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Abstract. Cerebral vasospasm (CV) constitutes a major 
post‑operative complication and source of morbidity 
in cases of subarachnoid hemorrhage (SAH). The early 
detection of CV in SAH may be difficult both clinically 
and radiographically. The present pilot study thus aimed 
to evaluate the practicability of the technique in a tertiary 
healthcare setting and to assess the diagnostic effective‑
ness of various diagnostic computed tomography (CT) 
perfusion (CTP) aspects in predicting the clinical outcome 
of patients with SAH (traumatic and aneurysmal). A 
retrospective study including 34 patients in a tertiary care 
hospital was thus conducted. The results revealed that of the 
34 patients, 18 (52.9%) were males, and the mean age was 
54.4±18.5 years (16‑85 years old; range, 69 years). In total, 
15 (44.1%) patients had traumatic SAH following traumatic 

brain injury (TBI), 11 (33.3%) had aneurysmal SAH, and 
8  patients (23.6%) presented with TBI without SAH as 
controls. CTP was performed on the third to the sixth day, 
and 15‑20 min prior to CPT, a transcranial Doppler ultra‑
sound was performed. Clinical outcomes were documented 
at 30 days using a CT scan and a complete neurological 
evaluation, including Glasgow Coma Scale assessment. 
The results of a multivariate analysis revealed that cerebral 
blood flow (CBF) was an independent factor for detecting 
an ischemic event in 1 month (P=0.003). On the whole, the 
present study demonstrates that CTP, and consequently 
CBF, is a considerable index that may identify the onset of 
cerebral ischemia in patients with SAH.

Introduction

Cerebral vasospasm (CV) or delayed cerebral ischemia 
(DCI) is the main complication and cause of morbidity 
following surgery in individuals that have a subarachnoid 
hemorrhage (SAH). Unfortunately, however, 16‑65% of 
these patients, despite the use of different therapeutic 
procedures, consequently develop ischemia  (1‑4). A 
variety of strategies are employed to enhance cerebral 
blood f low (CBF) in patients with SAH who develop 
CV. Intra‑aortic balloon counterpulsation, hyperdynamic 
therapy, intra‑arterial and intrathecal drug infusion, as well 
as novel experimental techniques, such as endovascular 
treatment and different drugs or their combinations, may 
be helpful if treatment are commenced at an early stage. 
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However, if a CV does not appear or treatment begins at 
a late stage, cerebral ischemia (CI) may occur even with 
optimal management (5).

Identifying CV (clinically or with angiography) at an early 
stage in SAH can be difficult and challenging (1,2). Although 
40‑70% of patients exhibit the substantiation of arterial 
narrowing (on a Doppler ultrasound or an angiography), 
only 20 to 30% present with DCI (1,2). Intra‑arterial digital 
subtraction angiography (DSA) significantly performs as a 
screening device in patients whose symptoms and clinical 
findings are consistent with focal CI  (6). However, when 
assessing the global vasculature using DSA, the detailed 
delineation of the calf vessels may not be obtained when 
numerous stenoses are present and constitute an invasive 
method. Computed tomography (CT) can reveal the amount 
of irreversibly damaged tissue (the ischemic core) (7‑9), and 
it indicates that reperfusion therapy may not be necessary or 
may even be harmful when the ischemic core is large or the 
perfusion is damaged to a great extent (10,11). By contrast, 
CT perfusion (CTP) is able to identify damage which is not 
recognized by other methods and may be beneficial for the 
assessment of CI related to SAH (12). CTP can be used in 
daily practice, or it can be used as a separate diagnostic tool 
without the need for magnetic resonance imaging data to 
predict the outcomes of patients with SAH (13,14). In addi‑
tion, available data on its association with other non‑invasive 
techniques, such as transcranial Doppler (TCD) ultrasound 
are not sufficient (1,15,16).

