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Abstract

Background—Symptomatic vasospasm (sVSP) is a common complication during the course of aneurys-
mal subarachnoid hemorrhage (aSAH). We aimed to evaluate the efficacy and accuracy of transcranial
Doppler ultrasound (TCD), performed within the first 3 days of aSAH to predict the development of sVSP.

Methods—We performed a retrospective analysis of our institutional prospectively collected database of
patients with aSAH. Patients with aSAH and World Federation of Neurosurgical Societies (WFNS) grades
I-III were included in the analysis. A receiver operating characteristic (ROC) curve was generated to deter-
mine cut-off values for mean flow velocities (MFVs) in the middle cerebral artery (MCA) and anterior cer-
ebral artery (ACA) bilaterally to predict sVSP.

Results—Fifty-one patients were included in the study. Mean age was 49.8 + 10.2 years, and 84.3% (43
patients) were women. The accuracy of measured MFVs to predict sVSP was 0.79 [95% confidence inter-
val (CI), 0.69-0.89] and 0.77 (95% CI, 0.64—0.91) for the MCA and the ACA, respectively. In the MCA, an
MFV > 74 cm/s was significantly associated with a six-fold increased risk of sVSP, achieving sensitivity
greater than 70%. In the ACA, an MFV > 64 cm/s was significantly associated with a nine-fold increased
risk of sVSP.

Conclusion—Early TCD evaluation of MFVs in the MCA and ACA is a useful tool to predict the devel-
opment of sVSP in patients with acute aSAH.
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Introduction

During the early clinical course of aneurysmal subarach-
noid hemorrhage (aSAH), symptomatic vasospasm
(sVSP) is one of the most frequent and dreaded compli-
cations, worsening functional and neurological out-
comes [1,2]. Standard tests used to determine the source
of bleeding and diagnose sVSP include neuroimaging
studies that administer contrast either intravenously
(computed tomography angiography [CTA]) or intraarte-
rially (digital subtraction angiography [DSA]). Recently,
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it has been proposed that cerebral blood flow measure-
ments using computed tomography (CT) perfusion tech-
niques may detect the degree of cerebral ischemia in a
very early stage [3]. Although well-tolerated, these stud-
ies cannot be readily performed on the bedside and
expose the patient to additional radiation, thus signifi-
cantly restricting their use in daily cerebral hemodynam-
ics monitoring [4,5]. Moreover, they involve patient
transportation to the CT scanner and utilization of
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resources such as nurses, technologists, and ancillary
personnel.

Transcranial Doppler ultrasound (TCD) is a valuable
tool in the detection of increased mean flow velocities
(MFVs) and diagnosis of sVSP. Intracranial blood flow
assessments can be safely performed with bedside TCDs
during early stages of aSAH [6]. While the utility of
TCD in the diagnosis and monitoring of sVSP is well-
known, its validity to predict sVSP has not yet been
fully assessed [6—9]. In this study, we aimed to evaluate
the efficacy and accuracy of early TCD, performed
within the first 3 days of aSAH, to predict the develop-
ment of sVSP.

Methods

Population

A retrospective longitudinal analysis was conducted in
our institutional prospectively collected database of
patients with aSAH admitted to the stroke unit of the
Hermanos Ameijeiras Clinical-Surgical Hospital in
Havana-Cuba, between January 2009 and December
2012. Institutional Review Board approval was obtained
from our institution.

We included patients with the following characteristics:
spontaneous aSAH with favorable clinical status (grades
I-1II based on the WFNS scale) [10], and with TCD
studies performed during the first 3 days of the aSAH.
We excluded patients with poor clinical status (WFNS
grades IV—-V) since they tend to have extensive hemor-
rhages with increased intracranial pressure (ICP) that
may modify MFVs. Subjects with aneurysms in the pos-
terior circulation were also excluded since only vessels
in the anterior circulation were assessed systematically.

