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a b s t r a c t

Background and purpose. – Delayed cerebral ischemia (DCI) is a complication of aneurysmal subarachnoid
hemorrhage (SAH). Arterial cerebral vasospasm (CVS) is discussed as the main pathomechanism for DCI.
Due to positive effects of per os nimodipine, intraarterial nimodipine application is used in patients with
DCI. Further, percutaneous transluminal balloon angioplasty (PTA) is applied in focal high-grade spasm
of intracranial arteries. However, clinical benefits of those techniques are unconfirmed in randomized
trials so far, and complications might occur. We analyzed the occurrence of new infarcts in patients with
severe CVS treated intra-arterially to assess benefits and risks of those techniques in a large single-center
collective.
Materials and methods. – All imaging and clinical data of 88 patients with CVS after SAH and 188 procedures
of intraarterial nimodipine infusion and additional PTA in selected cases (18 patients, 20 PTA procedures)
treated at our institution were reviewed. In the event of new infarcts after endovascular treatment of
CVS, infarct patterns were analyzed to determine the most probable etiology.
Results. – Fifty-three percent of patients developed new cerebral infarction after intraarterial nimodipine
and additional PTA in selected cases. Hereunder 47% were caused by persisting CVS. In 6% of patients,
3% of procedures respectively, new infarcts occurred due to complications of the intraarterial treatment
including thromboembolism and arterial dissection. Of those, 3% of patients, 2% of procedures respec-
tively, were assigned to thrombembolic complications of digital substraction angiography for intraarterial

nimodipine. 17% of all patients treated with PTA (3/18 = 17%) showed infarction as a complication of PTA
(15% of all PTA procedures). In 1% of patients, etiology of new infarction remained unclear.
Conclusion. – Ischemic complications occur in about 6% of patients treated intraarterially for CVS, 3% of
procedures respectively. Further, to date a benefit for patients treated with this therapy could not be
proven. Therefore, intraarterial treatment of CVS should be performed only in carefully selected cases.

© 2018 Elsevier Masson SAS. All rights reserved.
ntroduction

Delayed cerebral ischemia (DCI) is a complication of subarach-

oid hemorrhage (SAH) with significant impact on poor outcome
1,2]. After SAH, DCI appears 5 to 14 days after the initial bleeding
n about 30%–46% of patients [3,4]. Clinical symptoms include focal
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neurological signs, decrease in level of consciousness, aphasia, and
mutism [4,5]. The complete pathomechanism of DCI is not clear.
Ecker and Riemenschneider detected arterial narrowing in patients
after SAH in 1951 [6], and since then arterial cerebral vasospasm
(CVS) has been suspected to play an essential role [7,8]. However,
DCI can also occur without angiographic evidence of CVS [9,10],

suggesting other factors also contributing to DCI [10–12]. Neverthe-
less, CVS is still assumed to be one main cause and moreover, this
mechanistic theory provided mechanistic therapeutic approaches
in the past [13,14].
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Table 1
Degree of CVS.

Degree of CVS Reduction of arterial diameter compared to
admission

None/Mild 0–33%%

T
P

6 D. Adami et al. / Journal of

As a specific blocker of the L-Type voltage gated calcium chan-
els, nimodipine constrains the contractile process of smooth
uscle cells in cerebral vessels by blocking the influx of cal-

ium, which results in the relaxation of constricted arteries.
hen administered orally, the L-type calcium channel blocker and

asodilator nimodipine has shown to be effective to prevent CVS
n several randomized studies with a benefit on patient outcome
15,16].

Subsequently, intraarterial nimodipine application was rou-
inely used with the aim to intensify the impact of nimodipine
n the constricted vessel. However, the benefit of intraarte-
ial nimodipine has never been proven in a randomized trial.
ultiple studies reason that intraarterial nimodipine shows effec-

ive reduction of vasospastic vessels while being safe [17–19].
n experienced hands, endovascular nimodipine therapy is an
ncomplicated intervention with low risk for complications. Nev-
rtheless, other studies showed no impact on the long-term
egression of CVS and clinical outcome of patients with DCI,
nd procedure-related complications were described [13,20,21].
urther, percutaneous transluminal angioplasty (PTA), an intravas-
ular balloon catheter technique, has been performed in case of
efractory CVS to dilate spastic arteries and restore cerebral blood
ow. PTA has shown to treat focal CVS effectively [22,23], albeit its
ffect on clinical outcome has also not been proven in a randomized
rial.

