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Abstract

Objective

This prospective study is designed to detect changes in the treatment of ruptured intracra-

nial aneurysms over a period of 17 years.

Methods

We compared 361 treated cases of aneurysm occlusion after subarachnoid hemorrhage

from 1997 to 2003 with 281 cases from 2006 to 2014. Specialists of neuroradiology and vas-

cular neurosurgery decided over the modality assignment. We established a prospective

data acquisition in both groups to detect significant differences within a follow-up time of one

year. With this setting we evaluated the treatment methods over time and compared endo-

vascular with microsurgical treatment.

Results

When compared to the earlier group, microsurgical treatment was less frequently chosen in

the more recent collective because of neck-configuration. Endovascular treatment was cho-

sen more frequently over time (31.9% versus 48.8%). Occurrence of initial symptomatic

ischemic stroke was significantly lower in the clipping group compared to the endovascular

group and remained stable over time. The number of reinterventions due to refilled treated

aneurysms significantly decreased in the endovascular group at one-year follow-up, but the

significantly better occlusion- and reintervention-rate of the microsurgical group persisted.

The rebleeding rate in the endovascular group at one year follow-up decreased from 6.1%

to 2.2% and showed no statistically significant difference to the microsurgical group, any-

more (endovascular 2.2% versus microsurgical 0.0%, p = 0.11).

Conclusion

Microsurgical clipping still has some advantages, however endovascular treatment is

improving rapidly.
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Introduction

Despite continuous progress in the development of more efficient and safer techniques to treat

ruptured intracranial aneurysms, subarachnoid hemorrhage (SAH) and the occlusion of aneu-

rysms still remains a challenge for all treating specialists. The overall incidence of SAH world-

wide is currently 9 per 100000, but depends on age, sex and region. Thus, rates are higher in

Japan (22.7 per 100000) and in Finland (19.7 per 100000) and increase linearly with age [1].

Women suffer 1.2 times more often from SAH than men and the median age of onset at the

first SAH is 50–60 years [1, 2]. International guidelines with comprehensive recommendations

for the diagnosis and treatment of aneurysmal subarachnoid hemorrhage and the occlusion of

ruptured intracranial aneurysms were published by the American Heart Association / Ameri-

can Stroke Association and the European Stroke Organization [2, 3]. The choice of interven-

tion (microsurgical clipping versus endovascular treatment) should be made by vascular

specialists of neurosurgery and neuroradiology. It is dependent on factors such as configura-

tion, location and size of the aneurysm as well as age, comorbidities and patient preference [2].

The International Subarachnoid Aneurysm Trial (ISAT) advises to chose endovascular coil

embolization if ruptured aneurysms can be treated equally with both modalities [4–6]. Fur-

thermore, aneurysms with a small aneurysm neck and a posterior location should be treated

by endovascular coiling [2]. Also, elderly good-grade patients suffering from SAH seem to

benefit from the endovascular option, with the exception of those who display ruptured middle

cerebral artery aneurysms [7]. Factors promoting microsurgical clipping are aneurysms with

unfavorable neck configuration, branching vessels out of the aneurysm sack, middle cerebral

artery aneurysms, pericallosal aneurysms or patients with intracerebral hematoma [2].

In the present study modality assignment was basically in accordance with these mentioned

principles of the European Stroke Organisation. Before beginning with data acquisition we

determined those criteria under consideration of the treating doctors’ expert opinion. The

choice of intervention always represented an individual decision in consent with specialists of

neuroradiology and vascular neurosurgery and had been classified by the developed predeter-

mined criteria. According to the recent literature on new techniques and modalities in the

treatment of ruptured intracranial aneurysms, assessment criteria seem to have changed,

resulting in endovascular treatment apparently being more frequently chosen. This study was

designed to reflect these hypothetical changes over time and to compare the chronological

development of safety and efficacy in both endovascular and microsurgical treatment of rup-

tured aneurysms, following the defined modality assignment criteria.

Material and methods

Data and methods pertaining to this study were already used for an evaluation of efficacy and

safety of treatment of intracranial aneurysms from 1997 to 2014 within the scope of the com-

parison of the two treatment methods, microsurgical clipping and coil embolization [8]. The

criteria of allocation, which were observed between 1997 and 2014, allowed us to deliver as a

core message that a further limitation of complications in the microsurgical arm is possible

[8].

These criteria were applied in this study. In contrast to the above-mentionend paper, we

evaluated long-term changes of the outcome of the treatment methods in the present study. In

order to ensure a more balanced comparison of the endovascular coiling modality, we relin-

quished the small subgroup of cases of aneurysmal SAH treated by Flow-Diverters, WEB-De-

vices and Stent-assisted Coiling procedures in the recent collective. Totally, 642 cases of

ruptured intracranial aneurysms with consecutive subarachnoid hemorrhage were recorded

and analyzed.
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Based on the period of time the patients were treated in, they were divided into two

groups–an earlier one and a later one. The earlier group comprised 361 treated cases of aneu-

rysm occlusion after subarachnoid hemorrhage from 1997 to 2003 (115 cases of endovascular

treatment, 246 cases treated by microsurgical clipping) from Heidelberg (Department of Neu-

rosurgery, University of Heidelberg, Germany). It was compared with a later group composed

of 281 cases taken from the periods 2006–2009 and 2012–2014 (137 cases of endovascular

treatment, 144 cases treated by microsurgical clipping) at the Department of Neurosurgery,

Nuremberg (Paracelsus Medical University, Germany). As in our previously published paper

[8], we did not collect data between 2004 and 2005 and between 2010 and 2011 to avoid bias

regarding continuity of expert evaluation, decision and treatment of ruptured intracranial

aneurysms. In these time intervals we were not able to treat ruptured aneurysms with the high

level of experience, competence and treatment skills as from 1997 to 2003 and from 2006 to

2009 and 2012 to 2014. Expert treatment was guaranteed by specialized vascular neurosur-

geons and endovascular specialists.