Patients without a suitable cranial window to perform
TCD studies were excluded. Also, since increased ICP
could potentially modify MFVs measurements on TCD
studies, patients with sustained increased ICPs despite
maximal medical and surgical therapy were excluded
from the study. Moreover, patients with >50% stenosis
of any carotid artery confirmed by Duplex Doppler
ultrasound were excluded, as proximal arterial stenosis
affects MFVs in the middle cerebral artery (MCA) and
anterior cerebral artery (ACA). Finally, patients who
developed hydrocephalus or experienced rebleeding,
infection, metabolic or hydro-electrolytic disturbances
during hospitalization were excluded from the study, as
these events may affect the neurological examination.
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Management of aneurysmal subarachnoid
hemorrhage

.

aSAH was diagnosed in patients referring the “worst
headache of their lives” and/or loss of consciousness at
presentation, and evidence of hemorrhage on CT or lum-
bar puncture. The presence of an intracranial aneurysm
was determined by helical multislice CTA and/or DSA.
Patients were managed by a multidisciplinary team of
radiologists, vascular neurosurgeons, and neurocritical
care neurologists. Every patient admitted to the stroke
unit underwent the same standardized care that sought
prompt diagnosis and securement of the aneurysm by
microsurgical clipping and within the first 72 hours of
aSAH. Medical therapy and surgical interventions were
performed according to guidelines from the American
Heart Association.[11].

TCD protocol

The TCD study was performed with an Embo-Dop
machine (DWL Elektronische Systeme GmbH, Singen,
Germany) by application of a 2-MHz probe over the
temporal window, according to the method previously
described by Aaslid et al. [12]. MFVs were measured
daily from admission. For the purpose of this study, we
analyzed the highest MFV recorded in the first 3 days of
aSAH. MFVs were measured in the proximal segments
of the MCA (M1) and anterior cerebral ACA (A1) of
each patient bilaterally. All sonographies at our institu-
tion were performed by the same vascular neurologist
with training and experience in the technique.

Outcome

sVSP was diagnosed in patients who, between days 4th
and 14th of aSAH, developed temporary or permanent
clinical signs and symptoms of any global or focal neu-
rological deficit: confusion, decreased level of con-
sciousness, motor or sensory deficits, aphasia, and/or
dysarthria. Following recognition of these signs, TCD
sonography was performed to determine if the MFVs
were within the range of sVSP: >120 cm/s in the MCA
and >90 cm/s in the ACA [13-15]. Further studies such
as CTA and/or DSA were performed to confirm the
presence of radiological vasospasm.

Statistical analysis

Data are summarized as mean + standard deviation (SD)
and range for continuous variables, and as frequency for
categorical variables. Development of sVSP during hos-
pitalization was treated as a binary categorical variable.
A univariate statistical analysis was performed using y2
and Fisher exact tests in categorical variables and Stu-
dent t-test for comparison of means in continuous varia-
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bles, as appropriate. P values < 0.05 were considered
statistically significant. Odds ratios (ORs) were estima-
ted for the magnitude of effect with 95% confidence
intervals (ClIs).

To determine the most accurate cut-off points for MFVs,
a receiver operating characteristic (ROC) curve was con-
structed considering the highest values measured in the
first 72 hours of aSAH evolution. Optimal cut-off points
for MFVs in the MCA and ACA were established in two
ways: (1) by calculating the Youden’s index, a function
of sensitivity and specificity; and (2) by performing per-
centile analyses (50th and 75th percentiles) to which
positive predictive values (PPVs) and negative predic-
tive values (NPVs) were calculated. Finally, a binary
logistic regression was performed to determine the inde-
pendent predictive capacity of established cut-off points.
IBM SPSS 20.0 software for Windows was used for stat-
istical analyses.

Results

During the study period, 182 patients were diagnosed
with spontaneous aSAH. Of them, 77 (42.3%) patients
presented within the first 3 days after aSAH onset. Fol-
lowing our strict criteria, 26 subjects were further exclu-
ded: 13 presented with WFNS grades IV-V, two had
>50% carotid artery stenosis, three required external
ventricular device placement for management of hydro-
cephalus/sustained increased ICP, and eight patients had
inadequate temporal cranial window to perform TCD
studies. A total of 51 patients were included in the final
sample (Figure 1).

Baseline characteristics are presented in Table 1. Mean
age was 49.8 =+ 10.2 years (range 35-75), and 84.3%
were women. Forty (78.4%) patients presented with sig-
nificant hemorrhage (Fisher 3—4). Aneurysms were loca-
ted in the ACA, MCA, or internal carotid artery. There
was no evidence of radiological vasospasm on CTAs
performed upon admission.

