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Abstract
Purpose  Near-infrared spectroscopy (NIRS) is a non-invasive, real-time and continuous cerebral oximetry monitoring 
with potential applications in the management of aneurysmal subarachnoid hemorrhage (aSAH) and in the detection 
of delayed cerebral ischemia (DCI). The aim of this study was to evaluate the association between NIRS and outcome 
in aSAH and its diagnostic accuracy for DCI.

Methods  Systematic review and meta-analysis of studies involving adult aSAH patients monitored with NIRS during 
index hospitalization. Primary outcome was the functional outcome at 90 days or more. Secondary outcomes 
included any functional outcome, mortality and diagnostic accuracy for DCI. Random effects meta-analyses were 
performed, and for diagnostic accuracy, forest plots and random effects meta-analyses were used to determine 
pooled sensitivity, specificity, diagnostic odds ratios and to generate a receiver operating characteristic (ROC) curve.

Results  Of the 28,296 citations identified, 35 satisfied inclusion criteria. Three studies (202 patients) were included 
for meta-analysis of the primary outcome. Cerebral desaturation events or loss of autoregulation as detected 
with NIRS were associated with higher risks of unfavourable outcome at 90 days (RR 4.29 95% CI [2.10;8.79]). 
Significant associations were also observed with mortality (RR 4.24, 95% CI [2.43;7.41]). Diagnostic accuracy analysis 
demonstrated moderate sensitivity (0.85), specificity (0.65), and diagnostic odds ratio (10.42), with a receiver operating 
characteristic (ROC) curve area of 0.68. The certainty of evidence was moderate for the association between NIRS and 
patient outcomes, and low for its diagnostic accuracy in detecting DCI.The overall quality of evidence was limited by 
small sample sizes, high heterogeneity in study methods and patient populations, and potential publication bias.

Conclusion  Cerebral desaturation events and impaired autoregulation detected by NIRS are consistently associated 
with poor outcomes and mortality in aSAH. However, NIRS alone provides only moderate diagnostic accuracy for DCI, 
with a considerable risk of false positives. The evidence is weakened by methodological limitations, heterogeneous 
thresholds, and the absence of a universally accepted reference standard for DCI diagnosis. Importantly, no 
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Introduction
Aneurysmal subarachnoid hemorrhage (aSAH) is a dev-
astating type of hemorrhagic stroke that can lead to 
mortality or significant morbidity. As it disproportion-
ately affects younger populations, it represents one of 
the leading causes of life-years lost. Among its complica-
tions, delayed cerebral ischemia (DCI) emerges in mod-
ern clinical series as the primary factor driving long-term 
unfavourable outcomes [1], doubling the risk of morbid-
ity [2]. Although clinical criteria for the diagnosis of DCI 
are established, their practical application is often chal-
lenging, particularly in patients lacking a reliable neu-
rological examination—such as those with severe aSAH 
admitted to intensive care units (ICU) [3]. High-grade 
aSAH patients have an altered level of consciousness and 
at high risk of developing “asymptomatic” (or undiag-
nosed) DCI, which may be associated with worse clinical 
outcomes than symptomatic cases [4]. Timely diagnosis 
is therefore crucial to optimize DCI management and the 
need for evidence-based alternatives to clinical examina-
tion are needed.

Near-infrared spectroscopy (NIRS) has been advo-
cated as a non-invasive, real-time and continuous cere-
bral oximetry monitoring with potential applications in 
the detection, diagnosis and management for DCI [5]. 
NIRS relies on the emission of near-infrared light (700–
850 nm) and the measurement of its attenuation due to 
absorption and scattering in biological tissue. Absorp-
tion mainly reflects concentrations of oxyhemoglobin 
(HbO₂) and deoxyhemoglobin (HHb), while scattering 
exacerbated by factors such as brain edema represents 
the major source of signal distortion [6]. Commercial 
devices typically use continuous-wave spectroscopy with 
multiple detectors to improve spatial resolution and miti-
gate extracranial contamination, although this remains a 
significant limitation. Probes are usually positioned on 
the forehead, and the measurement primarily reflects a 
small venous-weighted compartment (~ 1.5 cm³ of gray 
matter) within the anterior and middle cerebral artery 
territories. Reported baseline values vary across devices 
and are influenced by proprietary algorithms, rendering 
absolute comparisons between systems difficult [7–9], 
although normal values in healthy adults typically range 
between 60% and 75% [10]. Regional oxygen satura-
tion (rSO₂) reflects the balance between cerebral oxygen 
delivery and consumption, largely determined by cerebral 
blood flow (CBF) and cerebral metabolic rate of oxygen 

