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Abstract 

Background: The objective of this study was to investigate the clinical feasibility of near-infrared spectroscopy (NIRS) 
for the detection of delayed cerebral ischemia (DCI) in patients with poor-grade subarachnoid hemorrhage (SAH) 
treated with coil embolization.

Methods: Cerebral regional oxygen saturation  (rSO2) was continuously monitored via two-channel NIRS for 14 days 
following SAH. The  rSO2 levels according to DCI were analyzed by using the Mann–Whitney U-test. A receiver operat-
ing characteristic curve was generated on the basis of changes in  rSO2 by using the  rSO2 level on day 1 as a reference 
value to determine the optimal cutoff value for identifying DCI.

Results: Twenty-four patients with poor-grade SAH were included (DCI, n = 8 [33.3%]; non-DCI, n = 16 [66.7%]). The 
 rSO2 levels of patients with DCI were significantly lowered from 6 to 9 days compared with those in without DCI. The 
 rSO2 level was 62.55% (58.30–63.40%) on day 6 in patients with DCI versus 65.40% (60.90–68.70%) in those without 
DCI. By day 7, it was 60.40% (58.10–61.90%) in patients with DCI versus 64.25% (62.50–67.10%) those without DCI. By 
day 8, it was 58.90% (56.50–63.10%) in patients with DCI versus 66.05% (59.90–69.20%) in those without DCI, and by 
day 9, it was 60.85% (58.40–65.20%) in patients with DCI versus 65.80% (62.70–68.30%) in those without DCI. A decline 
of greater than 14.5% in the  rSO2 rate yielded a sensitivity of 92.86% (95% confidence interval: 66.1–99.8%) and a 
specificity of 88.24% (95% confidence interval: 72.5–96.7%) for identifying DCI. A decrease by more than 14.7% of the 
 rSO2 level indicates a sensitivity of 85.7% and a specificity of 85.7% for identifying DCI.

Conclusions: Near-infrared spectroscopy shows some promising results for the detection of DCI in patients with 
poor-grade SAH. Further studies involving a large cohort of the SAH population are required to confirm our results.
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Introduction
Recent technical advances in neurocritical care have led 
to a decrease in the overall mortality rate of subarachnoid 
hemorrhage (SAH) from approximately 50% to 20% [1]. 
Nevertheless, patients with poor-grade SAH still showed 
higher mortality rates ranging between 34 and 77%, 

although the mortality rate in patients with good-grade 
SAH was less than 10–20% [1, 2]. Therefore, improv-
ing the outcome of patients who manifest poor clinical 
status is the primary concern of neurointensivists and 
neurosurgeons in real-world clinical practice. Delayed 
cerebral ischemia (DCI) is a major contributor to poor 
neurologic outcome after SAH [3]. Early detection and 
prompt management of DCI is critical to achieving good 
clinical outcome. Transcranial Doppler ultrasonography 
(TCD) is used routinely to detect vasospasm by measur-
ing high velocities of the cerebral arteries in most critical 
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care units, whereas computed tomography angiography 
(CTA) and magnetic resonance angiography (MRA) are 
adjunct diagnostic modalities for DCI due to severe cer-
ebral vasospasm. However, TCD for the detection of DCI 
is limited by the increased dependence on the operator 
and the inadequate acoustic temporal bone window in 
more than 10% of the patients [4]. In addition, TCD is 
used only once or twice daily in the clinical setting of the 
critical care unit. Therefore, a few patients with DCI may 
remain undetected in the upcoming study. CTA or MRA 
with perfusion imaging can be used to accurately ana-
lyze the degree of vasospasm related to DCI. However, 
adverse events can occur during patient transfer to the 
testing sites [5], particularly in patients with unstable and 
poor-grade SAH with multiple lines and drains. There-
fore, a simple and sensitive apparatus for the continuous 
monitoring of DCI without depending on an operator 
bedside is necessary for patients with SAH presenting 
with poor-grade SAH.