Twelve patients (23.5%) were diagnosed with sVSP
between days 7th and 10th of aSAH. History of hyper-
tension was significantly associated with development
of sVSP (P = 0.02) (Table 1). Average systolic blood
pressure (SBP) upon admission was slightly higher in
patients who developed sVSP during hospitalization
(156.5 £ 30.5 mmHg) versus those who did not (149.2 +
55.6 mmHg, P = 0.30). MFVs measured within the first
72 hours in patients who developed sVSP (MCA = 88.1
+ 35.2 cm/s, ACA = 69.5 £ 30.0 cm/s) were signifi-
cantly higher than MFVs recorded in patients without
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sVSP (MCA = 61.7 + 17.9 cm/s, ACA = 47.1 + 16.8
cm/s), with P < 0.001 for both vessels (Figure 2).

Table 2 shows the MFV cut-off points established for
the prediction of sVSP with respective PPVs and NPVs.
In the MCA, the Youden’s Index method calculated the
most accurate cut-off point at MFV = 74 cm/s, which
provided sensitivity, specificity, PPV, and NPV above
70%. The 75th percentile method calculated a cut-off
point of MFV = 80 cm/s, resulting in improved specific-
ity (83%), but decreased sensitivity (58%). In the ACA,
placing the cut-off point at MFV = 64 cm/s achieved a
sensitivity, specificity, and PPV greater than 70%, with
an NPV close to 70%. The overall performance of the
cut-off points determined by the ROC curve was 0.79
(95% CI, 0.69-0.89) and 0.77 (95% CI, 0.64-0.91) for
the MCA and ACA, respectively (Figure 3). Finally, a
binary logistic regression demonstrated that an MFV >
74 cm/s in the MCA is significantly associated with a
six-fold increased risk of sVSP (OR 6.59, 95% CI 2.40—
18.14, P < 0.01), whereas an MFV > 64 cm/s in the
ACA is significantly associated with an almost 10-fold
increased risk of sVSP (OR 9.93, 95% 2.34-42.17, P <
0.01) (Table 3).

Discussion

sVSP is defined as focal or diffuse narrowing of large
and medium caliber arteries. Often, it is as a conse-
quence of aSAH. The identification of sVSP is complex
and can be easily misdiagnosed when other cofounders
such as hydrocephalus or electrolyte abnormalities are
present.[1,16] In more than 50% of cases, sVSP presents
with focal neurological deficits between days 4th and
14th of aSAH, which can resolve spontaneously or pro-
gress to delayed cerebral infarction.[1,14] Despite cur-
rent advances in neuroimaging techniques and improved
therapeutic management, sVSP continues to be the main
cause of morbidity and mortality in patients with aSAH.
Even after maximal medical therapy, around 15% of
patients suffer an ischemic event or die as a consequence
of sVSP.[17-19].

Several factors have been associated with the develop-
ment sVSP after aSAH, including a higher Fisher scale
[2,20]. Our results did not show a significant association
between Fisher scale grade and sVSP, which might be
explained by the exclusion of patients with WFNS
grades IV-V.

TCD has been shown to be useful in the diagnosis and
monitoring of arterial vasospasm. Recently, Connolly et
al. [21] have proposed a new arteriovenous index
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182 patients with aSAH

between 2009-2012

92 patients arrived
between 4™ - 14™ days

77 patients arrived

within first 3 days

33 patients presented
with WENS grade IV-V

v

2 patients had >50%
carotid artery stenosis

v

3 patients developed
hydrocephalus/high ICP
requiring EVD placement

A4

8 patients with inadequate
—® temporal cranial window to
perform TCD studies

Final sample: 204 MFVs measured:
51 subjects 102 MCA, 102 ACA

39 patients 12 patients
without sVSP developed sVSP

Figure 1. Flowchart of the cohort. ACA, anterior cerebral artery; aSAH, aneurysmal subarachnoid hemorrhage; EVD,
external ventricular drain; ICP, intracranial pressure; MCA, middle cerebral artery; MFV, mean flow velocity; sVSP,
symptomatic vasospasm; TCD, transcranial Doppler; WFNS, World Federation of Neurological Surgeons Scale.