(CMRO₂). Pathological declines may signal arterial hypo-
tension, low cardiac output, systemic hypoxemia, hyper-
ventilation, stroke, or DCI, while elevations may occur 
with hyperemia, hypoglycemia, deep sedation, or hypo-
thermia [11–13]. Comparisons with other monitoring 
modalities, such as brain tissue oxygenation (PbtO₂) and 
jugular venous oxygen saturation (SjvO₂), have demon-
strated good correlations in dynamic trends, supporting 
the physiological validity of NIRS [14–17]. Fluctuations 
in rSO₂ have also been linked to CBF, with changes paral-
leling those measured by xenon-enhanced CT, CT perfu-
sion (CTP), or invasive thermodilution probes [18].

Beyond oxygenation, NIRS-derived indices have been 
increasingly used to assess cerebrovascular reactivity. The 
tissue oxygenation index (TOx) and cerebral oxygenation 
index (COx) are calculated as a moving correlation coeffi-
cients between mean arterial pressure (MAP) (or cerebral 
perfusion pressure (CPP))and tissue oxygenation index 
(TOI), and between MAP (or CPP) and rSO₂, respec-
tively [5, 19]. These indices mirror established cerebral 
autoregulation (CA) markers such as the pressure reac-
tivity index (PRx) or transcranial Doppler derived Mx, 
providing non-invasive surrogates for dynamic autoregu-
latory capacity.

Current alternatives for detecting DCI in high-grade 
aSAH patients are mostly inadequate or unvalidated, 
highlighting a critical gap in both clinical practice and 
research. Transcranial Doppler (TCD) and continuous 
electroencephalography (cEEG) are both recommended 
by the American Heart Association (AHA) for monitor-
ing patients with aneurysmal aSAH for the early detec-
tion of DCI [20]. Both modalities offer high sensitivity 
and are valuable for screening in patients who are coma-
tose or unable to be reliably examined. TCD measures 
cerebral blood flow velocities and demonstrates excel-
lent negative predictive value in the detection of DCI [21, 
22]. However, it is prone to false positives, is operator-
dependent, may be limited by poor acoustic windows, 
and primarily detects flow changes in large basal vessels, 
missing microvascular abnormalities that often underlies 
DCI [23]. cEEG can detect early signs of cortical isch-
emia through changes in frequency patterns [24]. It may 
be confounded by sedation or seizures and is resource-
intensive, requiring expert interpretation. Furthermore, 
CTP provides direct assessment of regional cerebral per-
fusion and is valuable for early identification of patients 
at risk for DCI [25–27]. However, its accuracy may be 

interventional data are available to demonstrate an effect on patient outcomes. While incorporation into multimodal 
neuromonitoring strategies appears promising, robust prospective trials are needed before NIRS can be reliably 
adopted in routine clinical practice.
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limited by artifacts or coexisting brain injuries, and there 
is a lack of standardized thresholds for DCI diagnosis 
[28]. Finally, PbtO₂ and cerebral microdialysis [29] pro-
vide continuous, real-time monitoring of regional brain 
oxygenation and metabolism, and have shown poten-
tial to identify patients at risk of DCI [30–32]. However, 
both are invasive, offer only focal information dependent 
on optimal probe placement, and their generalizability 
remains limited due to study design and selective patient 
populations [30, 33].

Although not part of routine standard care, the use 
of cerebral NIRS monitoring has expanded across some 
clinical settings. In adults, its use in intensive care 
remains largely limited to research contexts. By contrast, 
in perioperative cardiac surgery, cerebral NIRS monitor-
ing has gained broad acceptance and is recommended 
by expert consensus statements, making it widely used 
across age groups [34]. For non-cardiac surgery, how-
ever, its adoption remains sporadic and not considered 
standard practice. Previous systematic reviews across 
neonatal, pediatric, and adult populations, including in 
very preterm infants, cardiopulmonary bypass, and gen-
eral surgery, have found no conclusive benefit of cerebral 
NIRS monitoring. These results are mainly attributed to a 
paucity of high-quality, low-bias trials.