In this observational study and in the previously published observational study [8], we

analyzed the common decision process between neurosurgery and neuroradiology before

treatment of ruptured intracranial aneurysms. The decision of neuroradiologists and neuro-

surgeons as to the allocation of the patients to the endovascular or microsurgical treatment

arm was part of the standard care of the patients and without any regard to the study. An

approval for this setting was obtained by our local ethics commission (Ethik-Kommission der

Bayerischen Landesärztekammer). Our review board „Bayerische Landesärztekammer”waived

a patient informed consent, as the data are fully anonymised. Nevertheless informed consent

of the patients or their relatives was always obtained verbally during the initial hospital stay or

during the telephone interview in the follow up. The half year and one year follow-up tele-

phone interview was executed by Gholamreza Ranaie, Hans-Herbert Steiner and Anahi Steiner

(Department of Neurosurgery, Paracelsus Medical University, Nuremberg). The clinical follow

up procedure (revaluation of data like clinically apparent strokes) was part of the study and

not part of standard care. Initiation of further control diagnostic imaging was conducted

according to the recommendations of the specialists of neurosurgery or neuroradiology as part

of the standard care and not as part of the study. Patients who disagreed in any form were

excluded. We recorded the approval of the participants within our database. The study has

been performed in accordance with the ethical standards laid down in the 1964 declaration of

Helsinki and its later amendments.

Modality assignment represented an individual decision in consent with specialists of

neuroradiology and vascular neurosurgery after critical review of the morphological and topo-

graphical aneurysm data and further clinical aspects. The microsurgical clipping group had

been classified according to predetermined criteria concerning refusal of endovascular treat-

ment. These criteria were in line with the guidelines of the European Stroke Organisation

(Table 1) and also were applied in the paper “Efficacy and Safety of Treatment of Intracranial

Aneurysms” [8]. All data were generated with substantial participation and under significant

supervision of the senior author (H.-H. Steiner). The primary objective was to document the

appearance of clinically apparent permanent ischemic stroke, the rebleeding rate and reinter-

ventions at one year as well as the initial occlusion status and the direct mortality during initial

hospital stay and the rate of complete occlusion with all available imaging data over time [8].

Within 48 hours after the clinical event patient data (clinical course, diagnostic imaging),

decisions and statements of a daily interdisciplinary conference of neuroradiologists and

neurosurgeons were recorded. We established a half-year and one-year follow-up (telephone

interview) to re-evaluate the occurrence of the clinical symptomatic ischemic stroke status,

occlusion status and occurrence of rebleeding.
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Criteria for study inclusion were the same as in our previously published paper [8]:

1. Time between sudden clinical event and treatment < 48 hours.

2. Informed consent from the patient, the patient’s relative or the patient’s caretaker.

3. Verification of SAH via cranial CT or lumbar puncture and verification of an associated

intracranial aneurysm diagnosed in most cases by digital subtraction angiography, at least

by CT angiography if an immediate operation had to be performed.

4. Patient survival until the ruptured aneurysm had been treated by one intervention modal-

ity. Patients with infaust prognosis had been excluded.

In cases of insufficient occlusion attempts of one modality crossing over was possible. This

was only realized, however, from the endovascular group to the microsurgical group (Table 1:

“Coil placement failed or incomplete occlusion”). This resulted in assignment to both treat-

ment arms. However, failed occlusion before crossing over was recorded as “Incomplete occlu-

sion” for the attempting treatment modality.

In the early group from 1997 to 2003, the endovascular and microsurgical subgroups were

matched regarding poor WFNS-grade (World Federation of Neurosurgical Societies), sex, age

and size of aneurysm. The median age at admission was 52.2 years in the endovascular group

versus 52.1 years in the microsurgical group. Mean aneurysm size was 9.1 millimeters (mm) in

the endovascular group and 8.9 mm in the microsurgical group. Endovascular treatment

focused on aneurysms of the posterior circulation, aneurysms of the anterior cerebral artery

and anterior communicating artery, while in the microsurgical group usually middle cerebral

artery aneurysms and aneurysms of the internal carotid artery had been occluded. The endo-

vascular group consisted of a significantly higher proportion of WFNS˚III patients when com-

pared to the microsurgical clipping group. The surgical group had a significantly higher

proportion of WFNS˚I-II patients in the older collective. For an overview of the previously

mentioned data see Table 2.

In the recent group from 2006 to 2009 and 2012–2014, the endovascular and microsurgical

modality subgroups were matched regarding good, intermediate and poor WFNS-grade, sex,

age and size of aneurysm. The median age at admission was 53.3 years in the endovascular

group versus 52.1 years in the microsurgical group. Mean aneurysm size was 7.7 mm in the

endovascular group and 8.7 mm in the microsurgical group. In the endovascular treatment

Table 1. Exclusion criteria for endovascular treatment. Fisher-exact tests and chi-square tests examine the 0-Hypothesis H0 that there is no difference

regarding the exclusion criteria of endovascular treatment between the two chronological groups (1997 to 2003 versus 2006 to 2009 and 2012 to 2014). Spe-

cial configurations of the aneurysms and clinical factors affected the specialists’ decision of the choice of treatment and have been documented as "no speci-

fied reasons."