between the MCA and the basal vein of Rosenthal using ~ Although numerous studies have supported the use of
MFVs and peak systolic velocities to diagnose cerebral TCD to predict delayed cerebral ischemia following
VSP with a specificity as high as 93%-94%, PPV 86%— aSAH [22-24], few studies have evaluated the predic-
88%, and accuracy 84%—88%. tive value of early TCD in the development of sVSP. In
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Table 1. Baseline characteristics of the sample

sVSP No sVSP

n=12 n=39 P

(24 MCA, 24 ACA) (78 MCA, 78 ACA)
Age, mean + SD 46.4+5.8 50.9+11.0 0.193
Women (%) 11 (91.6) 32 (82.0) 0.230,,
Hypertension (%) 9(75.0) 19 (48.7) 0.020
Smoking (%) 5(41.6) 20 (51.2) 0.280
Alcohol (%) 2(16.6) 8(20.5) 0.670
SBP, mean + SD 156.5 +30.5 149.2 +55.6 0.300
Glucose, mean + SD 6.02+2.4 57+13 0.536
Hematocrit, mean £ SD 39.0 + 3.0 38.3+4.0 0.533
Fisher grade 3—4 (%) 8 (66.6) 32 (82.0) 0.262

ACA, anterior cerebral artery; MCA, middle cerebral artery; n, number of patients; P, p-value; SD, standard deviation; SBP, systolic blood

pressure; sVSP, symptomatic vasospasm.

*
Indicates p-value < 0.05.

P<0.001

120

£<0.001

100

1
80
60
40
20
0

MCA without sVSP MCA with sVSP ACA without sVSP ACA with sVSP

Mean Flow Velocity (MFV)

Figure 2. Comparison of mean flow velocities (Mfvs) recorded within the first 3 days of admission according to diagno-
sis of symptomatic vasospasm (svsp). Measurements were obtained from the middle cerebral artery (Mca) and the
anterior cerebral artery (Aca). Mca without svsp = 61.7 = 17.9 cm/s; Mca with svsp = 88.1 £+ 35.2 cm/s; Aca without
svsp =47.1 £ 16.8 cm/s; Aca with svsp = 69.5 = 30.0 cm/s.

Table 2. Predictive values of MFVs measured by TCD within the first 3 days for development of sVSP
Artery Method (percentile) MFV cut-off (cm/s) Sensibility Specificity PPV NPV P

Youden’s Index 74 0.71 0.73 0.85 0.71 <0.01
MCA 50th 64 0.83 0.60 0.60 0.83 <0.01
75th 80 0.58 0.83 0.86 0.46 <0.01
Youden’s Index 64 0.71 0.87 0.89 0.67 <0.01
ACA  50th 49 0.83 0.63 0.63 0.83 <0.01
75th 64 0.71 0.87 0.89 0.67 <0.01

ACA, anterior cerebral artery; MCA, middle cerebral artery; MFV, mean flow velocity; NPV, negative predictive value; P, p-value; PPV, posi-

tive predictive value; sVSP, symptomatic vasospasm; TCD, transcranial Doppler sonography.
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Figure 3. Receiver operating characteristic (ROC) curves for the determination of the cut-off points for the mean flow
velocity in the middle cerebral artery (MCA) and the anterior cerebral artery (ACA). AUROC, area under ROC

curve; CI, confidence interval.

Table 3. Binary logistic regression values for MFV
cut-off points

Method MFYV cut-
Artery (Percentile) off (cm/s) P OR  95% CI
Youden’s Index >74 <0.01 6.59 2.40-18.14
MCA 50th >64 <0.01 7.58 2.36-24.31
75th >80 <0.01 4.65 1.69-12.80
Youden’s Index >64 <0.01 9.93 2.34-42.17
ACA  50th >49 <0.01 8.45 2.63-27.17
75th >64 <0.01 9.93 2.34-42.17

ACA, anterior cerebral artery; CI, confidence interval; MCA,
middle cerebral artery; MFV, mean flow velocity; P, p-value;
OR, odds ratio

2013, Toi et al. [25] studied 45 patients and reported an
MFV cut-off point in the MCA of 72.5 cm/s to predict
sVSP with a sensitivity of 71.4% and specificity of
nearly 70%. Similar results were reproduced by Mufoz-
Sanchez et al. [26], with a specificity of 96.6% and sen-
sitivity of 85.7%.