The present systematic review and meta-analysis had 
two primary aims. First, to examine the relationship 
between NIRS metrics and clinically relevant, patient-
centered outcomes. Second, to assess the diagnostic 
performance of NIRS for the detection of DCI. The over-
arching goal to those objectives is to clarify NIRS poten-
tial clinical role as a bedside neuromonitoring tool in 
aSAH.

Methods
The research questions and study design were developed 
by a multidisciplinary team of intensivists, neurologists, 
health information specialists and epidemiologists. The 
study followed the recommendations of the Cochrane 
Handbook for Systematic Reviews and Meta-Analyses 
[35] and the Cochrane Methods for Screening and Diag-
nostic Tests [36]. Results are reported according to the 
Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) and the Preferred Report-
ing Items for a Systematic Review and Meta-analysis 
of Diagnostic Test Accuracy Studies (PRISMA-DTA) 
[37, 38]. The protocol was registered in PROSPERO 
(CRD42020077522) and was previously published [39].

Data source and search strategy
Data sources included MEDLINE, EMBASE, Web of Sci-
ence, Google Scholar, OpenGrey, the Cochrane Central 
Register of Controlled Trials, and the Cochrane Database 
of Systematic Reviews, starting from their inception up 

to March 2024, as well as pertinent conference proceed-
ings. The search strategy covered the themes of subarach-
noid hemorrhage and cerebral oximetry. Medical Subject 
Headings (MeSH) terms were used to capture the princi-
pal elements of the research question, along with appro-
priate keywords. The applied MEDLINE search strategy 
(see appendix 1) was adapted for the other databases [39].

Eligibility criteria and study selection
We considered observational and interventional human 
studies, prospective or retrospective, randomized or not, 
conducted in adult (≥ 18 years old) patients hospitalised 
for aSAH. We included studies with mixed neurocritical 
care populations if aSAH patients made up at least 80% of 
the total. The studied intervention, NIRS monitoring, had 
to be evaluated during the hospitalisation, as a continu-
ous or intermittent monitoring, regardless of the study 
objective (diagnostic, prognostic or management). No 
specific exposure or detection threshold were required, 
but we excluded purely exploratory studies without any 
definition of exposure. Studies limited to perioperative 
monitoring for aneurysm clipping or coiling procedures 
were excluded. We applied no language restriction.

Two reviewers (M.R.B. and C.F.) independently 
screened citations to assess eligibility for inclusion. Dis-
cordance was resolved by consensus and, when neces-
sary, by consulting a third reviewer (S.W.E.).

Data extraction and outcome measures
The same reviewers independently extracted data from 
eligible studies using a standardized, pilot-tested, data 
extraction form developed using Research Electronic 
Data Capture (REDCap) [40], a web-based tool.

We extracted information on study characteristics (lan-
guage of publication, country, study design, total number 
of patients, inclusion and exclusion criteria, blinding to 
NIRS, blinding to DCI and to functional evaluation), pop-
ulation characteristics (total number of aSAH patients, 
age, sex, clinical and radiological grading of SAH, loca-
tion of aneurysm, number of patients with elevated intra-
cranial pressure, and clinical setting), NIRS monitoring 
characteristics (type of cerebral oximetry monitor, rSO2 
values, location of sensors, duration of monitoring, other 
monitoring tools), NIRS results (any discriminative NIRS 
parameter and any reported association with outcome 
measures), and co-interventions. Clinical poor grade 
aSAH was defined as a World Federation of Neurosur-
geons Scale (WFNS) grade of 4 or 5 or a Hunt and Hess 
scale (H&H) score of 4 or 5 at admission [41, 42]. Radio-
logical high-grade was defined as a score of 3 or 4 on the 
Fisher Scale or the modified Fisher Scale [43, 44].

The primary outcome was the functional outcome 
at 90 days or more, measured by the modified Rankin 
Scale (mRS), the Glasgow Outcome Scale (GOS) or its 
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extended version (GOSe). Secondary outcomes included 
survival and functional outcomes at any time point. 
Data pertaining to diagnostic accuracy for DCI (DCI 
definition, reference standard, true and false positives, 
true and false negatives, reported sensitivity, specificity, 
positive predictive values [PPV] and negative predictive 
values [NPV], reported unadjusted and adjusted effect 
size) were also extracted. Authors were contacted when 
important information was missing.