Exclusion criteria 1997–2003 2006–2009 and 2012–2014 p

Dome–neck ratio <1.5 52 (21.1%) 14 (9.7%) 0.0037

Neck width 55 (22.4%) 9 (6.3%) < 0.0001

Endovascular approach not feasable 33 (13.4%) 7 (4.9%) 0.0087

Far distal aneurysm 35 (14.2%) 55 (38.2%) < 0.0001

Intracranial haematoma 22 (8.9%) 29 (20.1%) 0.0015

Aneurysm causing mass effect 3 (1.2%) 2 (1.4%) 1.0

Patient refused 1 (0.4%) 1 (0.7%) 1.0

No specified reasons 38 (15.4%) 21 (14.6%) 0.82

Coil placement failed or occlusion incomplete 7 (2.8%) 6 (4.2%) 0.56

Overall 246 (100%) 144 (100%) n/a

doi:10.1371/journal.pone.0172837.t001
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group significantly more aneurysms of the posterior circulation, aneurysms of the anterior

cerebral artery and anterior communicating artery, and aneurysms of the internal carotid

artery had been occluded. In the microsurgical group usually middle cerebral artery aneurysms

had been treated. For an overview of the previously mentioned data see Table 3.

Postinterventional diagnostic imaging for evaluation of symptomatic ischemic stroke,

occlusion rate and rebleedings had been discussed and consented in a daily interdisciplinary

conference of neuroradiologists and neurosurgeons. In the microsurgical group the occlusion

rate had been inquired from the treating surgeon immediately after operation or evaluated

from postoperative angiographical data, if available. Ischemic stroke had been assigned to the

intervention if it had been clinically apparent and if there had been distinct morphological

Table 2. Characteristics of the included early patient collective (1997 to 2003). ACA: Anterior communicating artery, Anterior cerebral artery; ICA: Inter-

nal carotid artery; MCA: Middle cerebral artery; VA: Vertebral artery; BA: Basilar artery. Fisher-exact tests and Chi-Square tests examine the 0-Hypothesis H0

that there is no difference between the intervention modalities (endovascular group versus microsurgical group) regarding the ratios of the specific patient

characteristics (e. g. ratio “WFNS˚I-II” to “not WFNS˚I-II” in the endovascular group versus ratio “WFNS˚I-II” to “not WFNS˚I-II” in the microsurgical group).

1997–2003 Endovascular Microsurgical OR 95% CI p

Overall n = 361 115 246

WFNS Grade

WFNS I-II 48 (41.7%) 137 (55.7%) 0.57 0.36–0.89 0.013

WFNS III 38 (33.0%) 50 (20.3%) 1.93 1.18–3.18 0.0087

WFNS IV-V 29 (25.2%) 59 (24.0%) 1.07 0.64–1.78 0.81

Sex

m 49 (42.6%) 91 (37.0%) 1.26 0.81–1.99 0.31

w 66 (57.4%) 155 (63.0%) 0.79 0.50–1.24 0.31

Location

ACA 59 (51.3%) 73 (29.7%) 2.5 1.58–3.94 < 0.0001

ICA 28 (24.3%) 99 (40.2%) 0.48 0.29–0.79 0.0032

MCA 2 (1.7%) 65 (26.4%) 0.049 0.012–0.21 < 0.0001

VA/BA 26 (22.6%) 9 (3.7%) 7.69 3.47–17.06 < 0.0001

doi:10.1371/journal.pone.0172837.t002

Table 3. Characteristics of the included recent patient data (2006 to 2009 and 2012 to 2014). ACA: Anterior communicating artery, Anterior cerebral

artery; ICA: Internal carotid artery; MCA: Middle cerebral artery; VA: Vertebral artery; BA: Basilar artery. Fisher-exact tests and Chi-Square tests examine the

0-Hypothesis H0 that there is no difference between the intervention modalities (endovascular treatment group versus microsurgical treatment group) regard-

ing the ratios of the specific patient characteristics (e. g. ratio “WFNS˚I-II” to “not WFNS˚I-II” in the endovascular group versus ratio “WFNS˚I-II” to “not WFNS

˚I-II” in the microsurgical group).

2006–2009 and 2012–2014 Endovascular Microsurgical OR 95% CI p

Overall n = 281 137 144

WFNS Grade

WFNS I-II 69 (50.4%) 73 (50.7%) 0.99 0.62–1.58 1.00

WFNS III 17 (12.4%) 24 (16.7%) 0.71 0.36–1.39 0.31

WFNS IV-V 51 (37.2%) 47 (32.6%) 1.22 0.75–2.00 0.42

Sex

m 58 (42.3%) 49 (34.0%) 1.42 0.88–2.31 0.15

w 79 (57.7%) 95 (66.0%) 0.70 0.43–1.14 0.15

Location

ACA 69 (50.4%) 36 (25.0%) 3.04 1.84–5.04 < 0.0001

ICA 39 (28.5%) 20 (13.9%) 2.47 1.35–4.50 0.0027

MCA 7 (5.1%) 84 (58.3%) 0.039 0.017–0.088 < 0.0001

VA/BA 22 (16.1%) 4 (2.8%) 6.70 2.24–19.99 0.00012

doi:10.1371/journal.pone.0172837.t003
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findings within the first 3 days after the procedure in the diagnostic imaging. “Symptomatic

ischemic stroke” was defined as a clinically apparent stroke after procedure and “permanent

ischemic stroke” as a symptomatic ischemic stroke which persisted clinically at the time of

half-year and one-year follow-up.