Near-infrared spectroscopy (NIRS) has been used to 
determine cerebral tissue oxygenation on the basis of the 
exposure of brain to near-infrared light and quantifica-
tion of the reflected photons [6]. NIRS reflects venous-
weighted oxygenation (approximately 70% of venous 
blood, 25% of arterial blood, and 5% of capillary blood) 
in the frontal lobe [7, 8]. Currently, cerebral regional oxy-
gen saturation  (rSO2) in NIRS is usually used to moni-
tor ischemic events during cardiovascular surgery and 
endovascular procedures [9]. The  rSO2 level was strongly 
correlated with the baseline mean transit time of the 
perfusion magnetic resonance image in patients with 
ischemic stroke [10]. In addition, the levels of  rSO2 were 
improved after recanalization in patients undergoing 
mechanical thrombectomy [11]. Taussky et al. [11] corre-
lated NIRS oxygenation and regional cerebral blood flow 
in a perfusion computed tomography imaging study of 
eight stroke patients (SAH, n = 6; ischemic stroke, n = 1; 
intracerebral hemorrhage, n = 1) in the critical care unit. 
Accordingly, NIRS also represents a noninvasive, con-
tinuous bedside monitoring tool for cerebral ischemia 
without operator dependency, in particular for patients 
with poor-grade SAH who are at a high risk of DCI. In 
this study, we examined the diagnostic value of NIRS in 
DCI involving patients with poor-grade SAH.

Methods
Study Population
The study cohort was derived from the stroke database 
at the regional medical center of the district, a pro-
spective task of an ongoing research study conducted 
between September 2016 and July 2019 [12–15]. The 
inclusion criteria were as follows: (1) spontaneous SAH 
due to aneurysm rupture, (2) age greater than 18  years, 

(3) poor-grade SAH, and (4) treatment with endovascular 
coil embolization. The exclusion criteria were as follows: 
(1) nonaneurysmal SAH due to trauma or infection, (2) 
perimesencephalic (PMH) SAH, and (3) treatment with 
surgical clipping. Poor-grade SAH was defined as a Hunt 
and Hess (H–H) grade greater than or equal to IV and a 
Fisher grade greater than or equal to III at admission.

Patient Monitoring
We measured  rSO2 continuously for 14  days post ictus 
using in  vivo optical spectroscopy (INVOS) (Somanet-
ics Corp, Troy, MI) as the NIRS system. Two probe pads 
were uniformly located on the patients’ forehead, and 
the  rSO2 level was measured every 2 s. The results were 
recorded automatically in the INVOS machine (Fig.  1) 
[16]. The results were downloaded, and the average val-
ues were calculated every 24  h bilaterally. The primary 
outcome was the differences in  rSO2 according to DCI. 
The secondary outcome was the optimal cutoff value 
of  rSO2 reduction to identify DCI. The reduction rate 
(percentage) in  rSO2 during the follow-up compared 
with  rSO2 on day 1 was used as a reference value in the 
analysis.

Delayed cerebral ischemia was diagnosed in patients 
with SAH who were capable of undergoing neurological 
examination on the basis of the following conditions: (1) 
newly developed focal neurologic changes or decreased 
Glasgow Coma Scale score of at least 2 points; (2) sus-
tained symptoms lasting more than 1  h; (3) absence of 
other possible causes, such as rebleeding, hydrocepha-
lus, seizures, or electrolyte imbalances; and (4) severe 

Fig. 1 INVOS used to monitor patients with poor-grade SAH in the 
neuro-intensive care unit. Two probe bands were placed on the 
forehead (yellow circle), and cerebral regional oxygen saturation 
(red line) was monitored continuously at bedside without operator 
dependency
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cerebral vasospasm on CTA or MRA, defined as a more 
than 50% decrease in vessel diameter in the follow-up 
radiological examinations compared with baseline [17, 
18]. DCI was monitored by TCD daily in cases of seda-
tion with a mechanical ventilator. CTA or MRA was per-
formed immediately to confirm the degree of vasospasm 
if severe vasospasm was suspected, indicating a mean 
flow velocity greater than 200 cm/s in the middle cerebral 
artery (MCA) or 85  cm/s in the basilar artery on TCD 
[19, 20]. In addition, CTA was performed routinely on 
days 3, 7, and 14 after ictus to observe changes in vasos-
pasm because cerebral vasospasm occurs around day 3, 
peaking on day 7, and resolves after 2  weeks post ictus 
[21, 22]. Nimodipine (20 μg/kg per hour; Samjin Pharma-
ceutical, Seoul, Korea) was administered intravenously 
in an effort to improve prognosis after endovascular coil 
embolization [23].

