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Objectives: Cerebral vasospasm in the first 2 weeks after aneurysmal
subarachnoid hemorrhage is recognized as a major predictor of delayed
cerebral ischemia. The routine screening for cerebral vasospasm with
either transcranial Doppler or CT angiography has been advocated,
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although its diagnostic value has not yet been determined. Our study
investigated the diagnostic accuracy of detecting vasospasm by tran-
scranial Doppler and CT angiography for the prediction of delayed
cerebral ischemia and functional outcome. Additionally, agreement
between transcranial Doppler and CT angiography was determined.
Design: Prospective diagnostic accuracy study.

Settings: Neurocritical care unit and neurosurgical ward at a tertiary
academic medical center.

Patients: Between 2013 and 2016, 59 consenting patients were
included.

Intervention: Patients undergo both transcranial Doppler and CT
angiography for detection of cerebral vasospasm on days 5 and
10 after aneurysmal subarachnoid hemorrhage. Delayed cerebral
ischemia was defined as secondary neurologic deterioration, not
explained otherwise. Unfavorable outcome was defined modified
Rankin Scale > 2 at 6 months.

Measurements and Main Results: On transcranial Doppler, cerebral
vasospasm was observed in 26 patients (45%). On CT angiogra-
phy, vasospasm was observed in 54 patients (95%). The agreement
between transcranial Doppler and CT angiography was 0.47. Delayed
cerebral ischemia occurred in 16 patients (27%); unfavorable out-
come in 12 patients (20%). Transcranial Doppler predicted delayed
cerebral ischemia with a sensitivity of 0.44 (day 5) and 0.50 (day 10),
with a specificity of 0.67 (day 5) and 0.57 (day 10). CT angiography
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predicted delayed cerebral ischemia with a sensitivity of 0.81 (day 5
and 10) and with a specificity of 0.070 (day 5) and 0.00 (day 10). The
highest accuracy for predicting unfavorable outcome was on day 5
(0.61 for transcranial Doppler vs 0.27 for CT angiography).
Conclusion: The diagnostic accuracy of both CT angiography and tran-
scranial Doppler for detection of cerebral vasospasm as well as predic-
tion of delayed cerebral ischemia and functional outcome is limited. The
agreement between CT angiography and transcranial Doppler is low.
Keywords: aneurysmal subarachnoid hemorrhage; cerebral vasospasm;
CT-angiography; delayed cerebral ischemia; transcranial Doppler

INTRODUCTION

Delayed cerebral ischemia (DCI) after aneurysmal subarachnoid
hemorrhage (aSAH) is a dreaded secondary complication. DCI
is commonly defined as any neurologic deterioration (new focal
neurologic deficits or decline in Glasgow Coma Scale) or isch-
emic lesions on follow-up imaging (CT or MRI) that may not be
explained otherwise (1-4). Prevention of DCl is challenging because
its pathophysiology is unclear. A prominent role of cerebral vaso-
spasm (CVS) in DCI is generally accepted in the literature, although
CVS is not proven to be a causative factor. On conventional angi-
ography, CVS occurs in about 70% of aSAH patients; 30% of all
patients develop clinical symptoms (5, 6). It is hypothesized that
CVS develops from blood degradation products and may thereby
lead to ischemic strokes due to insufficient cerebral blood flow (2, 7,
8). Therefore, it is common practice in many neurovascular centers
to use TCD or CTA for CVS detection in an early phase to apply
strategies to prevent DCI (e.g., induced hypertension and hypervol-
emia). Not all patients (i.e., comatose patients) can be monitored on
clinical signs. Moreover, waiting for clinical signs of DCI might be
late to perform an intervention to prevent DCI. Nevertheless, evi-
dence for these strategies is lacking (3, 9, 10). As a result, DCI causes
about 15% morbidity and 2.5% additional mortality (4, 10).