Results of data acquisition regarding the appearance of clinically apparent permanent ische-

mic stroke, the rebleeding rate, and reinterventions refer to the interval between initial hospital

stay and one-year follow-up. Direct mortality has been recorded during the initial hospital

stay. The rate of complete occlusion was evaluated with available imaging data at an average of

13.1 months in the recent group and 22.3 months in the early group. The decrease of the time

interval of imaging follow-up after coiling in the recent group (13.1 months) is probably the

consequence of long-term results of the occlusion status of endovascular treated aneurysms [9,

10]. Sprengers et al. stated that intracranial aneurysms with adequate occlusion at 6 months

after coiling have a low reopening rate needing retreatment after 5 years and, furthermore,

that adequately occluded aneurysms at 6 months might not need prolonged imaging follow-up

[9]. Moreover, long-term follow-up results of ISAT exhibit a very low rebleeding rate of treated

aneurysms [5].

Intensive care did not differ in the two groups (endovascular versus microsurgical), espe-

cially in terms of treatment of vasospasm, hydrocephalus, cerebral edema and other complica-

tions like pneumonia, diabetes insipidus, sepsis etc.

Statistical analysis was performed using the Microsoft Excel 2007 Software (Microsoft Cor-

poration, Redmond, Washington, USA). Chi-square was calculated only if all cell frequencies

of the 2 x 2 contingency tables were equal to or greater than 10. The Fisher exact probability

test was applied if the sample size consisted at least of one small sample of less than 10 in the 2

x 2 contingency tables. Fisher-exact tests and Chi-Square tests examine the 0-Hypothesis H0

within one chronological group that there is no difference regarding the patient characteristics

in the material and methods section (Tables 2 and 3) and the efficacy and safety in the results

section (Tables 4 and 5) of the two treatment modalities. Furthermore Fisher-exact tests and

Chi-square tests examine the 0-Hypothesis H0 that there is no difference regarding the exclu-

sion criteria of endovascular treatment in the methods section (Table 1) and the efficacy and

safety of the two chronological groups of one treatment modality in the results section (Tables

6 and 7).

Results

Exclusion criteria for endovascular treatment and ratio of endovascular

versus microsurgical treatment

We observed a significant decrease of cases of aneurysm neck configuration which led to an

exclusion from endovascular treatment (Table 1). Dome-neck ratio < 1.5 was a reason for

exclusion in 21.1% (52 of 246) of the cases from 1997 to 2003, while in the recent group only

9.7% (14 of 144) were excluded due to this criterion (p = 0.0037). Exclusion because of neck

width decreased significantly from 22.4% (55 of 246) to 6.3% (9 of 144) (p< 0.0001). In con-

trast the proportion of cases of intracranial hematoma and far distal aneurysms which were

assigned to the microsurgical treatment increased significantly from 8.9% (22 of 246) to 20.1%

(29 of 144) (p = 0.0015) and from 14.2% (35 of 246) to 38.2% (55 of 144) (p< 0.0001), respec-

tively. The total ratio of endovascular treatment versus microsurgical treatment changed sig-

nificantly towards a more frequent selection of the endovascular procedure (2006–2009 and

2012–2014) in comparison to the earlier group. (endovascular: 31.9% to 48.8%; OR 0.49; 95%

CI 0.36–0.68; p< 0.0001; microsurgical: 68.1% to 51.2%; OR 2.04; 95% CI 1.47–2.81) (Tables 6

and 7).

Treatment of ruptured intracranial aneurysms
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Endovascular treatment versus microsurgical treatment in the early

(1997–2003) and late (2006–2009 and 2012–2014) group

In the collective of 1997 through 2003 there was a significantly lower rate of absolute symp-

tomatic ischemic stroke (15.7% versus 5.3%; OR 3.33; 95% CI 1.57–7.05; p = 0.0011) and per-

manent symptomatic ischemic stroke (13.9% versus 4.5%; OR 3.45; 95% CI 1.55–7.71;

p = 0.0015) in the microsurgical group compared to the endovascular group (Table 4). Fur-

thermore, the microsurgical clipping procedure was superior regarding the occlusion of rup-

tured aneurysms. Initial subtotal occlusion was stated in 1.6% percent of the microsurgical

cases versus 19.1% of the endovascular cases (OR 14.31; 95% CI 4.80–42.65; p< 0.0001). Initial

incomplete occlusion was objectifiable in the endovascular group only (7.0%; p< 0.0001).

Complete occlusion was seen in the follow-up diagnostic imaging after 22.3 months in 65 of

102 cases (63.7%) in the endovascular group and in 84 of 85 cases (98.8%) in the microsurgical

group (OR 0.021; 95% CI 0.0028–0.16; p< 0.0001). The rebleeding rate at one year was signifi-

cantly higher in the endovascular group when compared to the microsurgical group (7 of 115

versus 1 of 246; 6.1% versus 0.4%; OR 15.88; 1.93–130.65; p = 0.0017). There had been 16 rein-

terventions in the endovascular group (13.9%), but no reinterventions in the microsurgical

group (p< 0.0001). Direct mortality was not significantly different between the two groups

(endovascular 2.6% versus microsurgical 1.2%; p = 0.39).