The therapeutic guidelines are inconsistent: selective intraar-
erial vasodilator therapy is recommended as a class IIa, level B
herapy by the American Heart Association/American Stroke Asso-
iation (AHA/ASA) [24], while the German Society of Neurology
DGN) proposes to use intravascular techniques only in selected
ases after interdisciplinary consideration [25]. The inconsistence
f the literature and guidelines as well as the urge of the treating
hysicians to prevent complications due to DCI – if at all possi-
le – contribute to the differences in approach in different medical
enters.

We therefore performed a retrospective single-center study

n SAH-patients with CVS treated with intraarterial nimodipine
nd/or balloon angioplasty to evaluate the effect and risks of those
echniques with the aim to contribute to a larger basis for decision-

aking.

able 2
atient collective.

Pat w infarcts

No. of patients 47 (53%)
42 due do CVS (4
5 due to complic

Procedures in total 188 5/188 (3%)
Average Number of Nimodipin treatments per patient (SD) 2,36(±1,26)
Average age (SD) 51.1 (± 10.62)
Gender (m:f) 16:31
Average of Hunt and Hess Grade (SD) 3.04(± 1.18)

I 4 (1)
II 13
III 13 (1)
IV 11 (2)
V 6 (1)

3-months mRS 3.15 ± 2.02
Location of Aneurysm

Internal carotid artery 6
Anterior cerebral artery 25 (2)
Middle cerebral artery 12 (1)
Posterior circulation 7 (2)
Multiple aneurysms 4

Treatment of aneurysm
Clipping 20
Coiling 23
Combination 1
Unknown source of bleeding 3
Moderate 34–66%
Severe ≥ 67%

Materials and methods

The Institutional Review Board has approved this retrospective
study.

Eighty-eight patients with angiographic CVS and intraarterial
application of nimodipine were included in the study. Additional
PTA was applied only in selected cases.

Further inclusion criteria were: age between 18 and 100 years,
proven SAH on computed tomography (CT) or magnetic resonance
imaging (MRI), detection of CVS using CT- or MR-angiography
(CTA/MRA) or digital substraction angiography (DSA) [26]. Patients
with non-aneurysmal SAH were excluded from the study.

CT was performed in each patient on admission and 24 h after
aneurysm treatment (in selected cases, for example in very young
patients, MRI was performed instead of CT). After treatment of
the aneurysms, all patients received nimodipine from the day of
admission either orally (6 × 60 mg/day) or intravenously (2 mg/h).
Routine monitoring included daily transcranial Doppler (TCD) mea-
surements. If DCI was suspected because of new neurological
deficits or accelerated blood flow velocities on ultrasound Doppler
sonography, immediately follow-up CT or MRI was performed. In
case of new infarcts on follow-up CT or MRI or disturbance of per-
fusion parameters on CT and MR perfusion measurement [27,28],
e.g. prolonged mean transit time (MTT), additional biplane DSA was
obtained to analyze extent of CVS. Extend of CVS was defined on a
widely used classification using the reduction of arterial diameter
compared to DSA on admission (Table 1). Mean arterial pressure

of patients with severe CVS was adjusted to 100 mmHg (in the
absence of contraindications). Intraarterial nimodipine application
and additional PTA in selected cases was initiated in case of severe
vascular narrowing (≥ 67%).

Pat w/o infarcts P-value Total

41 (46.59%) 88 (100%)
8%)
ations (6%)

2,07(±1,01) 0.24 2,22(±1,14)
48 (± 11) 0.18 49.6 (± 10.8)
9:32 25:63
3.0(± 1.09) 0.87 3.02(± 1.13)
2 6 (6.82%)
13 26 (29.55%)
14 27 (30.68%)
7 18 (20.45%)
5 11 (12.5%)
2.14 ± 1.68 0.01 66

8 14 (15.9%)
17 42 (47.73%)
6 18 (20.45%)
12 19 (21.59%)
1 5 (5.68%)

15 35
24 47
0 1
2 5
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Fig. 1. Hun

All patients were treated in anesthetic stand-by to prevent
ow blood pressure during nimodipine application. In case of
ntraarterial treatment, 5000 IE heparin were given intravenously.
fterwards, a 5F diagnostic catheter was placed in the proximal

nternal carotid artery or the proximal vertebral artery. Nimodip-
ne was applied selectively intraarterial with a bolus of 0.8 mg
imodipine soluted in 10 mL NaCl given first over five to ten min-
tes followed by a pump-infusion of 4 mg nimodipine in a 50 mL
aCl solution over 30 min. In case of persisting severe circum-

cribed CVS cautious PTA (below vessel diameter) was performed
fter replacing the diagnostic catheter by a 5F- or 6F-guiding
atheter.