In this respect, the present study was performed with an 
aim to evaluate the utility of the CTP procedure in the daily 
practice of a tertiary hospital for the early recognition of 
symptomatic vasospasm in preventing permanent neurological 
deterioration and to assess the diagnostic performance of this 
technique in the clinical outcomes of patients with SAH (trau‑
matic and aneurysmal).

Patients and methods

Study design and inclusion criteria. The present retrospec‑
tive study included patients with spontaneous/aneurysmal 
or traumatic SAH i) who presented with Glasgow Coma 
Scale (GCS) scores of 15/15 to 4/15; and ii) whose CT scan 
demonstrated high‑grade SAH according to neuroimaging 
damage degree (Fisher‑IV), in a very early stage (48 h after 
the onset) of SAH, as well as patients presenting with trau‑
matic brain injury (TBI) without SAH as controls, between 
July, 2018 and January, 2020 at the University Hospital of 
Larisa (Larisa, Greece). Patients with TBI without SAH 
were selected as controls, as TBI may be associated with 
the pathophysiology of ischemic post‑traumatic events. The 
Institutional Review Board (IRB) of University of Thessaly, 
Greece/The School of Medicine/School of Health Sciences 
approved the study (IRB no. 2492/19‑01‑2015). The study 
was in line with the Declaration of Helsinki in 1995 (as 
revised in Edinburgh 2000). Written informed was obtained 
from all patients.

As the present study was retrospective, groups of patients 
whose parameters (such as blood pressure and intra‑ and 
extracranial artery stenosis), were the same and without any 
marked differences were included.

Exclusion criteria. Patients with factors predisposed to CI 
apart from vasospasm (i.e., those with atrial fibrillation 
or other arrhythmias, diabetes mellitus, hyperlipidemia 
and hypotension) or with factors predisposed to bleeding 
(anticoagulant agents and severe liver impairment) were 
excluded. All participants were followed up for 30 days or 
until they were discharged from the hospital. Outcomes were 
evaluated at 30 days using a CT scan and a full neurological 
examination was performed, together with GCS assess‑
ment. The clinical outcome was categorized according to 
the presence of neurological or radiological evidence as 
normal, adverse (headache, change of consciousness, or 
others), or mortality.

Treatments. During the 3rd to 6th day after SAH, CTP was 
performed in all the participants to identify a quantifiable 
index of CI after CV given that angiographically detect‑
able cerebral artery constriction is most commonly present 
at 3‑10 days after the onset. Cerebral blood volume (CBV) 
and cerebral blood flow (CBF) values were documented and 
assessed after receiving two contiguous 10‑mm slices placed 
at the anatomical point of the basal ganglia with similar 
angulation as for native CT. A bolus of 50 ml of nonionic 
contrast medium (Imeron 400, Bracco Imaging Deutschland 
GmbH) accompanied by 30 ml of saline was then infused 
using a power injector at a flow rate of 4 ml/sec. Subsequently, 
40 images were captured at each slice level at a rate of two 
images per second (120 kV, 110 mAs, 512x512 matrix). CTP 
color maps were assessed qualitatively using a visual grading 
scale, and CTP parameters were established utilizing software 
platforms (Perfusion CT, Siemens). A positive visual measure‑
ment was recorded for side‑to‑side discrepancies or obvious 
bilateral anomalies, which could suggest a decline in CBF, 
CBV, and mean transit time (MTT), which were related to the 
central volume principle: CBF=CBV/MTT (1,17). CBV was 
determined in milliliters of blood per 100 gm of brain and was 
established as the volume of blood flow for a certain amount 
of brain tissue (1,18). MTT was determined as the average time 
needed for blood to move through a certain volume of brain 
and was calculated in seconds (1).

