachnoid 
hemorrhage, where delayed cerebral ischemia is a ma-
jor determinant of outcome. A systematic review by 
Veldeman et al., including 47 studies, supported the 
role of MMM in improving outcomes related to de-
layed cerebral ischemia [52].

MMM has additionally been applied in the man-
agement of neurological complications in COVID-19. 
Battaglini et al. reported that non-invasive MMM tech-
niques, including transcranial Doppler, optic nerve 
sheath diameter, and automated pupillometry, were 
useful for monitoring neurological complications in 
ICU patients [53].

Although invasive ICP monitoring remains the gold 
standard [54], non-invasive approaches are increas-
ingly explored. In a prospective study of ICU patients 
with TBI, subarachnoid hemorrhage, or intracerebral 

Table 3: Key concepts of Multimodal Neuromonitoring [43].
Physiological concept Parameter Monitoring tool Clinical importance

ICP ICP Intraparenchymal/intraventricu-
lar catheter

Cerebral edema, herniation

Cerebral blood flow 
(CBF)

Blood velocity Transcranial doppler Optimizing cerebral perfusion, 
vasospasm

Cerebral autoregulation Pressure reactivity (PRx) Transcranial doppler Optimizing cerebral perfusion
Cerebral oxygenation PbtO2, SjvO2, NIRS Intraparenchymal catheter, 

fiberoptic catheter in internal 
jugular vein and positioned in 
jugular bulb, frontal region elec-
trodes

Global cerebral ischemia 
(SjvO2), focal cerebral isch-
emia (PbtO2, NIRS)

Cerebral metabolism Lactate/Piruvate (L/P) ratio Probe with semipermeable 
membrane

Cerebral ischemia, anaerobic 
metabolism
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hemorrhage, combined non-invasive measures includ-
ing optic nerve sheath diameter, transcranial Doppler 
pulsatility index, estimated ICP, and automated pupil-
lometry, demonstrated acceptable accuracy for detect-
ing intracranial hypertension, with best performance 
achieved through combined modalities [55].

Several consensus statements have aimed to stand-
ardize MMM. The 2014 international consensus rec-
ommended monitoring ICP and CPP (moderate-quali-
ty evidence), as well as PbtO₂ and/or SjvO₂ (low-quality 
evidence), and strongly endorsed transcranial Doppler 
based on high-quality evidence [56]. Pressure reactiv-
ity index received a weaker recommendation, while 
cerebral microdialysis was strongly supported despite 
limited evidence [56].

More recently, Foreman et al. emphasized that both 
invasive (ICP, CPP, PbtO₂) and non-invasive tech-
niques (transcranial Doppler, NIRS, pupillometry) are 
essential components of MMM and should be integrat-
ed to guide individualized management [57]. Similarly, 

the Neurocore-iMMM Delphi consensus by Barrit et 
al. established standardized reporting frameworks and 
core outcome sets to improve consistency and compa-
rability across studies [58]. Figure 2 integrates these 
concepts, linking systemic physiological variables with 
cerebral oxygenation monitoring.

MMM provides the most comprehensive framework 
for assessing cerebral physiology by integrating com-
plementary monitoring modalities, enabling individu-
alized management while highlighting the need for fur-
ther standardization and outcome-driven validation.

6. Clinical integration and practical recommenda-
tions of PbtO2, SjvO2, NIRS as part of MMM

PbtO₂ monitoring is primarily suited for focal assess-
ment of cerebral oxygenation in patients with severe 
traumatic brain injury and subarachnoid hemorrhage, 
particularly within specialized neurocritical care units; 
however, its inherently regional nature limits its appli-

Fig. 2. The conceptual framework linking systemic physiological determinants of 
oxygen delivery with cerebral monitoring modalities.
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cability in broader intensive care settings and in cardiac 
surgery. In contrast, jugular bulb oximetry provides an 
index of global cerebral oxygen supply–demand bal-
ance and is therefore less informative in conditions 
characterized by focal pathology, such as hemispheric 
ischemic stroke. Near-infrared spectroscopy is most 
employed in cardiac surgery and perioperative neuro-
surgical settings, where its non-invasive, continuous 
nature allows effective trend monitoring of cerebral 
oxygenation. MMM represents the reference strategy 
in complex neurocritical care, especially in severe trau-

matic brain injury and high-grade subarachnoid hem-
orrhage, as the integration of complementary physio-
logical signals enables more precise and individualized 
patient management (table 4). Figure 3. illustrates a 
stepwise algorithm for cerebral oxygenation monitor-
ing accordingly to the specific clinical contexts and 
monitoring objectives. Figure 4 summarizes the clini-
cal interpretation of SjvO₂, PbtO₂, and NIRS thresh-
olds, both individually and in combination to guide 
targeted therapy.