Afterwards, clinically indicated follow up CT or MRI were ana-
yzed and compared to preinterventional CT or MRI. For new
nfarcts after endovascular treatment of CVS, infarct patterns were
onsensually analyzed by three experienced neuroradiological
eviewers using all clinical and radiological data to determine the
ost probable etiology.
Newly developed infarctions were classified using the following

atterns:

infarction due to cerebral CVS;
infarction as a complication of endovascular treatment of CVS;
infarction of unknown origin.

esults

A total of 88 (62 female, 79%) patients were included in the
nalysis (Table 2).

Age ranged from 27 to 74 years (mean 49.6 years). Hunt and Hess
rade ranged from one to five (mean 3.02) (Fig. 1). Average Hunt
nd Hess grade did not differ between patients with and patients
ithout DCI (3.04 vs. 3.0). The grade of CVS ranged from moderate

o highest grade in both groups (Table 1, Fig. 2). The type of aneurys-
al treatment (clipping/coiling) did not have significant influence

n the infarction rate (Table 2).

All patients (100%) received intraarterial nimodipine treatment.

dditional PTA was performed in 18/88 (20.5%) patients in case
f refractory CVS and persistent circumscribed high-grade vessel
onstriction (Table 1).
ess Grade.

Three months modified ranking scale (mRS) clinical outcome
data [29] could be obtained in 66 patients, 35 from the group
of patients without new infarction, 33 from the group with
new infarction. Patients with new infarcts showed a significantly
worse 3-months mRS of 3.15 ± 2.02 compared to patients with-
out new infarcts showing a 3-months mRS of 2.14 ± 1.68 (P = 0.01)
(Table 2).

Patients with nimodipine

Of 88 CVS patients treated intraarterially with nimodipine in 188
procedures, 41/88 (47%) did not show new infarcts. Of the 47/88
(53%) patients with new infarcts after i.a. treatment, 42/47 (89%,
42/88 [89%]) were due to persisting or recurring CVS. 5/47 (6%,
5/88 [11%]) of patients and 5/188 (3%) of all procedures showed
new infarction related to complications of intraarterial treatment.
Of those, infarction in two patients (2/47 [4%], 2/88 [2%]) and 2/188
(1%) of all procedures were caused by DSA-related thromboembolic
events. In three of the 18 patients (17%) treated with additional
PTA in 20 procedures (15%), infarcts were caused by PTA-related
events.

The immediate short time effect, which was described angio-
graphically by increase of arterial diameter, ranged from restored
normal diameter to no response. After application of nimodipine,
52 (59%) patients showed good immediate response to nimodipine
(improvement of at least two grades of CVS (Table 1) or normaliza-
tion of arterial diameter), whereas 30 (34%) had moderate (increase
of arterial diameter of at least one grade (Table 1)), and six (7%)
had poor or no response to treatment. There was no significant dif-
ference (P = 0.89) regarding response to nimodipine between the
patients with new infarcts and those without (Fig. 3).

Of the 88, 47 (53%) patients developed new cerebral infarc-
tion after intraarterial treatment detected by follow up CT or
MRI (Fig. 4). Forty-two of those patients (42/88 = 48%, 42/47 = 89%)
showed infarct patterns compatible with CVS (Figs. 4 and 5).
Patients with additional PTA

In 18/88 (20.45%) patients, 20 PTAs were performed in case
of insufficient nimodipine-effect and persistent circumscribed
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Fig. 2. Severity of CVS.

Fig. 3. Increase of arterial diameter after application of intraarterial nimodipine.
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Fig. 4. Flow ch

igh-grade vessel constriction. Of those, 11/18 patients (61%)
howed good response to PTA with distinct increase of arterial
iameter and arterial blood flow. In 6/18 (33%) patients there
as moderate response to PTA, and 1/18 (5.5%) patient did not

how positive response (procedure-related arterial dissection)
Fig. 6). Of 18 patients with additional PTA treatment, 12/18
67%) patients developed new infarction (Fig. 6). Of those, 9/12
75%) were compatible with CVS, and 3/12 (25%) were caused
y complications of PTA resulting in 15% of all PTA procedures
Table 3).

In total, 5/88 patients (6%) with 188 procedures (5/188, 3%)
Fig. 4) developed 7 infarcts with patterns other than CVS-
ssociated:

two patients treated with intraarterial nimodipine showed
cuneiform territorial infarcts (Fig. 7AB), and one patient showed
dot-like infarcts (Fig. 7C–D) outside the territory of the spastic
arteries, but within the territory of an angiographically depicted
artery compatible with thromboembolic complications of DSA;
two patients developed infarction after PTA in the vascular terri-
tory of the dilated artery compatible with embolic complications
of PTA;
in one patient, one infarct occurred in the territory of an iatro-
genic dissected artery after PTA;
in one patient, no clear etiology could be determined for new
infarcts. Those infarcts occurred in the territory of the right supe-
rior cerebellar artery ten days after endovascular treatment of

a basilar tip aneurysm with coiling. On day six and day ten,
endovascular treatment of CVS was performed with nimodipine
and PTA in both internal carotid arteries but not in the posterior
circulation.
complications.