Moreover, 15‑20  min before CTP, TCD via a trans‑ 
temporal window was carried out to illustrate and assess 
flow velocities in the anterior cerebral artery (ACA), middle 
cerebral artery (MCA), posterior cerebral artery (PCA) 
and posterior communicating artery. Peak systolic velocity 
(PSV, in cm/sec), which is the maximum flow velocity value 
during systole, was calculated at the peak of the waveform. 
End‑diastolic velocity (EDV, in cm/sec) was determined at 
the end of diastole, traditionally at the lowest point before 
the beginning of a new waveform, which is between 20 and 
50% of the PSV value (1,19). The Lindegaard ratio, defined 
as MCA mean CBF velocity divided by extracranial internal 
carotid artery mean CBF velocity, was utilized as an indi‑
cator of systemic hemodynamic alterations. The mean flow 
velocity (in cm/sec) was calculated as the average of the edge 
frequency across a cardiac cycle, which was calculated as 
EDV plus one‑third of the variance between PSV and EDV 
[MFV (cm/sec)=(PSV + 2EDV/3)] (1,19). A sonographic CV 
was defined as an MFV of >140 cm/sec in the MCA, ACA, 
and/or PCA or >90 cm/sec in the basilar artery. Pulsatility 
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index (PI)=PSV‑EDV/MFV was utilized as an index for 
intracranial pressure elevation (1,19).

Statistical analysis. The normality of the distribution of 
variables was determined using the Shapiro‑Wilk test. The 
data were non‑parametric and were compared using the 
Mann‑Whitney U test. To identify predictors of adverse events 
(adverse ischemic events), statistically significant factors were 
subsequently examined using Cox proportional hazards multi‑
variate regression analysis. Receiver operating characteristic 
(ROC) analysis was presented to reveal the implementation 
of TCD or CTP indicators in recognition of unfavorable 
outcomes. A P‑value of <0.05 was characterized as statisti‑
cally significant. Statistical analysis was performed with the 
use of the Statistical Package for the Social Sciences (SPSS 
11; SPSS, Inc.).

Results

A total of 34  patients were enrolled in the present study 
(Table I). Of these, 15 patients were males (44.1%), and the 
median age was 50.00 years (interquartile range, 31 years). 
Of these patients, 15 patients (44.1%) had traumatic SAH 
following TBI, 11 patients (33.3%) had aneurysmal SAH and 
8 patients (23.6%) presented with no SAH after TBI as controls. 
The outcomes and baseline characteristics of the study partici‑
pants are presented in Table I. Overall, 12 patients (35.2%), 
who experienced some clinical symptoms, such as a decline 
in the level of consciousness or a worsening headache, were 
administered hypervolemic hypertensive and intra‑arterial 
calcium channel therapy after early the identification of symp‑
tomatic vasospasm with CTP findings and were presented with 
permanent neurological deficits as detected using a CT scan 
after 1 month of follow‑up.

The TCD and CTP data are presented in Tables II and III, 
respectively. In addition, in the 12 patients who presented with 
permanent neurological deficits, CTP revealed reduced CBF 
and prolonged MTT. TCD also revealed elevated PSVs and PIs 
in the same patients, apart from patient no. 4, whose right ACA 
PI was normal (=0.9). In addition, TCD revealed that the right 
ACA PI of patient no. 21 was normal (=1) with PSV=87 cm/sec 
and MFV=69 cm/sec, the right PCA PI of patient no. 25 was 1.2 
with PSV=58 cm/sec and MFV=35 cm/sec, and the left MCA 
PI of patient no. 30 was normal (=0.8) with PSV=89 cm/sec 
and MFV=87 cm/sec.

Diagnostics. ROC analysis demonstrated that, among the CTP 
and TCD variables, a CBF value <21.5 ml x 100 g‑1 x min‑1 
with 92.9% sensitivity and 80% specificity and an MTT value 
>3.7 sec with 86% sensitivity and 80% specificity presented 
the optimal performance to diagnose adverse ischemic events 
at 1 month, as evaluated by an area‑under‑the‑curve stan‑
dard error [AUC(SE)] of 0.89(0.06), P=0.005 (Table IV and 
Figs. 1‑4).

Univariate analysis performed with the use of the 
Mann‑Whitney U test revealed that there was a statistically 
significant difference in the mean values of PSV, CBF, CBV 
and MTT between participants who developed adverse isch‑
emic events and between those who did not develop adverse 
ischemic events (P<0.05, Table V).