Evidence appraisal
The risk of bias was assessed using the Newcastle-Ottawa 
Scale [45] for cohort or case–control studies, the Qual-
ity Assessment of Diagnostic Accuracy Studies-2 (QUA-
DAS-2) [46] for diagnostic studies and the Risk Of Bias 
in Non-randomized Studies of Interventions (ROBINS-I 
tool) [47] for non-randomized trials of interventions. 
Funnel plots were used to detect publication bias. Qual-
ity and certainty of evidence were assessed using the 
GRADE system [48].

Data synthesis and analysis
As described in the previously published protocol [39], 
studies were categorized and analyzed according to their 
primary objective: either evaluating the association with 
clinical outcomes or assessing the diagnostic accuracy for 
DCI. Studies addressing both objectives were included 
in both analyses. DCI definitions reported in each study 
were used. For clinical outcomes, random effects meta-
analyses were performed, using the DerSimonian and 
Laird method. Heterogeneity was assessed using the I2 
statistic combined with the Q-test. All analyses were 
performed using R Statistical Software [49]. Primary 
outcome was converted into standardized dichotomous 
variables with a mRS of 0 to 3 and a GOS of 4 to 5 (or a 
GOSe 5 to 8) representing a favourable outcome. Planned 
subgroup analyses were performed based on the asso-
ciation of the exposure on outcomes, when two or more 
studies evaluated the same exposure, dividing exposure 
in low rSO2 values (Cerebral Desaturation Episodes – 
CDE) or impaired CA. For diagnostic accuracy, forest 
plots and random effects meta-analyses were performed 
using MetaDTA: Diagnostic Test Accuracy Meta-Analy-
sis v2.1.5 [50], to determine pooled sensitivity, specificity, 
diagnostic odds ratios and to generate a receiver operat-
ing characteristic (ROC) curve.

In cases where multiple publications reported on the 
same or overlapping cohorts, we prioritized the report 
with the largest sample size and most complete outcome 
data, while excluding overlapping companions from 
quantitative synthesis to prevent duplication.

Results
Study characteristics
A total of 28,296 citations were identified. After dupli-
cate removal, abstract screening and full-text review, 35 
studies (n = 1466, 1415 hospitalized with aSAH) were 
considered eligible (Fig. 1). Three studies, involving 202 
patients, were included in meta-analysis for the primary 
outcome [51–53] (Table 1). Eight studies (417 patients) 
were included in the meta-analysis of screening and diag-
nostic accuracy [51–59] (Table 2). No randomised con-
trolled trials (RCT) were identified and no study reported 
on NIRS-based interventions.

Most patients were women (62%) with a mean age of 
56 years old and when reported, poor grade aSAH rep-
resented 26% of the patient population. Most ruptured 
aneurysm (65%) were in the anterior circulation, and 
aneurysm exclusion approach was evenly distributed 
between clipping (52%) and coiling (48%). Seven studies 
evaluated the association between NIRS data and func-
tional outcomes at any time point [51–54, 59–61], but 
data could be extracted and used for quantitative analy-
sis in only five studies [51–54, 59], three of which evalu-
ated outcomes at 90 days or more [51–53]. Mortality was 
reported in five studies [51, 52, 54, 59, 62]. Included stud-
ies used either the INVOS™ [30, 32] or the Fore-Sight™ 
[31]. Exposure was mostly based on CDE [51, 53, 54, 
59], which was defined at variable rSO2 thresholds (47% 
[51], 50% [53], 60% [54], 63% [59]). Two studies required 
a minimal exposure time of 30 min or more [53, 54]. 
Finally, one study used loss of CA, based on TOx val-
ues above 0.3, to define exposure [52]. Concerning NIRS 
screening and diagnostic accuracy, DCI was variously 
defined, and most studies relied on CDE (Table 2). Over-
all DCI prevalence was 31%.