In our study, an MFV cut-off point of 74 cm/s in the
MCA and 64 cm/s in the ACA predicted the develop-
ment of sVSP with a sensitivity and specificity greater

than 70%. These results emphasize the importance of
performing TCDs in patients with aSAH early upon
admission to monitor MFVs and possibly predict the
development of sVSP.

To the authors’ knowledge, this study is the first to
determine predictive values for MFVs measured in two
arteries of the anterior circulation, the MCA and the
ACA, simultaneously. Moreover, we calculated MFV
cut-off points using two different rigorous statistical
methods, Youden’s Index and 75th percentile, achieving
high specificity performance at 70% for both vessels.
These principal differences compared to previous stud-
ies [25,26] allowed us to thoroughly evaluate the effec-
tiveness of TCD in predicting sVSP. We plan on per-
forming a larger study of TCDs within the first 72 hours
of aSAH to predict and even preemptively treat patients
at risk of developing sVSP.

Limitations

One of the main limitations of this study is its small
sample size. In addition, the following factors were not
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Table 4. Studies evaluating TCD in early stages of aSAH to predict sVSP

Carrera et al. [24] Muiioz-Sanchez et al. [26] Toi et al. [25] Our study
Sample size 199 patients 122 patients 45 patients 51 patients
MFV. c‘ut-off Author criteria: MFV > 50 Calculated ROC curve Calculated ROC curve Calcula.t ed ROC curve, Youden index, and
definition cm/s percentiles
Vessels MCA MCA MCA MCA and ACA
included
Timing of
TCD from First 48 hours First 72 hours First 72 hours First 72 hours
aSAH onset
. . MCA-MFV > 74 cm/s, sensibility = 0.71,
Early MEV clevations cor-  An increase of 21 cm/s/24 hours - yjcx Mpy > 72emis on specificity = 0.73; ACA-MFV = 64 cm/s,
relate with acute angio- in MCA-MFV during first 3 ; el e )
graphic vasospasm and are  days was associated with devel- day 3 may predict future . sensibility=0.71, _spec1ﬁ01ty = 0.87; MCA-
Findings occurrence of sVSP: sensi- MFV 75th percentile = 80 cm/s, sensibility

associated with a signifi- opment of sVSP: sensibility =
cantly increased risk of 0.86, specificity = 0.97, PPV =
DCI 0.86, NPV =0.97

tivity = 0.82, specificity = = 0.58, specificity = 0.83; ACA-MFV 75th
0.68 percentile = 64 cm/s, sensitivity = 0.71, spe-
cificity = 0.87

aSAH, aneurysmal subarachnoid hemorrhage; DCI, delayed cerebral ischemia, MCA, middle cerebral artery; MFV, mean flow velocity; ROC,

receiver operating characteristic; sVSP, symptomatic vasospasm; TCD, transcranial Doppler.

considered in the analysis: Lindegaard index (MCA/
internal carotid artery), location of the hemorrhage on
CT scans, and MFVs of the arteries in the posterior cir-
culation. Despite these limitations, our results demon-
strated that early TCD studies reliably predict the devel-
opment of sVSP in aSAH, thus potentially expanding its
use in clinical practice. Numerous studies have evalu-
ated the limitations of TCD in the diagnosis and follow-
up of VSP, arguing that it is only able to measure rela-
tive changes in cerebral blood flow (i.e., blood velocity,
not blood volume) with a highly operator-dependent var-
iability [6,12]. However, when performed by an experi-
enced vascular neurologist in appropriately selected
patients with good temporal cranial windows, TCD pro-
vides real-time and cost-effective information about cer-
ebral hemodynamics. Moreover, CT, MRI, or DSA are
not readily available in developing countries.

Conclusion

Early TCD assessment may be a useful tool to predict
the development of sVSP in selected patients with
aSAH. MFVs higher than 74 cm/s in the MCA and 64
cm/s in the ACA may trigger preemptive treatments and
closer neurological monitoring.
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