Discussion

The use of intraarterial nimodipine and/or balloon angioplasty
to prevent DCI in patients with severe CVS after SAH is still con-
troversial and to date, a clinical benefit could not be proven in a
randomized clinical trial [24,25]. Besides, although those endovas-
cular procedures are standardized and easy to perform for trained
neurointerventionalists, procedure-related complications cannot
be avoided completely. On the other hand, however, recurrent
treatment success in selected cases and lack of alternatives lead
to maintenance of these treatment options in many centers.

In our single-center patient collective of 88 SAH patients with
severe CVS treated intraarterially 188 times with nimodipine and
additional PTA in selected cases, we found 53% patients to develop
new ischemic lesions, while 47% did not show any signs of cerebral
infarction (Table 2). In patients with new infarcts after endovascular
treatment of CVS, 89% (42/47 = 89.4%) were most probably caused
by recurrent CVS, while 11% (5/47 = 10.6%) of patients resulting in
3% of all procedures were caused by procedure-related complica-
tions (Table 2). Of all patients treated intraarterially (88 patients
in total), this represents CVS-related infarcts in 47% (41/88), and
infarcts because of procedure-related complications in nearly 6%
(5/88) of patients (3% of all procedures). This is in line with other
studies, where CVS-related infarctions after intraarterial treatment
with nimodipine are reported in 21–62% of patients [13]. How-
ever, there are very few studies in the literature reporting rates
of infarction in SAH patients with CVS but without intraarterial

treatment of CVS: Weidauer et al. [30] reported CVS associated
infarcts in 52.5% of patients. If one compares those patients not
treated intraarterially developing infarction in 52.5% of cases to
our collective of patients treated intraarterially developing new
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Fig. 5. CT (A, B) and DSA (C, D) show new infarcts in the posterior right MCA territory before (A, C) and after technical successful endovascular treatment of the right ACI (B)
w ent (D
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ith nimodipine and PTA of the right M1 segment and the right terminal ACI segm

nfarcts in 53% of cases, those results could lead to the interpretation
hat SAH patients with CVS treated intraarterially do not benefit
rom intraarterial treatment. Therefore, intraarterial CVS treatment
hould be recommended as routine therapy in CVS patients, but
hould not be limited to selected patients only.

One might assume that in the group of patients without infarc-
ion the degree of CVS might have been lower, or that response to
imodipine might have been better. However, there was no dif-

erence between both groups regarding both aspects (P = 0.68 for
he degree of CVS, P = 0.89 for degree of response to nimodipine)
Fig. 3).

In the group of patients with new infarcts related to CVS after
ntraarterial nimodipine, 61.7% (29/47) of patients had shown a
ood immediate response to nimodipine with a distinct increase
f the arterial diameter and restored perfusion (Fig. 3). Although
ome authors report the opposite, the development of recurrent
VS after intraarterial nimodipine is well known and probably

ue to a rebound effect [31]. One might assume that continuous

ntraarterial application of nimodipine might prevent the rebound
ffect and the development of recurrent CVS, and Muhsal et al.
).

[32] reported about good response to continuous intraarterial
nimodipine-application without new ischemic lesions after treat-
ment. However, other authors described new infarctions even after
continuous intraarterial nimodipine application [14].

On the other hand, 48.8% of our patients with severe CVS
remained without new ischemic lesions (Fig. 2). Those findings
support the theory that hemodynamic effects of delayed CVS and
vascular narrowing as the only cause of infarction might be overes-
timated, and that in fact there are multifactorial processes leading
to DCI [10] (see below).

Not surprisingly, patients without new infarcts showed a sig-
nificantly better 3-months mRS compared to patients developing
new infarcts (P = 0.01) [29].

In our study, seven new cerebral infarctions were caused by
intraarterial treatment of CVS in 5/88 patients (6%), 3% of all proce-
dures respectively.

In three of the patients (3%), 2% of all procedures respectively,

thromboembolic complications occurred during DSA (6 A-D). This
is in line with the literature, where thromboembolic complications
after application of intraarterial nimodipine are reported in 3% [33]
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Table 3
Complications of PTA reported in our collective in relation to studies in the literature.