Association with clinical outcomes
CDE or loss of CA as detected with NIRS was associated 
with higher risks of unfavourable outcome at 90 days (RR 
4.29 95% CI [2.10;8.79]) (Fig. 2). A similar association was 
observed for risks of unfavourable outcome at any time 
point (RR 4.18 95% CI [2.45;7.13]) (Fig. 3). Subgroup 
analysis based on various exposure definitions (rSO2 vs. 
TOx) yielded similar results. Amongst the five studies 
reporting mortality (n = 113) [51, 52, 54, 59, 62], expo-
sure to CDE or loss of CA was also associated with higher 
risks (RR 4.24 95% CI [2.43;7.41]) (Fig. 4).

Screening and diagnostic accuracy
Pooled sensitivity was 0.85 (95% CI 0.56; 0.96) and pooled 
specificity 0.65 (95% CI 0.57; 0.72) (Fig. 5), with a diag-
nostic odds ratio (DOR) of 10.42 (95% CI 2.35; 46.25). 
This represents a PPV of 52% and NPV of 91%, for a diag-
nostic accuracy of 71%. A ROC curve was plotted with an 
AUC of 0.68 (95% CI 0.59; 0.77) (Fig. 6).
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Risk of bias assessment and quality of evidence
A detailed methodological quality assessment of the 
included studies is presented in Appendix 3. Regarding 
the primary outcome, the main studies were of fair qual-
ity. Sensitivity analyses using fixed-effect models yielded 
results similar to those obtained with random-effects 
models (Supplementary Material – Figs. 7, 8 and 9). The 
low number of studies included for the primary outcome 
precluded meaningful interpretation of funnel plots to 
assess potential publication bias.

The certainty of evidence regarding the association 
with functional outcomes, both at 90 days and at any time 
point, is moderate (Supplementary Material – Appendix 
– Table 3). However, the quality of evidence concerning 
the association with mortality was low.

Most studies included in the diagnostic accuracy anal-
ysis exhibited a high risk of bias. A contour-enhanced 
funnel plot (Supplementary Material – Fig. 10) suggests 
missing studies on the right-hand side, where results 
would reflect lower diagnostic accuracy; thus, reporting 
bias cannot be excluded. The certainty of evidence for the 

Fig. 1  Preferred reporting items for systematic reviews and meta-analysis flow diagram
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reported sensitivity and specificity is low (Supplementary 
Material – Appendix – Table 4) [48].

Discussion
In this systematic review and meta-analysis, CDE and 
impaired CA detected by NIRS are associated with worse 
neurological outcomes and increased mortality. Statis-
tical heterogeneity is low, results are consistent across 
studies, and the effect size is significant with an accept-
able degree of precision. Quality of evidence varies from 
moderate to low.

Quantitative analysis of diagnostic accuracy demon-
strated a moderate to good capacity of NIRS to detect 
DCI, albeit with a substantial risk of false positives. 
Reported sensitivities and specificities varied consider-
ably across studies, and the overall discriminative per-
formance of NIRS in distinguishing patients with and 
without DCI was only moderate. Although a greater 
number of studies were included in this analysis, their 
overall methodological quality was lower.

Table 1  Characteristics of studies included in primary outcome 
meta- analysis
Author Year No. of 

patients
Outcomes NIRS 

variable
Quality 
Asses-
ment
(NOS)

Ekelund [51] 1998 14 90days GOS rSO2 < 50% Poor
Silverman 
[52]

2019 28 90 days 
mRS

TOx > 0.3 Fair

Yousef [53] 2014 139 90 days 
mRS

CDE: 
rSO2 < 50% 
for 30 min

Fair

CDE: cerebral desaturation episode; GOS: Glasgow Outcome Scale; mRS: 
modified Rankin Scale; NIRS: near-infrared spectroscopy; rSO2 : regional 
cerebral oxygen saturation; TOx: tissue oxygenation index

Table 2  Characteristics of studies included in screening and diagnostic accuracy for DCI
Author No. of patients DCI definition DCI inci-

dence (%)
No. poor grade clinical &
radiological

NIRS device NIRS 
variable

Burzynska (2020) [54] 38 Consensus1 34 16 (42%)
30 (79%)

Foresight CDE: rS02 
< 60% for 
30 min

Constantoyannis (2007) 
[55]

75 Neurologic 
deterioration

20 0
N/A

INVOS rSO2 < 
52%

Kerr (1999) [56]2 12 Xe-CT 42 N/A
N/A

Unknown rSO2 < 
50%

Park (2020) [57]3 52 Consensus AND 
vasospasm

35 23 (44%)
25 (48%)