Clinical outcome was measured by using the modified 
Rankin Scale score at 6 months after ictus, with a score of 
0–2 indicating favorable outcome [24]. Medical records 
and radiological images were reviewed independently by 
a neurologist (JJP) and a neurosurgeon (JPJ). All patients 
with SAH treated with endovascular coil embolization 
were monitored via invasive continuous arterial lines 
for systolic, diastolic, and mean arterial pressure and 
drug titration. Any disagreement was resolved by a third 
researcher. This study was approved by the institutional 
review board of the participating hospital (No. 2016-3, 
2017-9, and 2018-6).

Statistical Analysis
Continuous data are presented as the mean and standard 
deviation (SD). Univariate analysis of factors related to 

DCI was performed via χ2 tests and Fisher’s exact tests 
or an independent t-test [25]. Comparative results of 
the  rSO2 according to DCI were analyzed by using the 
Mann–Whitney U-test. A receiver operating character-
istic curve was generated to determine the optimal cut-
off point for identifying DCI [5, 26]. The predictive value 
of severe cerebral vasospasm contributing to DCI was 
determined by using the area under the receiver operat-
ing characteristic curve (AUROC) between NIRS and 
TCD. All statistical analyses were done with SPSS version 
21 (IBM SPSS Statistics, IBM Corpation, Armonk, NY) 
and MedCalc (www. Medca lc. org). A p value of less than 
0.05 was regarded as statistically significant.

Results
Characteristics of the Patients
The patients’ clinical characteristics are listed in Table 1. 
A total of 24 patients presenting with poor-grade SAH 
were included. Eight patients (33.3%) showed DCI dur-
ing the follow-up, with  rSO2 levels of 59.6 ± 4.9%. We 
recorded NIRS values for each hemisphere separately 
but analyzed the average results of the left and right 
sides for each patient. The analysis included the average 
NIRS value derived from eight patients with DCI with 11 
hemispheres and 16 patients without DCI with 32 hemi-
spheres. Five patients with DCI underwent unilateral 
NIRS measurement due to ventriculostomy or craniot-
omy during the follow-up to control the increased intrac-
ranial pressure (Supplemental Table S1).

High mean arterial pressure was maintained in patients 
with DCI treated with norepinephrine or dopamine. 
Other clinical and radiological findings did not differ 
significantly between the two groups. Most aneurysms 

Table 1 Baseline characteristics of study patients with poor-grade subarachnoid hemorrhage

Data are shown as the numbers of patients (percentage) for discrete variables and mean ± SD for categorical variables

BPM beats per minute, DCI delayed cerebral ischemia, SD standard deviation

Characteristics Non-DCI (n = 16) DCI (n = 8) p

Female sex, n (%) 9 (56.3) 3 (37.5) 0.719

Age, mean ± SD (yr) 62.1 ± 11.3 58.4 ± 13.1 0.481

Hypertension, n (%) 3 (18.8) 2 (25.0) 0.728

Diabetes mellitus, n (%) 1 (6.3) 1 (12.5) 0.609

Hyperlipidemia, n (%) 3 (18.8) 1 (12.5) 0.705

Smoking, n (%) 1 (6.3) 2 (25.0) 0.199

Anterior circulation of aneurysm, n (%) 14 (87.5) 7 (87.5) 1.000

Aneurysm size, mean ± SD (mm) 5.3 ± 1.4 5.8 ± 1.7 0.466

Hemoglobin, mean ± SD 12.0 ± 1.2 11.6 ± 1.0 0.396

Mean arterial pressure, mean ± SD (mmHg) 91.6 ± 3.8 100.8 ± 5.7 < 0.001

Heart rate, mean ± SD (BPM) 88.3 ± 9.8 93.3 ± 9.8 0.930

Chemical angioplasty, n (%) – 3 (37.5) –

Poor functional outcome, n (%) 5 (31.3) 5 (62.5) 0.152

http://www.Medcalc.org
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(87.5%) were anterior circulation aneurysms. Poor clini-
cal outcome was more frequently observed in patients 
with DCI compared with those without DCI, but the dif-
ference was not statistically significant (p = 0.152).