Studies reporting on
complications of PTA

Complication rate

Our collective 15% (3/20 procedures)17% (3/18 patients)
Bejjani GK et al. [36] 4% (3/81 procedures) 14% (3/21 patients)
Chaudhry NS et al. [58] 0% (82 procedures, 17 patients)
Patel AS et al. [59] 0% (165 procedures, 42 patients)
Terry A et al. [60] 5% (4/85 procedures) 7% (4/57 patients)
Fig. 6. Increase of ar

o 10% [20]. In contrast to diagnostic DSA with complication rates
f less than 1.3% [34,35], the higher number of thromboembolic
omplications in SAH patients with CVS might be mainly explained
y two aspects:

in SAH, coagulation and inflammatory systems are activated [36],
which increases the risk of thromboembolism;
catheters are left in the artery for up to half an hour, which
further increases the risk of thromboembolism even after intra-
venous application of heparin. However, it must be emphasized
that in our collective none of those thromboembolic infarcts was
attributed directly to intraarterial nimodipine infusion because
all those infarcts occurred outside the treated arterial territory.

PTA has been proven to be a procedure with low risk for com-
lications [37–39] even in vasospastic arteries [40,41]. However,
omplications include increasing CVS, arterial dissection and vessel
upture [42].

In our study, we found 17% of all patients treated with PTA, 15%
f all PTA procedures respectively, to show infarction as a compli-
ation of PTA. While two patients (2/18 = 11% of all performed PTAs)
howed infarct patterns compatible to thromboembolic complica-
ions of PTA, one patient suffered from arterial dissection, which
esulted in territorial infarction. It has to be stated that only few
ighly selected, worst affected patients in our institution were
reated with PTA in case of most severe CVS as ultima ratio when
ll other treatment options had failed. This might explain why our
ollective is comparatively low and complications are higher com-
ared to other studies focusing on PTA in CVS patients (Table 3). In
atients with CVS, the increased resistance of the vessel wall mus-

les requires a higher inflation pressure for vessel expansion [43]
ncreasing the risk for arterial dissection. In the presented study
owever, dissection did not occur during balloon inflation but while
ringing the balloon catheter up. Further, risk of thromboembolism
Choi BJ et al. [61] 0% (54 procedures, 11 patients)

is increased in patients with SAH due to activated coagulation cas-
cades, and after PTA, endothelial damage and disruption of the
collagen fibers in vessel walls [44] might also increase the risk of
thrombus formation.

In our study, one patient showed embolic cerebellar infarc-
tion of unknown etiology. It cannot be ruled out that DSA-related
thromboembolism caused the cerebellar infarcts. Further, there
are several additional hypotheses for infarcts in patients with SAH
apart from CVS including dysfunction of the cerebral autoregula-
tion [45,46]; metabolic changes [47], abnormal immune response
[48,49], activation of the inflammatory cascade with elevated lev-
els of cytokines and eicosanoid reaction [50,51], abnormal release
of vasodilators like nitrogen monoxide [52,53], disturbance of
the microcirculation [17,32], activation of the coagulation system
[54,55], and spreading depolarization [12,56,57].

Limitation

As a limitation, it has to be clearly noted that the results of our

retrospective study are focused on imaging results. It would have
needed a prospective design to allow referring valuable clinical
outcome data on application of intraarterial CVS treatment.
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Fig. 7. Thromboembolic complications after DSA for intraarterial nimodipine application (outside the treated territory): Thromboembolism in the right middle cerebral
a RI (D
a

C

i
w
a
i
c
i
a
i
o
t
i
m
b
o

D

rtery shown on DSA (A) with consecutive infarction shown on MRI with DWI (B). M
rtery before DSA (C) and after DSA (D).

onclusion

Because more than 50% of treated patients developed new
nfarcts, our study could not prove a convincing benefit for patients

ith SAH and severe CVS treated with intraarterial nimodipine and
dditional PTA in selected cases regarding the development of new
nfarcts. Besides, the risk of procedure-related ischemic compli-
ations is 3%, affecting nearly 6% of patients. While there was no
nfarct as a direct complication of intraarterial nimodipine infusion,
n increased risk of periprocedural thromboembolic complication
s presumed. In contrast, the risk of thromboembolic complication
r arterial dissection of PTA in patients with CVS after SAH is rela-
ively high (17%, 15% of all PTA procedures respectively). Therefore,
ntraarterial treatment of CVS, especially PTA, should not be recom-

ended as a standard procedure in patients even with severe CVS,
ut should be considered only in selected cases as last treatment
ption and rescue therapy.
isclosure of interest

The authors declare that they have no competing interest.
WI) shows new thromboembolic infarcts in the territory of the left middle cerebral
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