In the collective of 2006–2009 and 2012–2014 there was also a lower rate of symptomatic

ischemic stroke in the microsurgical clipping group compared to the endovascular group

(endovascular group: 27 of 137; 19.7%—microsurgical group: 13 of 144; 9.0%; OR 2.47; 95%

CI 1.22–5.02; p = 0.010) and a significantly lower rate of permanent symptomatic ischemic

stroke (Endovascular group: 21 of 137; 15.3%—Microsurgical group: 11 of 144; 7.6%; OR 2.19;

95% CI 1.01–4.73; p = 0.043)(Table 5). The significantly higher occlusion rate of the microsur-

gical clipping group remained stable (initial subtotal occlusion: endovascular 20 of 137; 14.6%

versus microsurgical 3 of 144; 2.1%; p = 0.00012; initial incomplete occlusion: Endovascular 9

of 137; 6.6% versus Microsurgical 1 of 144; 0.7%; p = 0.0089; complete occlusion after 13.1

months: endovascular 73 of 114; 64.0% versus microsurgical 30 of 34; 88.2%; p = 0.0071) and

also the reintervention rate remained significantly lower (endovascular 7 of 137; 5.1% versus

microsurgical 0 of 144; 0.0%; p = 0.0060)(Table 5).

Interestingly, the rebleeding rate at one-year follow-up in the endovascular group decreased

from 6.1% to 2.2% and was no longer significantly different compared to the microsurgical

clipping group (endovascular 3 of 137; 2.2% versus microsurgical 0 of 144; 0.0%, p = 0.11).

Still, there was no significant difference regarding the direct mortality rate of the two

Table 4. Efficacy and safety of the treatment modalities from 1997 to 2003. Fisher-exact tests and Chi-Square tests examine the 0-Hypothesis H0 that

there is no difference regarding the rates of symptomatic ischemic stroke, occlusion rate, rebleeding, direct mortality and reinterventions between the two

treatment modalities (endovascular group versus microsurgical group).

1997–2003 Endovascular Microsurgical OR 95% CI p

Overall n = 361 115 246

Initial symptomatic ischemic stroke 18 (15.7%) 13 (5.3%) 3.33 1.57–7.05 0.0011

Permanent symptomatic ischemic stroke (one-year follow-up) 16 (13.9%) 11 (4.5%) 3.45 1.55–7.71 0.0015

Initial subtotal occlusion 22 (19.1%) 4 (1.6%) 14.31 4.80–42.65 < 0.0001

Initial incomplete occlusion 8 (7.0%) 0 (0.0%) n/a n/a < 0.0001

Complete occlussion (22.3 months) 65 of 102 (63.7%) 84 of 85 (98.8%) 0.021 0.0028–0.16 < 0.0001

Re-bleeding (one-year follow-up) 7 (6 early) (6.1%) 1 (1 early) (0.4%) 15.88 1.93–130.65 0.0017

Direct mortality 3 (2.6%) 3 (1.2%) 2.17 0.43–10.92 0.39

Reintervention (one-year follow-up) 16 (7 microsurgical clipping) (13.9%) 0 (0.0%) n/a n/a < 0.0001

doi:10.1371/journal.pone.0172837.t004
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procedures (endovascular group: 4 of 137; 2.9%; microsurgical group: 1 of 144; 0.7%; OR 4.30;

95% CI 0.47–38.97; p = 0.20).

Modality changes over time

Comparison of the older group with the recent group, revealed a significant decrease in the

reintervention rate of endovascular treatment of ruptured intracranial aneurysms. It decreased

from 13.9% (16 of 115) to 5.1% (7 of 137) (OR 3.00; 95% CI 1.19–7.58; p = 0.017) (Table 6).

The complete occlusion rate of the microsurgical treatment decreased from 98.8% (84 of 85) to

88.2% (30 of 34) (OR 11.2; 1.20–104.23; p = 0.023) (Table 7).

Discussion

Changes of exclusion criteria for endovascular treatment

Comparison of the recent group of treated ruptured intracranial aneurysms with the earlier

group showed a decrease of cases with aneurysm neck configuration which had led to an

Table 5. Efficacy and safety of the treatment modalities from 2006 to 2009 and 2012 to 2014. Fisher-exact tests and Chi-Square tests examine the

0-Hypothesis H0 that there is no difference regarding the rates of symptomatic ischemic stroke, occlusion rate, rebleeding, direct mortality and reinterventions

between the two treatment modalities (endovascular group versus microsurgical group).

2006–2009 and 2012–2014 Endovascular Microsurgical OR 95% CI p

Overall n = 281 137 144

Initial symptomatic ischemic stroke 27 (19.7%) 13 (9.0%) 2.47 1.22–5.02 0.010

Permanent symptomatic ischemic stroke (one-year follow-up) 21 (15.3%) 11 (7.6%) 2.19 1.01–4.73 0.043

Initial subtotal occlusion 20 (14.6%) 3 (2.1%) 8.03 2.33–27.71 0.00012

Initial incomplete occlusion 9 (6.6%) 1 (0.7%) 10.05 1.26–80.46 0.0089

Complete occlussion (13.1 months) 73 of 114 (64.0%) 30 of 34 (88.2%) 0.24 0.078–0.72 0.0071