The optimal screening modality for detecting symptomatic
CVS is a matter of debate. The gold standard is digital subtraction
angiography (DSA), but that is an invasive procedure that carries
a complication risk up to 2.6% (11, 12). Transcranial Doppler
(TCD) and/or CT-angiography (CTA) are often used as nonin-
vasive screening tools. CTA has a good agreement with DSA (10,
13), but there are limited data about the agreement between CTA
and TCD in the detection of CVS. Hence, a direct comparison of
CTA versus TCD was deemed useful. The current study aimed to
compare the diagnostic accuracy of TCD and CTA for the predic-
tion of DCI and functional outcome. The diagnostic agreement
between CTA versus TCD is also compared.

MATERIALS AND METHODS

Patients

This study was designed as a prospective diagnostic accuracy
study. All aSAH patients admitted to the neurovascular unit of the
University Medical Center Groningen (UMCG), The Netherlands,
between August 2013 and March 2016 were eligible for enrollment.
Inclusion criteria were: 1) patients with a proven aSAH within 4
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days after onset; 2) age 18 years or older; 3) written informed con-
sent from the patient or a legally authorized representative. The
following patients were excluded: 1) moribund patients; 2) contra-
indications for iodine contrast agents; 3) unsuitable temporal bone-
window for TCD. The study was registered in the Dutch trial register
(NTR4157) and was approved by local research ethical board.

Baseline characteristics were collected including, age, gender,
clinical status on admission according to the World Federation
of Neurological Surgeons (WENS) scale (14), Fisher CT rating
scale (15), type of treatment, and aneurysm location and repair
modality (clipping or coiling). Patients were treated according to
the national aSAH management guidelines, comparable to the
standard American Heart Association (AHA) protocol (9). The
protocol included oral nimodipine, fluid management to prevent
hypovolemia, and frequent evaluation of neurologic condition. In
case of neurologic deterioration, common causes such as hydro-
cephalus, re-bleeding, seizures, and metabolic disturbances were
excluded. Pressure augmentation was induced in the ICU if DCI
was considered the cause of deterioration blood.

Imaging

Following standard protocol, all patients were screened for CVS with
TCD three times a week. TCD was performed by an experienced
neurophysiology technician. The following vessels were examined
by TCD: extracranial internal carotid artery (ICA); proximal and
distal middle cerebral artery (MCA); anterior cerebral artery (ACA);
basilar artery (BA); and posterior cerebral artery (PCA).

CVS in the MCA was defined as Lindegaard ratio > 3 and mean
flow velocity (MFV) > 120 cm/sec. Lindegaard ratio was calculated
as MCA-MFV divided by the distal ipsilateral extracranial ICA-
MEFV. Severe CVS in the MCA was defined as a MFV > 200 and LR
> 6. CVS of the PCA and BA was defined as MFV > 85. A MFV >
80 with a Sloan ratio > 4.0 was considered CVS for the ACA. Sloan
ratio is calculated as ACA-MFV divided by ipsilateral ICA-MFV
(16,17). Any CVS on TCD in the PCA, BA, and ACA was regarded
as severe because TCD does not differentiate on severity.

Following study protocol, additional CTA was performed on
days 5 and 10 (= 1 d) post aSAH and TCD and CTA were per-
formed on the same day. CTA was only used for research pur-
poses unless there was clinical reason. The scan protocol for
CTA consisted of a combination of non-contrast CT followed
by CTA with iodine contrast agent (Iomeron). CTA contained
0.60—0.75 mm slices and maximum intensity projection (MIPS)
reconstructions in coronal, sagittal, and axial planes. Two neu-
roradiologists (O.S.E.,A.M.) were blinded for TCD and clinical
information and independently evaluated the CTA. The follow-
ing 17 arterial segments were assessed for presence of vasospasm
on CTA: ICA; first and second segment of MCA (M1, M2); first
and second segment ACA (Al, A2); vertebral artery (VA); BA;
and first and second segment of PCA (P1, P2).