INVOS rSO2 
decrease 
>12.7%

Yousef (2014) [53] 163 Consensus AND con-
firmatory imaging

58 38 (27%)
129 (93%)

INVOS CDE: rSO2 
< 50% for 
30 min

Van der Harst (2023) [59] 41 Consensus 29 7 (17%)
15 (36%)

INVOS rSO2 < 
63%

Ekelund (1998) [51] 14 Undefined 7 4 (28%)
9 (64%)

INVOS rSO2 < 
50%

Silverman (2019) [52] 31 Consensus 19 N/A3

N/A4
Foresight TOx >0.3

DCI: delayed cerebral ischemia; NIRS: near-infrared spectroscopy; rSO2: regional cerebral oxygenation; TOx: tissue oxygenation index; Xe-CT: xenon-enhanced 
computed tomography
1Consensus definition of DCI established in 2010 by a multidisciplinary expert panel [3]
2Conference abstract
3A subsequent paper by Park et al. [58] reported an overlapping cohort; 23 of the 24 patients had already been included in the 2020 publication. To avoid duplication, 
the 2021 study was not pooled

Fig. 2  Forest plots describing the risk of unfavourable functional outcome at 90 days or more for patients exposed to CDE or loss of autoregulation 
detected with NIRS vs. non exposed patients
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Fig. 5  Forest plots describing the sensitivity and specificity of abnormal NIRS parameters (CDE and TOx) to detect DCI

 

Fig. 4  Forest plots describing the risk of mortality for patients exposed to CDE or loss of autoregulation detected with NIRS vs. non exposed patients

 

Fig. 3  Forest plots describing the risk of unfavourable functional outcome for patients exposed to CDE or loss of autoregulation detected with NIRS vs. 
non exposed patients
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Our study has several strengths. This systematic review 
and meta-analysis is the first to quantitatively synthesize 
the evidence on NIRS in aSAH. Conducted under a pre-
registered, published protocol and in accordance with 
contemporary guidelines, it combines rigorous meth-
odology and broad inclusion criteria with a systematic 
evaluation of the available evidence. The inclusion of 
quantitative pooling provides more precise estimates of 
diagnostic accuracy. Beyond summarizing current evi-
dence, the review also identifies critical gaps that should 
guide future research priorities.

Our study also presents several inherent limitations. 
Reports on the associations with clinical outcomes rely 
on observational, unblinded, uncontrolled, single-cen-
tered studies with some including less than 15 patients 
Only three studies reported on outcome at 90 days, and 
none at later time points, preventing any conclusion 
about long-term outcomes [63–65]. NIRS parameters 
used to define brain at risk of injury are quantitatively 
and conceptually very heterogeneous, preventing any 
attempt at establishing an intervention threshold or to 

give precedence to a parameter over another. No study 
reported on NIRS-based interventions, precluding any 
definitive conclusion on its role in clinical management.

Concerning the second objective, in the absence of 
high-quality diagnostic and technological evaluation 
study, we relied on the inclusion of numerous small stud-
ies with heterogeneous methodologies, objectives, and 
patient populations to appraise NIRS diagnostic capaci-
ties. Some decades-old conference abstracts without a 
follow-up paper were also included, limiting our ability to 
evaluate the quality of the evidence. The heterogeneous 
DCI definitions are particularly problematic. The current 
clinical consensus criteria remain a flawed gold standard, 
especially in intubated and sedated patients where evalu-
ation is inherently limited [3, 29, 66]. There is imperfect 
inter-rater reliability in the clinical evaluation [67], and 
no adjudication process were described in any of the 
included studies. Furthermore, although vasospasm is a 
risk factor for developing DCI [22], its use as a surrogate 
endpoint, as done in some studies [57, 58], is inadequate 
given that vasospasm may represent an epiphenomenon 

Fig. 6  Summary ROC curve of abnormal NIRS parameters (CDE and TOx) for DCI detection

 



Page 9 of 12Bensaidane et al. Critical Care          (2025) 29:487 

rather than a direct cause of ischemia [68–70]. These 
challenges reflect the broader limitations in our current 
pathophysiological understanding of DCI. Finally, evi-
dence of funnel plot asymmetry raises concerns regard-
ing potential publication bias, which may have influenced 
the completeness and balance of the available evidence. 
(Supplementary Material – Fig. 10).