Re-bleeding (one-year follow-up) 3 (3 early) (2.2%) 0 (0.0%) n/a n/a 0.11

Direct mortality 4 (2.9%) 1 (0.7%) 4.30 0.47–38.97 0.20

Reintervention (one-year follow-up) 7 (1 microsurgical clipping) (5.1%) 0 (0.0%) n/a n/a 0.0060

doi:10.1371/journal.pone.0172837.t005

Table 6. Comparison of the efficacy and safety of the chronological groups (1997–2003 versus 2006 to 2009 and 2012 to 2014) regarding the endo-

vascular procedure. Chi-Square tests examine the 0-Hypothesis H0 that there is no difference regarding the rate of endovascular cases (n = 115) in the com-

prehensive group of 1997–2003 (n = 361) compared to the rate of endovascular cases (n = 137) in the comprehensive recent coiling group (n = 281) (coiling

2006–2009 and 2012–2014). Moreover Fisher-exact tests and Chi-Square tests examine the 0-Hypothesis H0 that there is no difference regarding the rates of

symptomatic ischemic stroke, occlusion rate, rebleeding, direct mortality and reinterventions between the two chronological groups (“Endovascular 1997–

2003” versus “Endovascular 2006–2009 and 2012–2014”).

Endovascular treatment Endovascular 1997–2003 Endovascular 2006–2009 and

2012–2014

OR 95% CI p

Overall n = 252 115 of 361 (31.9%) 137 of 281 (48.8%) 0.49 0.36–0.68 < 0.0001

Initial symptomatic ischemic stroke 18 (15.7%) 27 (19.7%) 0.76 0.39–1.46 0.40

Permanent symptomatic ischemic stroke (one-year

follow-up)

16 (13.9%) 21 (15.3%) 0.89 0.44–1.80 0.75

Initial subtotal occlusion 22 (19.1%) 20 (14.6%) 1.38 0.71–2.69 0.34

Initial incomplete occlusion 8 (7.0%) 9 (6.6%) 1.06 0.40–2.85 1.00

Complete occlussion 65 of 102 (22.3 months)

(63.7%)

73 of 114 (13.1 months) (64.0%) 0.99 0.57–1.72 1.00

Re-bleeding (one-year follow-up) 7 (6 early) (6.1%) 3 (3 early) (2.2%) 2.90 0.73–11.46 0.19

Direct mortality 3 (2.6%) 4 (2.9%) 0.89 0.20–4.06 1.00

Reintervention (one-year follow-up) 16 (7 microsurgical clipping)

(13.9%)

7 (1 microsurgical clipping) (5.1%) 3.00 1.19–7.58 0.017

doi:10.1371/journal.pone.0172837.t006
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endovascular treatment exclusion. Dome-neck ratio < 1.5 and absolute neck width as a rea-

son for exclusion decreased significantly from 21.1% to 9.7% (p = 0.0037), respectively 22.4%

to 6.3% (p < 0.0001). Far distal aneurysms (14.2% to 38.2%; p < 0.0001) and the presence of

an intracranial hematoma (8.9% to 20.1%; p = 0.0015) were the actual top reasons for micro-

surgical clipping in our study. Besides the standard coiling procedure many new endovascu-

lar occlusion techniques and devices like stent-assisted coiling procedures, WEB-devices and

flow-diverters have been developed, which allow the treatment of aneurysms with unfavour-

able neck configuration [11–17]. Moreover, the ISAT-study resulted in a preference of the

endovascular procedure for occlusion of ruptured intracranial aneurysms if both procedures

(clipping and coiling) were possible [4–6]. O’Kelly et al. reported an increasing proportion of

aneurysm treatment by coiling over time, but stated that endovascular treatment was associ-

ated with a significantly increased hazard of death or SAH readmission (hazard ratio 1.25;

95% CI 1.00–1.55; p = 0.04) [18]. Nevertheless, ISAT had a deep impact on the evaluation of

the treatment procedure between the specialists of neurosurgery and neuroradiology and

changed the decision making process in the group of 2006–2009 and 2012 to 2014 towards a

higher ratio of endovascular treatment and less exclusion because of unfavourable neck

configuration.

Symptomatic ischemic stroke

The significantly lower absolute rate of symptomatic ischemic stroke (endovascular treatment

15.7% versus microsurgical clipping 5.3%) and permanent symptomatic ischemic stroke

(endovascular treatment 13.9% versus microsurgical clipping 4.5%) in the microsurgical group

of 1997–2003 persisted in the group of 2006–2009 and 2012–2014 (endovascular treatment

19.7% versus microsurgical clipping 9.0%, respectively endovascular treatment 15.3% versus

microsurgical clipping 7.6%) (Tables 4 and 5). In total, an increase of the rate of symptomatic

ischemic stroke was observed, although not significant. The procedure-related cerebral infarc-

tion rate of both groups were comparable with the results of Hoh et al (surgical group 11.4%

versus endovascular group 21%) [19]. Some publications reported an association between new

endovascular devices and symptomatic ischemic stroke or at least thrombembolic events [13,

15, 17]. The WEBCAST study observed thromboembolic events in 17.6% (9 of 51), but a

Table 7. Comparison of the efficacy and safety of the chronological groups (1997–2003 versus 2006 to 2009 and 2012 to 2014) regarding the micro-

surgical procedure. Chi-Square tests examine the 0-Hypothesis H0 that there is no difference regarding the rate of clipped cases (n = 246) in the compre-

hensive group of 1997–2003 (n = 361) compared to the rate of clipped cases (n = 144) in the comprehensive recent microsurgical clipping group (n = 281)

(microsurgical 2006–2009 and 2012–2014). Moreover Fisher-exact tests and Chi-Square tests examine the 0-Hypothesis H0 that there is no difference

regarding the rates of symptomatic ischemic stroke, occlusion rate, rebleeding, direct mortality and reinterventions between the two chronological groups

(“Microsurgical 1997–2003” versus “Microsurgical 2006–2009 and 2012–2014”).