CVS on CTA was assessed in accordance with that presented
by Dankbaar et al (18). A visual comparison of the admis-
sion CTA and the follow-up CTA on days 5 and 10 was made
(assuming that CVS was absent at admission) (18). On CTA,
CVS was defined as luminal reduction relative to the proximal
and distal segment, assessed by eyeballing, in comparison to
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the contralateral vessels. As such, atherosclerotic narrowing and
hypoplasia were excluded as CVS. If technical causes such as coil
or clip artifacts made evaluation of vessels impossible, that was
noted as not assessable.

CVS was categorized as: 1) none; 2) mild (<50% decrease in
luminal diameter); 3) severe (>50% decrease in luminal diameter);
4) not assessable; or 5) hypoplasia. Consensus was achieved for
discordant results. The most severely affected vessel on TCD and
CTA was used for analysis. MR, including MR angiography, was
performed at 6 months after aSAH as part of the standard follow-
up protocol, in conjunction with a clinical evaluation of functional
outcome, as assessed with the modified Rankin Scale (mRS).

Outcome Measures

Diagnostic agreement between TCD and CTA was assessed. A
comparison of angiographic vasospasm examined with TCD and
CTA were made on the following main outcomes: 1) the occur-
rence of DCI; and 2) functional outcome assessed by the modified
Rankin Scale (mRS) after 6 months.

DCI was defined as neurologic deterioration (new focal neuro-
logic deficits and/or decline in Glasgow Coma Scale) and/or isch-
emic lesions on follow-up imaging (CT or MRI), not explained
otherwise. Unfavorable clinical outcome was defined as mRS > 2,
which reflects dependency in activities of daily care.

Statistical Analysis

Contingency tables were used to assess agreement and diagnostic
accuracy. The term agreement was used for comparison between
CTA and TCD, which means the fraction correct in a contingency
table (e.g., [A+D]/total group). The term diagnostic accuracy was
used for the prediction of DCI and poor clinical outcome for both
screening methods. That is also the fraction correct (e.g., [A+D]/
total group) in the contingency tables, but then with CTA against
DCI or functional outcome and TCD against DCI or functional
outcome. Agreement between CVS on CTA and TCD was expressed
as the maximum fraction correct on day 5 and 10. Predictive value
of CTA and TCD for DCI and functional outcome at 6 months
was reported by the sensitivity, specificity, accuracy, positive pre-
dictive value (PPV), and negative predictive value (NPV) for each
test. Univariate group comparisons between DCI and non-DCI for
nominal and ordinal variables were performed with chi-square or
Fisher’s exact test where appropriate. Mann-Whitney U tests were
performed for continuous variables. Additional sensitivity analyses
for TCD and CTA were performed with severe vasospasm instead
of any vasospasm.

RESULTS

The baseline characteristics of the 59 included patients are pre-
sented in Table 1. All patients underwent CTA on day 5 and CTA
on day 10 was performed in 57 patients; one patient died and
another patient withdrew consent before the second CTA. TCD
revealed CVS in 21 patients (35%) at day 5 and in 26 patients
(45%) at day 10. CTA showed vasospasm in 53 patients (90%) at
day 5 and in 54 patients (95%) at day 10. Table 2 shows that the
agreement between TCD and CTA was comparably low at day 5
(0.46) and day 10 (0.47).

Critical Care Explorations

Clinical Investigation

TABLE 1. Baseline Characteristics

Characteristic n (%)

Total 59
Age 57 £ 11
Female 37 (63)

World Federation of Neurological Surgeons scale

1 24 (41)
2 24 (41)
3 1(2)
4 3(b)
5 7(12)
Fisher scale
1 1(2)
2 5 (9)
3 26 (44)
4 27 (46)
Hydrocephalus 40 (68)
Ventricular drainage 30 (B1)
Lumbar cerebrospinal fluid drainage 13 (22)
None 16 (27)
Aneurysm location
Anterior 41 (70)
Posterior 18 (31)
Repair modality
Coiling 49 (71)
Clipping 16 (27)
None 1(2)

Sixteen patients (27%) had DCI and 12 patients (20%) had a
poor functional outcome. The diagnostic accuracy of both CTA
and TCD for prediction of DCI and unfavorable outcome was
low. Accuracy of CTA was lower than that of TCD. The sensitivity
of CTA was higher than TCD, but its specificity was much lower
for CTA (Tables 3—4; and Supplementary Table 1, Supplemental
Digital Content 1, http://links.Iww.com/CCX/A0). Additional
analyses were performed on severe CVS and yielded nonclinical
significant results regarding sensitivity, specificity, PPV, and NPV
(Supplementary Table 1, Supplemental Digital Content 1, http://
links.lww.com/CCX/AO0).