Table 4: Invasive and Non-invasive Techniques for Monitoring Cerebral Oxygenation.

Modality TBI SAH Hemispheric 
Stroke

Cardiac 
Surgery Neurosurgery General ICU

PbtO₂ (Brain tissue oxygen 
tension)

✓ ✓ ± x ± ±

SjvO₂ (Jugular bulb oximetry) ± ± x ± ± x
NIRS (Near-infrared 
spectroscopy)

± ± ± ✓ ✓ ±

Multimodal neuromonitoring 
(ICP, CPP, PbtO₂, microdialysis, 
EEG, etc.)

✓ ✓ ± x ± ±

Fig. 3. Clinical algorithm for multimodal cerebral oxygenation monitoring incorporating 
NIRS, SjvO₂, and PbtO₂, adapted to varying clinical scenarios and monitoring goals.
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7. Limitations

This review has several inherent limitations. As a nar-
rative review, it was intended to provide an integrative 
overview rather than a formal quantitative synthesis; 
although a structured search strategy was applied, 
some relevant studies may not have been identified. 
The literature spans diverse patient populations, moni-
toring techniques, clinical settings, and outcome meas-
ures, which constrains direct comparability but reflects 
the complexity of cerebral oxygenation monitoring in 
clinical practice. Much of the current evidence particu-
larly for PbtO₂ and SjvO₂-guided management, derives 
from observational studies and smaller randomized tri-
als and therefore does not yet establish definitive effects 
on patient-centered outcomes. In addition, restriction 
to English-language publications may have excluded 
some relevant data. Despite these limitations, the evi-
dence supports a coherent physiological and clinical 
rationale for integrating cerebral oxygenation monitor-
ing into multimodal strategies. This review provides a 
structured framework for clinical interpretation and 
identifies key priorities for future research to standard-

ize approaches and clarify their impact on meaningful 
neurological outcomes.

8. Future directions

Future research should focus on defining clinically 
meaningful thresholds for intervention, clarifying 
which patient populations benefit most from specific 
monitoring strategies, and determining whether proto-
col-driven management based on cerebral oxygenation 
improves neurological outcomes. Large prospective 
studies and randomized trials are needed to establish 
standardized monitoring algorithms and to better inte-
grate cerebral oxygenation monitoring into evidence-
based neuroprotective strategies.

	�Conclusions 
Continuous cerebral oxygenation monitoring has be-
come an important component of neurocritical, inten-
sive, and perioperative care, enabling early detection of 
hypoxia and more individualized management. Differ-
ent modalities provide complementary clinical infor-

Fig. 4. Clinical interpretation of SjvO2, PbtO2, and NIRS thresholds.
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mation. PbtO₂ offers direct regional assessment and is 
most useful in severe traumatic brain injury and focal 
ischemia. SjvO₂ reflects the global balance between ox-
ygen delivery and consumption and is more informa-
tive in diffuse brain injury or systemic hypoperfusion. 
NIRS provides a noninvasive, continuous estimate of 
regional oxygenation and is particularly suited for peri-
operative monitoring and bedside trend assessment.

Despite these advantages, uncertainties remain. Evi-
dence linking routine monitoring to improved long-
term outcomes is still evolving, and optimal thresholds 
and integration strategies are not fully defined. Each 
modality also has limitations, PbtO₂ is invasive and lo-
calized, SjvO₂ lacks sensitivity to focal pathology, and 
NIRS is susceptible to extracranial influences, high-
lighting that no single technique is sufficient on its own.

Clinical use should therefore be context driven. Cer-
ebral oxygenation data should be interpreted alongside 
systemic physiology and neuroimaging, with multi-
modal approaches combining PbtO₂, SjvO₂, NIRS, and 
intracranial pressure monitoring providing the most 
comprehensive assessment. In perioperative settings, 
NIRS offers a practical tool for continuous surveillance 
and early intervention.

In summary, PbtO₂, SjvO₂, and NIRS each address 
different aspects of cerebral oxygenation, and their in-
tegration within multimodal monitoring provides the 
most effective strategy for detecting hypoxia and guid-
ing individualized care.
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