Microsurgical clipping Microsurgical 1997–2003 Microsurgical 2006–2009 and 2012–

2014

OR 95% CI p

Overall n = 390 246 of 361 (68.1%) 144 of 281 (51.2%) 2.04 1.47–2.81 < 0.0001

Initial symptomatic ischemic stroke 13 (5.3%) 13 (9.0%) 0.56 0.25–1.25 0.15

Permanent symptomatic ischemic stroke (one-year

follow-up)

11 (4.5%) 11 (7.6%) 0.57 0.24–1.34 0.19

Initial subtotal occlusion 4 (1.6%) 3 (2.1%) 0.78 0.17–3.52 1.00

Initial incomplete occlusion 0 (0.0%) 1 (0.7%) n/a n/a 0.37

Complete occlussion 84 of 85 (22.3 months)

(98.8%)

30 of 34 (12.8 months) (88.2%) 11.2 1.20–104.23 0.023

Re-bleeding (one-year follow-up) 1 (1 early) (0.4%) 0 (0.0%) n/a n/a 1.00

Direct mortality 3 (1.2%) 1 (0.7%) 1.76 0.18–17.13 1.00

Reintervention (one-year follow-up) 0 (0.0%) 0 (0.0%) n/a n/a 1.00

doi:10.1371/journal.pone.0172837.t007
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permanent deficit was seen in only 1 patient (2.0%) [13]. Piotin et al. examined clinical and

angiographic outcomes of 1137 consecutive patients coiled with and without stent-assisted

coiling and detected a high permanent neurological procedure-related complication which

occurred in 7.4% [15]. Van Rooij et al. even noticed that the safety and efficacy profile of flow

diversion should discourage the use of these devices in aneurysms that can be treated with

other techniques. In this collective 3 out of 11 patients treated with flow diverters suffered

from ischaemia. Two died and one suffered from permanent neurological deficits [17].

In order to ensure a more balanced comparison of the endovascular coiling modality over

time, we excluded the small subgroup of cases of aneurysmal SAH treated by Flow-Diverters,

WEB-Devices and Stent-assisted Coiling procedures in the recent collective.

Reasons for the increase of symptomatic ischemic strokes in the microsurgical procedure

arm might include a lack of routine of the treating specialists due to decreasing numbers of

microsurgical clipping. New supporting devices for the microsurgical clipping procedure like

microscope-based indocyanine green video angiography have been developed (Fig 1). This

provides a clear real-time image with information about aneurysm configuration and intracra-

nial artery pathways [20]. In future this device might lead to better outcome rates in the micro-

surgical procedure arm, but currently this device is not used routinely in all neurological

centers. Nevertheless, there was no significant difference regarding the rate of symptomatic

ischemic stroke in the direct comparison of the chronological groups (Tables 6 and 7).

Occlusion-rate and reinterventions

The microsurgical clipping procedure was significantly superior regarding the occlusion of

ruptured aneurysms in the recent and in the older group, but initial occlusion status in the

microsurgical clipping group has been evaluated in most cases by the treating surgeon and not

by angiographic control as in the endovascular group. In the follow-up regarding complete

occlusion the rate of angiographic controls in the endovascular group (88.7% earlier group;

83.2% recent group) was higher than in the microsurgical clipping group (34.6% earlier group;

23.6% recent group). Initial subtotal occlusion was stated in 1.6% percent of the microsurgical

cases versus 19.1% of the endovascular cases in the older group (OR 14.31; 95% CI 4.80–42.65;

p< 0.0001). In the recent group there were 2.1% in microsurgical clipping group and 14.6%

in the endovascular procedure group (OR 8.03; 95% CI 2.33–27.71; p = 0.00012). The initial

Fig 1. Microscope-based indocyanine green video angiography supporting the microsurgical occlusion of a ruptured middle

cerebral artery aneurysm, which has been tested but is not used as a routine intraoperative device so far. (A): Intraoperative

illustration of the middle cerebral artery aneurysm (arrows). (B): Video angiography showing the perfusion of the untreated aneurysm

(arrows). (C): After clipping no perfusion of the aneurysm is detectable any more (arrows).

doi:10.1371/journal.pone.0172837.g001
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incomplete occlusion rate remained nearly unchanged in the endovascular group (7.0% versus

6.6%) (Table 6) and in the microsurgical clipping group (0.0% versus 0.7%). The significantly

lower rate of initial incomplete occlusion in the microsurgical group remained stable (older

group p< 0.0001; recent group p = 0.0089). The complete occlusion rate in the follow-up was

not improved significantly in the endovascular group (63.7% versus 64.0%), but the follow-up

interval was only 13.1 months in the recent group, as compared with 22.3 months in the early

group. Compared with ISAT and BRAT (Barrow Ruptured Aneurysm Trial) the complete

obliteration rate of the ruptured aneurysms in the endovascular group seems quite similar [6,

21]. In BRAT endovascular treatment reached a complete obliteration of the ruptured aneu-

rysms in 57.9% initially, in 52.2% after three years and in 47.9% after six years [21, 22]. In

ISAT the complete occlusion rate in the endovascular group (discharge until over 2 years) was

66% of the treated aneurysms and therefore was almost the same as in our groups (63.7% and

64.0%, respectively) [6]. Large studies dealing with stent-assisted coiling report even better

complete occlusion rates and are indicative of an improved complete occlusion rate over time

[15, 16].