DISCUSSION AND CONCLUSIONS

In this study, nearly all aSAH patients showed CVS on CTA
in one or more vessels. TCD showed CVS less often than CTA
and diagnostic agreement between both modalities was low.
Although CTA had a high sensitivity for prediction of DCI, its
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TABLE 2. Contingency Table for Transcranial Doppler Vasospasm Versus CT Angiography
Vasospasm at Day 5 and 10

CT Angiography

Positive Negative
Modality [ EA Day 10 Day 5 Day 10 Day 5 Day 10
Transcranial Positive 21 25 0 1 Positive predictive value 1.00 0.92
Doppler
Negative 32 29 6 2 Negative predictive value ~ 0.16 0.065
Sensitivity Specificity Accuracy 0.46 0.47
0.40 0.46 1.00 0.67

TABLE 3. Contingency Table for Transcranial Doppler, CT Angiography Vasospasm, and
Presence/Absence of Delayed Cerebral Ischemia at Day 5 and 10

Delayed Cerebral Ischemia

Present Absent
| [eTe 11147, Day 5 Day 10 Day 5 Day 10

Transcranial Doppler Positive 7 8 14 18 PPV 0.33 0.31
Negative 9 8 29 24 NPV 0.76 0.75
Sensitivity Specificity Accuracy 0.61 0.55

0.44 0.50 0.67 0.57
CT angiography Positive 13 13 40 41 PPV 025 0.24
Negative 3 3 3 0 NPV 0.50 0.00
Sensitivity Specificity Accuracy 0.27 0.23

0.81 0.81 0.070 0.00

NPV = negative predictive value, PPV = positive predictive value.

TABLE 4. Contingency Table for Transcranial Doppler and CT Angiography Vasospasm at Day 5
and 10, and Functional Outcome After Six Months

Modified Rankin Scale

Unfavorable (>2) Favorable (<2)
Modality Day 5 Day 10 Day 5 Day 10

Transcranial Doppler Positive 7 7 14 19 PPV 0.33 0.27
Negative 5 4 33 28 NPV 0.87 0.89
Sensitivity Specificity Accuracy 0.68 0.60

0.68 0.64 0.70 0.60
CT angiography Positive 12 10 41 44 PPV 0.23 0.19
Negative 0 1 6 2 NPV 1.00 0.67
Sensitivity Specificity Accuracy 0.31 0.21

1.00 0.91 0.13 0.044

NPV = negative predictive value, PPV = positive predictive value.

4 www.ccejournal.org 2019 ¢ Volume 1 * e0001



specificity was extremely low compared with TCD. Other stud-
ies found a much higher agreement (0.85) between TCD and
CTA, but this study only took severe CVS into account (19). The
rate of CVS on CTA in our study is higher than other studies,
in which a rate between 50-65% is reported (20, 21). However,
the rate is similar to the findings of a study that included any
degree of CVS on CTA and DSA (22). A plausible reason for the
high prevalence of CVS is that 17 arterial segments were rated
and moderate vasospasm was included. The incidence of CVS
on TCD was 64%, which is in accordance with previous reports,
although we found a slightly lower sensitivity and specificity of
TCD predicting DCI (23, 24).

In contrast to other studies, we also assessed the predictive
value of TCD and CTA for unfavorable outcome. In our study,
27% of patients developed DCI, in agreement with other
studies that report 21-33% of the patients developing symp-
tomatic CVS or DCI (4, 19, 25, 26). Twenty percent of patients
had an unfavorable outcome, which is also in agreement with
other studies (27). Different cutoff scores for favorable versus
unfavorable outcome have been used in previous studies. In
this study unfavorable clinical outcome was defined as mRS
> 2 defining functional dependence for activities of daily liv-
ing. This cutoff is a clinically relevant endpoint and appears
to be a more powerful dichotomization then at higher cutoff
scores (28).