Measurement of rSO2 Between Patients with DCI and Those 
Without DCI
The  rSO2 levels were similar for 3  days after SAH.ss 
Patients with DCI experienced a greater decrease in  rSO2 
levels than patients without DCI beyond 3 days after the 
ictus (Fig.  2a). The differences in the  rSO2 levels were 
prominent from day 6 to 9. By day 6, the  rSO2 level was 
62.55% (58.30–63.40%) in the patients with DCI ver-
sus 65.40% (60.90–68.70%) in the patients without DCI 
(p = 0.030). By day 7, it was 60.40% (58.10–61.90%) in the 

patients with DCI versus 64.25% (62.50–67.10%) in the 
patients without DCI (p < 0.001). By day 8, it was 58.90% 
(56.50–63.10%) in the patients with DCI versus 66.05% 
(59.90–69.20%) in the patients without DCI (p = 0.001). 
By day 9, it was 60.85% (58.40–65.20%) in the patients 
with DCI versus 65.80% (62.70–68.30%) in the patients 
without DCI (p = 0.005) (Fig. 2b). On day 5, the patients 
with DCI had lower  rSO2 levels than the patients without 
DCI, but the difference was not statistically significant 
between patients with DCI (63.10%; 56.10–65.30%) com-
pared with patients without DCI (64.85%; 61.80–68.10%) 
(p = 0.071).

Figure  3 displays the association between  rSO2 levels 
and DCI onset in eight patients with DCI. The varying 
onset of DCI was as follows: 5 days, n = 1; 6 days, n = 1; 

Fig. 2 Differences in cerebral regional oxygen saturation  (rSO2) of NIRS according to delayed cerebral ischemia (DCI). a Chronological changes of 
 rSO2 of NIRS in patients with DCI and non-DCI following subarachnoid hemorrhage (SAH). b Measurements of  rSO2 differed significantly according 
to DCI on days 6, 7, 8, and 9 after ictus. The results are presented as the median and 25th–75th percentiles
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7 days, n = 3; 8 days, n = 2; and 11 days, n = 1. We gen-
erated a receiver operating characteristic curve based on 
changes in  rSO2, with the  rSO2 level on day 1 as a refer-
ence value. The AUROC was equal to 0.885 (95% confi-
dence interval [CI]: 0.749–0.963). A greater than 14.7% 
decrease in the  rSO2 level yielded a sensitivity of 85.7% 
(95% CI: 57.2–98.2%) and a specificity of 85.7% (95% CI: 
67.3–96.0%) for DCI detection (Fig. 4).

Discussion
A threshold based on NIRS data and techniques for 
the identification of cerebral ischemia in heterogene-
ous patient groups was used in previous studies [7]. 
Although NIRS is recommended for monitoring cer-
ebral deoxygenation in neurosurgical patients, the evi-
dence is not strong enough [7]. Therefore, the threshold 
cannot be used to monitor cerebral ischemia in patients 
with SAH in the neurointensive care unit. Maslehaty 
et  al. [9] continuously measured nine patients with 
SAH during a mean of 8.6 days (range 2–12 days) using 
INVOS. Seven patients with SAH without DCI exhib-
ited constant and stable  rSO2, whereas two patients 
showed a correlation between clinical deterioration 

and  rSO2 declines. Mutoh et al. [27] examined  rSO2 in 
seven patients with SAH with clipped cerebral aneu-
rysms who underwent dobutamine-induced hemo-
dynamic augmentation during 2–5  days. Vascular 
territories affected by vasospasm showed lower  rSO2 

Fig. 3 Data of eight patients with delayed cerebral ischemia (DCI). Serial changes in  rSO2 and the number of patients with different days of DCI 
onset are shown. Serial  rSO2 changes and the day of DCI onset for each patient are presented in different colors

Fig. 4 The area under the receiver operating characteristic curve is 
0.8855. Reduction rate of  rSO2 greater than 14.7% indicates a sensitiv-
ity of 85.7% (95% CI: 57.2–98.2%) and a specificity of 85.7% (95% CI: 
67.3–96.0%) for DCI detection
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levels compared with the contralateral side by 24 ± 4%. 
NIRS also enabled continuous assessment of cerebral 
autoregulation following SAH [28]. Ma, an index of cer-
ebral autoregulation based on TCD, was well correlated 
with NIRS-based autoregulation indices. (r = 0.81). 
However, the adult patients with SAH were monitored 
briefly for 62.5 h by using the NIRO 2000 (Hamamatsu 
Photonics UK Ltd, Hertfordshire, UK), which did not 
cover the estimated DCI period. In addition, patients 
with nonaneurysmal SAH were included. Nonaneurys-
mal SAH exhibited different clinical outcomes accord-
ing to the patterns of hemorrhage, such as PMH and 
non-PMH. A meta-analysis [29] demonstrated that 
patients with PMH SAH experienced significantly 
lower DCI than patients without PMH SAH (odds 
ratio = 0.219; 95% CI: 0.144–0.334). Therefore, changes 
in  rSO2 reported in previous studies cannot reflect the 
hemodynamic changes in DCI in patients with aneurys-
mal SAH.