Cox proportion hazards multivariate regression analysis 
(Table VI) revealed that CBF was an independent factor in 
detecting an ischemic events in 1 month (P=0.003).

Discussion

The results of the present study suggest that CTP is obtain‑
able in everyday practice, and it may provide valuable details 
about SAH‑associated CV. Certainly, CTP, and mainly CBF 
and MTT, can help to recognize patients who develop delayed 
unfavorable ischemic incidents and are more precise than 
TCD at this point. Thus, the CTP constitutes a very hopeful 
diagnostic instrument for managing SAH.

DSA is the gold standard for identifying CV and different 
cerebrovascular entities (1,20,21). However, the invasiveness 
of the procedure and the radiation exposure require careful 
patient selection and preclude widespread use (15). In addi‑
tion, a number of invasive procedures, such as intracerebral 
CBF‑dimension and microdialysis, have been developed due to 
their significance in detecting CV in patients after SAH (15). 
Those methods eschew the hazards of setting and continuing 
monitoring with intracerebral probes, such as infection, and 
they are only accurate if the calculation is performed in an 
area of the brain that will eventually be affected by decreased 
perfusion (1,15). Furthermore, MR perfusion, CTP, positron 
emission tomography, Xenon CT and single‑photon emission 
CT all permit tomographic CBF evaluation. However, CTP 
is currently the most commonly used and studied imaging 
technique (22). A range of cut‑off values associated with DCI 
has been mentioned, counting an MTT value >5.0‑6.4 sec or a 
local CBF value <25‑40 ml x 100 g‑1 x min‑1 (1,23).

The present study detected two separate major types of 
patients depending on their CTP and TCD data. The first 
profile was related to the clinical outcomes without isch‑
emic damage in the CT scan at these locations, whereas the 
second one was related to unfavorable clinical outcomes 
with ischemic damage in the CT scan. In the first profile, the 
majority of patients had CTP that indicated no vasospasm 
or mild vasospasm according to the CBF and MTT values; 
this was observed in patient nos. 2 and 5. In patient no. 2, 
CTP revealed only delayed MTT from 7.3 to 10  sec and 
TCD revealed elevated PIs (0.9 in both right and left ACAs), 
indicating severe vasospasm. In patient no. 5, CTP demon‑
strated a decrease in CBF with delayed MTT, and TCD 
demonstrated elevated PIs in the right and left MCAs (1.4 
and 1.3, respectively) and the left PCA (1.6), indicating mild 
vasospasm. On the other hand, 12 patients with the second 
profile, had CTP that illustrated substantial vasospasm with 
clinically and radiologically evident infarct lesions (Table I); 
however, PI values in TCD had a range between normal and 
1.3, which is in agreement mainly with mild or no vasospasm 
(i.e., patient nos. 1, 3, 4, 21, 25 and 30). For patient no. 1, CTP 
demonstrated a decreased CBF value (in the right and left 
frontal, as well as left parietal areas), normal CBV values, 
and delayed MTT (7.4 to 10.5 sec), and TCD revealed a mean 
PI value of 1.5. In patient no. 3, CTP revealed decreased CBF 
and CBV values in the right frontal and parietal areas and 
delayed MTT mostly in the left part (7.4 to 10.9 sec), and 
TCD revealed a mean PI value of 1.2. In patient no. 4, CTP 
revealed reduced CBF and delayed MTT in the left from 7.4 
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to 8.7 sec, and TCD revealed a mean PI value of 1.1 (Tables II 
and III).