Limitations

There are several limitations in our study that are important
to point out. First, aSAH patients with WENS grades 3—5 were
underrepresented and this could point toward a selection bias.
Good-grade patients (WFNS grade 1-3) could also imply a
lower chance of developing DCI, and a better functional out-
come after six months (as was seen in other studies) (25, 29).
First, our study had relative high Fisher grades. About 90% of
patients had a Fisher 3 or 4, which is associated with a higher
chance for developing DCI (25, 29). Second, in our study any
degree of CVS seen on TCD or CTA was considered, instead of
only severe vasospasm. Nevertheless, sensitivity analyses with
only severe vasospasm did not ultimately signify the final result.
Third, we used the usual cutoff values of TCD for absolute MFV
and LR. There are studies with good results with using relative
changes in MFV. Controversy exists about the contribution of
these methods in making better predictions (30-32). It might
be useful to take these relative changes in MFV into account in
future studies. Fourth, there could be an inter-rater difference
in the assessment of DCI. Fifth, the number of patients might
be low but it is not expected that larger numbers make these
screening methods more predictive because the CTA demon-
strated vasospasm in nearly all patients (95%) with regard to
the predictive value for DCI and unfavorable outcome. Sixth,
we cannot rule out that any kind of intervention that was initi-
ated based on TCD results could have influenced the outcome
in some patients, still no predictive value on DCI was observed.
Moreover, there is still no evidence-based treatment to effec-
tively prevent DCI.

Critical Care Explorations
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Alternative Techniques

Several other studies used CT-perfusion for prediction of CVS
resulting in DCI. CT perfusion was found to have a sensitivity of
0.84 and a specificity of 0.79, obviously better than CTA and TCD
(33). The advantage of CT perfusion is that it provides information
on both the cerebral micro- and macrovascular circulation; com-
bination with CTA is desirable to be optimal informed about mac-
rovascular vasospasm (34). There is currently a lack of knowledge
about how microvascular and macrovascular dysfunction after
SAH result in ischemia. It is plausible that at a point macrovascular
spasm has an effect on the microvascular circulation. It is impor-
tant to not only predict DCI but also to find screening methods to
select the right patients at the right moment to prevent irreversible
cerebral ischemia. It might be that, at the time that perfusion CT
detects low perfusion, intervention to prevent ischemia is too late.
Near-infrared spectroscopy (NIRS) is a promising, relatively new
technique that brings more continuous bedside noninvasive moni-
toring of aSAH patients within reach. NIRS measures cerebral
blood oxygenation changes in a quantitative manner, thereby pro-
viding indirect information about the cerebral vasculature. Studies
using NIRS in aSAH patients are limited, but a good agreement
with CTA is reported (35). The potential added value of NIRS is
however only confirmed in small studies (36).

The guideline from the American Heart Association/American
Stroke Association for the management of aSAH does not state
which technique should be used for the detection of CVS, in the
absence of trials that compare the impact of screening methods
on patient outcome. The use of TCD is considered reasonable for
monitoring the development of CVS. The role of CTA as a detec-
tion method for CVS is not determined in that guideline (9). An
important requirement for good screening methods is the detec-
tion of CVS at an early stage that later becomes clinically manifest
(3, 19). Our study does not support a prominent role of screening
with TCD or CTA. Detection of CVS that does not become clinically
manifest likely leads to overtreatment and prolonged hospital stay.
Considering the low accuracy of our study, it would not be rational
to initiate therapy based on CVS detected by TCD or CTA alone.

In conclusion, CVS is frequently present on CTA and TCD,
lacking accurate prediction of DCI or unfavorable outcome after
6 months. Although there may be a role for TCD or CTA in con-
firmatory testing in cases of suspected CVS, the role for screening
of CVS by either of both imaging techniques is of limited value.
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