A higher H–H grade is closely associated with in-hos-
pital mortality [30]. Lantigua et al. [30] reported that the 
mortality rates of H–H grades IV and V were 24% and 
71%, respectively, which were higher than the in-hospi-
tal mortality rates of 3–9% in patients with a lower H–H 
grade. Accordingly, early detection and prompt manage-
ment of DCI is essential for patients with poor-grade 
SAH who are at high risk of DCI. Additional hemody-
namic therapies for hypertension and hypervolemia are 
usually administered to patients with poor-grade SAH 
compared with those diagnosed with good-grade SAH. 
Therefore, the cutoff value for  rSO2 reduction should 
be set differently for good-grade and poor-grade SAH 
cases to reduce false-positive results involving good-
grade SAH [31]. In this study,  rSO2 observed on NIRS 
facilitated real-time monitoring of DCI following SAH. 
The optimal cutoff value of  rSO2 reduction for the detec-
tion of DCI due to severe cerebral vasospasm was 14.7%, 
which yielded a sensitivity of 85.7% and a specificity of 
85.7%.

Generally, DCI is closely associated with poor clinical 
outcome. No such association was observed in our study, 
although patients with DCI tended to show poor clinical 
outcomes compared with those without DCI. We only 
enrolled patients with poor-grade SAH, not good-grade 
SAH. Le Roux et al. [32] reported that poor-grade SAH 
outcome was closely related to initial hemorrhage and 
subsequent increased intracranial pressure or cerebral 
infarction at admission. Nonetheless, it was possible that 
fewer DCI cases were detected because of the diagnostic 
difficulty involving sedated or intubated patients.

Near-infrared spectroscopy also can be used during 
neuroendovascular procedures. Meng et al.[33] analyzed 
consecutive  rSO2 levels during chemical angioplasty for 

vasospasm in 13 clipped patients. The  rSO2 changes ipsi-
lateral to the chemical angioplasty side were more promi-
nent than in the contralateral side. However, changes in 
NIRS were inconsistent and limited in their application 
because of pneumocephalus. NIRS reflects the oxygen 
delivery and consumption only for a small frontal brain 
tissue after subtracting data from the surface and scalp 
[7]. Accordingly, air or fluid at the craniotomy sites inter-
feres with the absorption spectrum. Therefore, we only 
placed the NIRS sensor pad in patients with SAH with 
coil embolization but not surgical clipping.

Transcranial Doppler ultrasonography is widely used to 
assess cerebral vasospasm following SAH. Nevertheless, 
technical difficulties due to poor bone window and opera-
tor dependency are a concern, limiting its use in critically 
ill patients [9]. Carrera et al. [34] reported that approxi-
mately 40% of patients with DCI did no show the highest 
mean flow velocity greater than 120 cm/s. In a case series 
of seven patients, NIRS successfully identified three to 
four patients with DCI for whom TCD velocity was inef-
fective [27, 35]. Compared with TCD, NIRS provides 
 rSO2 data regardless of operator and patient condition. 
We also found uninterpretable data in three patients with 
SAH (12.5%). In 21 patients, we compared the diagnositc 
accuracy of NIRS with that of TCD for the identifica-
tion of DCI due to severe cerebral vasospasm. As shown 
in Supplemental Fig. S1, the diagnositc performance of 
NIRS appeared to be slightly better than that of TCD but 
was not statistically significant (AUROC = 0.074; 95% 
CI: − 0.112 to 0.260). Nontheless, additional comparative 
studies are needed to determine the diagnostic accuracy 
of NIRS compared with TCD in a large cohort of patients 
with SAH. During prolonged monitoirng, probe adhesion 
to the forehead may decerase, which can interfere with 
data reliability. Accordingly, there is a need to switch to a 
different probe to obtain robust and reliable data, which 
can be expensive, especially when it is not covered by 
insurance in the neurointensive care unit. Nonetheless, 
there is practically no modality other than NIRS that is 
currenlty available to monitor DCI continuously for 24 h.