These findings indicate that CTP indices (CBF and MTT) 
presented a better dispersion in ROC analysis in comparison 
with TCD values (Table IV). CBF represents the blood flow in 
the brain, and any decrease in its value is strongly connected 
with the incidence and severity of vasospasm, which consti‑
tutes an important predictor variable of clinical outcome as 
well. CTP parameters (CBF and MTT) appear to be associated 
quite well with CI, although focal flow reduction can also be 
presented as a result of brain damage, retraction, or perihema‑
tomal brain impairment (1,5). On the contrary, TCD provides 
considerable information about the flow changes in an arterial 
segment and, based on the spectral models in a range of nearby 
intracranial arteries, it can identify CV in the MCA (24) and 
may possibly help as a comparatively simple screening tech‑
nique of the vasospasm; however, some authors were reluctant 
to report any association between TCD and angiographic 
evidence in patients with CV (1,25,26). Additionally, TCD 
ultrasonography encounters both anatomical and technical 
limitations and is an operator‑dependent technique (27).

CTP has been applied for the assessment of CI with sensi‑
tivity between 74.1 and 84% and specificity between 79 and 
93.0% (28,29). In the present study, all regions with decreased 
CBF or prolonged MTT were associated with delayed isch‑
emic unfavorable incidents, i.e., CBF [AUC (SE)] of 0.89(0.06), 
P=0.005, and MTT [AUC(SE)] of 0.82(0.07), P=0.001. This 
finding is in agreement with previous reports stating that a CBF 
reduction may suggest permanent ischemic lesions with a CBF 
threshold <25 ml x 100 g‑1 x min‑1. In addition, when a CBF 
decrease is associated with a CBV value <2 ml x 100 g‑1 or with 
an increased MTT value >145%, core ischemia or penumbra 
can be identified (29). In the present study, a CBF threshold of 
21.5 ml x 100 g‑1 x min‑1 and an MTT value >3.7 sec with 80 
sensitivity and 100% specificity for CBF and 86% sensitivity 
and 80% specificity for MTT, which were calculated after an 
aneurysmal or traumatic SAH and they were similar to the 
literature (29), detected an unfavorable ischemic incident at 
1 month. Previous studies have reported that a reduced CBF 
with normal or raised CBV may also indicate hemodynamic 
hypo‑perfusion without real infarction damage in reaction to 
the autoregulation (1,30).

MTT alone may indicate mild to moderate vasospasm, 
whereas a MTT delay related to CBF and/or CBV changes 
may predict severe vasospasm (30). In the present study, all 
participants who obtained the aforementioned triad had late 
unfavorable ischemic events; however, no patients had MTT 
prolongation without any other CTP abnormalities, and there‑
fore, the value of MTT as a stand‑alone indicator could not 
be confirmed. Furthermore, in the present study, multivariable 
analysis revealed that MTT prolongation was not an indepen‑
dent factor for the diagnosis of ischemia at 1 month (P=0.614) 
and was only associated with CBF abnormalities that were 
related to clinical and CT indications of ischemia.

It is worth mentioning that imaging technology in health‑
care facilities has become more widely available worlwide 
over time. Furthermore, the amount to which technology 
availability has changed varies across different areas with 
some areas expand and contract through time, whereas others 
expand and contract faster (31). As regards SAH, consecutive 
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Figure 1. ROC curve for CBF predicting an ischemic event at 1 month. AUC, 
0.896. AUC, area under the curve; CBF, celebral blood flow; ROC, receiver 
operative characteristic.

Figure 4. ROC curve for PSV predicting an ischemic event at 1 month. AUC, 
0.727. AUC, area under the curve; PSV, peak systolic velocity; ROC, receiver 
operative characteristic.

Figure 3. ROC curve for PI predicting an ischemic event at 1 month. AUC, 
0.671. AUC, area under the curve; PI, pulsatility; ROC, receiver operative 
characteristic.

Figure 2. ROC curve for MTT predicting an ischemic event at 1 month. AUC, 
0.829. AUC, area under the curve; MTT, mean transit time; ROC, receiver 
operative characteristic.

Table IV. ROC analysis.