Very interesting is the significant decreasing rate of reinterventions in the recent endovas-

cular group (13.9% versus 5.1%). Still, there was no case of reintervention in the microsurgical

group, which remained significantly better in comparison to the endovascular group (older

group: p< 0.0001; recent group: p = 0.0060). In the microsurgical clipping group the complete

occlusion rate decreased significantly from 98.8% to 88.2% (p = 0.023). However, compared to

the earlier group (85 of 246; 34.6%), in the recent group only 34 follow-up angiographic con-

trols had been performed (23.6%). The significantly better complete occlusion rate in the fol-

low-up of the microsurgical clipping group versus the endovascular group persisted (older

group: 98.8%; p< 0.0001; recent group: 88.2%; p = 0.0071). Moreover, the complete occlusion

rate still is comparable with the results of ISAT (82%) and BRAT (85.1%, 87.1% after 3 years

and 95.7% after 6 years) [6, 21, 22].

Rebleeding

The rebleeding rate was significantly higher in the endovascular group compared to the micro-

surgical group in the older collective (6.1% versus 0.4%; p = 0.0017) (Table 4). Interestingly the

rebleeding rate in the endovascular group dropped to 2.2% and was no longer significantly dif-

ferent compared to the microsurgical clipping group (endovascular treatment 2.2% versus

microsurgical treatment 0.0%, p = 0.11) (Table 5). In comparison to other studies like ISAT

(2.6% endovascular rebeleeding rate) and CARAT (3.4% endovascular rebleeding rate) the

rebleeding rate was initially higher (6.1%) but decreased under the values of these studies in

time (2.2%) [4, 23]. Also, Fleming et al. stated that the periprocedural rebleeding rate may be

improving over time regarding endovascular treatment [24]. The rebleeding rate in the micro-

surgical clipping arm is exceptionally low compared to ISAT (0.93%) and CARAT (1.3%) [4,

23].

Direct mortality

Direct mortality was not significantly different between the two groups (endovascular treat-

ment 2.6% versus microsurgical clipping 1.2%; p = 0.39) and remained stable (endovascular

group: 2.9%—microsurgical clipping group: 0.7%; p = 0.20). Park et al. describe a direct endo-

vascular mortality rate of 7.6% in ruptured aneurysms [25], while Zheng et al. report a mortal-

ity rate of 0.85% [26]. A direct mortality rate of 0.8% was stated for the microsurgical clipping

procedure in the treatment of non-ruptured aneurysms [27]. De Vries et al. found a combined

procedural persistent neurological morbidity and mortality after endovascular treatment and
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open surgical clipping of 2.1% and 1.4%, respectively [28]. Thus, in our collective the endovas-

cular procedure and microsurgical clipping are save interventions with a low direct mortality

rate which does not differ significantly over time and which is comparable with the direct mor-

tality rates of other authors.

Limitations

The location of aneurysms treated in the endovascular and microsurgical groups were different

(Tables 2 and 3). Endovascular treatment focused on the posterior circulation, anterior com-

municating, anterior cerebral, and internal carotid aneurysms (in the recent group). Middle

cerebral artery (MCA) aneurysms and internal carotid (ICA) aneurysms (in the earlier group)

were usually treated by microsurgical clipping. But regarding the initial clinical status (WFNS

grading) of the patients there was a balance concerning the patients with WFNS˚IV-V in the

recent and in the earlier group and also for WFNS˚I-II and III in the recent group (Tables 2

and 3).

In contrast to the endovascular arm, the rate of post-operative angiographic imaging for the

evaluation of occlusion success was low in the clipping arm. Furthermore, initial occlusion

rates for microsurgical clipping were largely based on post-operative surgeon reports, which

are always subject to bias. These circumstances certainly increased the detection of small resid-

uals found post-treatment in the endovascular arm. Moreover, we presented non-randomized

data with short-term results without clear outcome data like mRS and GOS in this study.

Conclusion

Here, we present a prospective, non-randomized trial in which we analyzed the changes in the

daily decision process regarding the procedure assignment and treatment of ruptured intracra-

nial aneurysms by experts of neuroradiology and neurosurgery. The number of reinterven-

tions at one-year follow-up due to refilled treated aneurysms significantly decreased in the

endovascular group over time, but the significantly better occlusion- and reintervention-rate

of the microsurgical group persisted. Rebleeding occurred less frequently in the endovascular

group over time, although we can only present rates until the one-year follow–up, but no long

term results. Endovascular treatment was chosen significantly more often over time. Accord-

ingly, cost effectiveness analyses for endovascular versus microsurgical clipping could become

attractive. Higher device costs of endovascular treatment might imply that this development

will lead to higher financial expenditure [29]. However, Hoh et al. conducted a nation-wide

cost-analysis in which an association of endovascular treatment and a significantly shorter

length of stay and significantly lower total hospital charges in comparison to the microsurgical

group were exhibited [30]. Hence, this development comes along with an economic as well as

with a clinical improvement regarding the efficacy and safety of treatment of ruptured intra-

cranial aneurysms.
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