Our study has some limitations. First, we enrolled 24 
patients presenting with poor-grade SAH, and the ret-
rospective design of the study has inherent limitations 
of selection bias. Accordingly, treatment decisions for 
DCI can be influenced by the investigator not blinded to 
the study. Second, we defined DCI on the basis of neu-
rological changes or decreased GCS scores concomitant 
with severe cerebral vasospasm. Accordingly, the study 
may have excluded some patients with DCI induced by 
cortical spreading depolarization or microthrombo-
sis. In addition, our analysis may have included cases of 
angiographic vasospasm, which was not associated with 
DCI. Third, we merely compared the serial changes in 
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 rSO2 between eight patients with DCI and 16 without 
DCI with poor-grade SAH after ictus using the median 
and 25th–75th percentiles. The accuracy of longitudinal 
data analysis is enhanced by using the mean and 95% 
CI. Additionally, it might be difficult to detect vasos-
pastic vessels on the basis of a simple 24-h average of 
 rSO2 levels. Under this condition, the  rSO2 variability 
increases the ability of  rSO2 to detect cerebral vasospasm 
contributing to DCI. We further analyzed the  rSO2 vari-
ability, such as SD and coefficient of variation (CoV), on 
the basis of the hourly averages of  rSO2 for the detec-
tion of DCI. Compared with patients without DCI (SD 
2.980 [2.320–3.380]; CoV 4.370 [3.420–5.010]), patients 
diagnosed with DCI had higher levels of SD (4.270 
[3.560–5.490]; p < 0.001) and CoV (6.655 [5.375–8.150]; 
p < 0.001). Therefore, large-scale studies are needed given 
the key role of optimal  rSO2 in DCI monitoring following 
SAH. Fourth, objective parameters, such as blood flow 
index, can facilitate the assessment of cerebral hemody-
namics without prolonged bedside investigations. Keller 
et  al. [36] reported that assessment of regional cerebral 
blood flow by using NIRS with indocyanine green (ICG) 
correlated strongly with that of perfusion-weighted 
magnetic resonance imaging. Terborg et  al. [37] also 
showed that patients with acute MCA occlusion had 
a significant increase in time to peak and rise time and 
decreased maximum ICG concentration and blood flow 
index (maximum delta ICG/rise time) compared with 
the unaffected hemisphere. Nevertheless, NIRS meas-
urements by using the ICG dye are affected by the pul-
satility of systole and diastole and extracerebral path 
length [36, 38]. Direct comparison with the contralateral 
side is also inaccurate in patients with poor-grade SAH 
because of the possibility of bilateral cerebral vasospasm. 
Because we only enrolled patients with poor-grade SAH 
in this study, bilateral vasospasm alone was detected and 
cases of unilateral vasospasm were missed. Accordingly, 
we could not investigate the nature of DCI. Finally, we 
used a two-channel NIRS on the forehead in this study. 
Because the two-channel NIRS reflects regional  rSO2 lev-
els of the watershed border zones between the two main 
MCA and anterior cerebral artery (ACA), NIRS cannot 
accurately detect vasospasm of the vertebrobasilar artery 
and the distal M4 segment of the MCA and the A4 seg-
ment of the ACA. Lehr and Wickramasinghe [39] dem-
onstrated the conversion of single-channel NIRS into a 
four-channel NIRS to determine the levels of continuous 
blood oxygenation in multiple regions of the neonatal 
brain. NIRS can be used to successfully detect differences 
in oxygenation and hemodynamic changes of the four 
regions. Other diagnostic methods using TCD or con-
tinuous electroencephalography (cEEG) can overcome 
the limitations of the two-channel NIRS. Sviri et al. [40] 

reported that high basilar artery flow velocities exceeding 
115  cm/s on TCD were closely associated with delayed 
ischemia of the posterior circulation. Rosenthal et al. [41] 
showed that the delayed onset of epileptiform abnor-
malities in cEEG, which was recorded using the 10–20 
scalp electrodes, predicted subsequent DCI in patients 
with poor-grade SAH. Additionally, cEEG demonstrated 
higher accuracy in detecting severe vasospasm com-
pared with TCD. Therefore, an efficacy study evaluating 
the combination of NIRS, TCD, cEEG, or other imaging 
techniques to evaluate cerebral perfusion is required for 
early and accurate diagnosis of DCI.

Conclusions
Near-infrared spectroscopy might be a promising tool 
for real-time detection of DCI in patients with poor-
grade SAH at the bedside. Further prospective studies are 
required to corroborate our findings under various clini-
cal conditions and to set the optimal NIRS protocol for 
DCI screening in a large cohort of the SAH population.
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