	 Total CBF	 Total CBV
Name	 (mlblood/100 gtissue min)	 (mlblood/100 gtissue)	 Total MTT (sec)	 Total PI (cm/sec)	 Total PSV (cm/sec)

Area	 0.896	 0.254	 0.829	 0.671	 0.727
Std Error	 0.055	 0.093	 0.079	 0.093	 0.087
P‑value	 0.000	 0.016	 0.001	 0.093	 0.026

ROC, receiver operating characteristic; PI, pulsatility index; PSV, peak systolic velocity; CBF, cerebral blood flow; CBV, cerebral blood 
volume; MTT, mean transit time; Std, standard.
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TCD measurements and the calculation of the hemispheric 
index are currently routinely used in several neurointensive 
care units. A regards the CTP, it requires the transportation of 
the patient out of the intensive care unit, limiting the clinical 
relevance of this method for monitoring (32).

A strong point of the present study is that it evaluated the 
utility of the CTP procedure in the daily practice of a tertiary 
hospital for the early recognition of symptomatic vasospasm 
in preventing permanent neurological deterioration. The 
present study also assessed the diagnostic performance of 
this technique in the clinical outcomes, not only of patients 
with aneurysmal, but and traumatic SAH in the first 24 h. This 
expansion allows for the better evaluation and understanding 
of the complex vasospasm entity.

The present study has certain limitations. It was a small, 
single‑center study. In addition, factors such as the ethnic 
origin and the quality of different CT instruments vary 
between studies. Therefore, firm conclusions regarding the 
role of CTP in the management of SAH cannot be reached. 
However, the findings presented herein may serve as a basis 
for future more extensive multi‑centered clinical studies with 
more homogeneous samples formed by aneurysmal SAH, 
along with comparing CPT to angiogram studies and assessing 
whether CBF predicts the response to vasospasm treatment.

In conclusion, the data of the present study demonstrated 
that the combination of CTP and TCD was instrumental in 

diagnosing ischemic events. In patients with CV, TCD alone 
was unable to achieve a good association with angiographic 
results. On the other hand, CTP demonstrated better preci‑
sion, and mainly, CBF was a considerable index that could 
identify the extent of CI precociously in patients experiencing 
SAH; thus, it may allow intervention to prevent permanent 
neurological deterioration, either through the accentuation 
of hypervolemic hypertensive therapy, intra‑arterial calcium 
channel administration, or intracranial angioplasty. MTT 
prolongation was not an independent factor, and only its rela‑
tion with CBF abnormalities was associated with clinical and 
CT evidence of ischemia.
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Table V. Univariate analysis (outcome, ischemic event at 1 month).

Parameter	 Patients with an ischemic event	 Patients without an ischemic event	 P‑value

Age 	 57.8±22	 52.0±15	 0.248
Blood pressure 	 91.2±9	 95.7±11	 0.203
GCS 	 13.3±2	 12.9±2	 0.367
Total PSV (cm/sec)	 108.08±25.63	 87.38±24.29	 0.023
Total PI (cm/sec) 	 0.97±0.18	 0.89±0.12	 0.097
CBF (mlblood/100 gtissue min)	 22.59±5.65	 12.81±12.08	 0.003
CBV (mlblood/100 gtissue min)	 2.22±0.73	 1.10±1.14	 0.004
MTT (sec)	 3.85±1.57	 4.94±1.35	 0.001

All data are presented as the mean ± SD. CBF, cerebral blood flow; CBV, cerebral blood volume; GCS, Glasgow coma scale; MTT, mean transit 
time; PI, pulsatility index; PSV, peak systolic velocity; SD, standard deviation.

Table VI. Multivariate analysis (outcome, ischemic event at 1 month).

	 95% CI for Exp(B)
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Parameter	 P‑value	 Exp(B)	L ower	 Upper

Total PSV mean (cm/sec) 	 0.331	 1.054	 0.948	
CBV mean (mlblood/100 gtissue min)	 0.926	 0.900	 1.005	 1.105
CBF mean (mlblood/100 gtissue min)	 0.003	 1.150	 1.197	 8.337
MTT mean (sec)	 0.614	 0.774	 0.943	 1.402

CBF, cerebral blood flow; CBV, cerebral blood volume MTT, mean transit time; CI, confidence interval; PSV, peak systolic velocity.
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