Although 35 studies met the eligibility criteria, only a 
minority provided data that could be extracted for quan-
titative synthesis. It is plausible that high-grade aSAH 
patients might derive the greatest benefit from continu-
ous bedside monitoring, early DCI detection, and tar-
geted interventions. However, most included studies 
primarily enrolled low-grade patients, limiting the abil-
ity to draw meaningful conclusions for this higher-risk 
population. Risk of bias and quality assessments were 
conducted using various recommended tools; however, 
the lack of consistency among these tools limited our 
ability to objectively summarize the overall quality of the 
evidence. Additionally, despite multiple attempts, no sup-
plementary data were obtained from the original study 
authors.

As noted, the current state of evidence surrounding 
the use of NIRS in aSAH is limited by several critical 
factors, despite its widespread availability for over two 
decades. Current findings do not support the use of NIRS 
as a standalone tool to detect DCI, due to a lack of suf-
ficient diagnostic accuracy. In high-grade aSAH patients, 
the scarcity of available options might be put forward 
as an argument to promote NIRS integration with other 
diagnostic modalities to improve bedside management, 
within a multimodal neuromonitoring strategy. Multi-
modal neuromonitoring aims to combine the strengths 
of different technologies to offer a more comprehensive, 
physiologically grounded, and temporally continuous 
picture of cerebral function [32]. Each of these modalities 
provides unique, yet limited, insights into cerebral physi-
ology [17, 20, 30, 71]. For example, combining impaired 
CA measured by TOXa (>0.1) with a TCD-derived index 
(SXa) within the first five days after ictus resulted in bet-
ter diagnostic performance for DCI prediction than 
TOXa or SXa alone [72–74].

Future research should prioritize confirming and refin-
ing the NIRS parameters most strongly associated with 
outcomes. This requires prospective enrollment, pre-
specified and clearly defined NIRS metrics, with blinded 
and long-term functional outcome assessment. Impor-
tantly, the studied parameters should not only enable 
intervention before DCI causes irreversible sequelae but 
should also serve as potential surrogates or therapeu-
tic targets themselves. Such parameters could support, 
for example, the implementation of therapies to reverse 
CDEs or guide hemodynamic management based on 
CA. Once these actionable parameters are validated, 

randomized controlled trials of NIRS-guided interven-
tions will represent the logical next step. In this context, 
the upcoming NeurO2 study (NCT04935866), a multi-
center cohort study, should provide some much needed 
insight as aSAH and TBI patients will be monitored with 
NIRS, in a blinded fashion, and will report long term 
functional outcomes [75]. An ongoing trial evaluating 
the impact of targeting a NIRS-directed optimal cerebral 
perfusion pressures (CPP) on GOS at 6 months in 150 
aSAH patients might also provide additional informa-
tion on the potential utility of NIRS in managing aSAH 
patients [76].

This systematic review and meta-analysis provides a 
comprehensive evaluation of the current evidence on 
the use of NIRS in aSAH. It underscores its potential as 
a neuromonitoring tool in patients but also highlights 
its current limitations. While NIRS parameters, such as 
CDE and TOx, were associated with neurologic func-
tional outcomes and mortality, the diagnostic accuracy of 
NIRS for DCI remains moderate, with a significant risk of 
false positives and limited specificity. The lack of consen-
sus on NIRS thresholds or targets for interventions, let 
alone on the choice of intervention itself, precludes any 
recommendations for clinical use.

Nevertheless, NIRS’s unique advantages, such as non-
invasiveness, real-time continuous monitoring, and its 
potential for integration with other modalities, support 
ongoing research efforts. Future studies hold promise 
for clarifying its impact on long-term, patient-centered 
outcomes. Until then, NIRS should be regarded as a com-
plementary tool rather than a definitive solution for the 
management of aSAH.

Take-home message
Cerebral desaturation events and impaired cerebral 
autoregulation detected by NIRS are associated with 
worse neurological outcomes and increased mortality. 
Although the use of NIRS to identify DCI is limited by 
risks of false-positive results and moderate specificity, it 
remains a potentially valuable clinical adjunct in high-
grade aSAH management, given the limited number of 
alternatives.
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