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The Impact of Temporary Artery Occlusion During Intracranial Aneurysm Surgery
on Long-Term Clinical Outcome: Part I. Patients with Subarachnoid Hemorrhage

Christoph J. Griessenauer1, Tyler L. Poston1, Mohammadali M. Shoja2, Martin M. Mortazavi1, Michael Falola1,
R. Shane Tubbs2, Winfield S. Fisher, III1
-BACKGROUND: Temporary artery occlusion (TAO) during intracranial aneu-
rysm surgery is an integral element in facilitating aneurysm dissection and
clipping. Despite its significance, knowledge of effects of TAO on long-term
clinical outcome is limited. The purpose of this study was to evaluate the impact
of TAO in patients with subarachnoid hemorrhage (SAH) at one institution.

-METHODS: Patients managed for an intracranial aneurysmwere followed from
January 2000 to July 2009. This study included a cohort of patientswith a diagnosis
of SAHwho underwent TAO during aneurysm surgery. Risk factors known to affect
outcomewere considered. Effects of TAO time on long-term clinical outcomewere
evaluated using the Glasgow Outcome Scale (GOS) at last follow-up visit or
hospital discharge. Analyses included descriptive statistics and binary logistic
and ordinal logistic regression.

-RESULTS: Inclusion criteria were met by 382 patients (74.3% female, age 52
years� 13.5) with aneurysmal SAH. Mean follow-up was 39 months� 57.3. Mean
TAO time was 19.4 minutes� 15.7. Of patients, 66% had a good outcome and made
a complete recovery at last follow-up (GOS 5); 13% of patients were moderately
disabled (GOS 4); and 27% of patients were severely disabled (GOS 3), were in
a vegetative state (GOS 2), or had died (GOS 1). Overall, TAO time had no effect on
overall long-term clinical outcome (P [ 0.76). Higher Hunt and Hess grades
(P < 0.001), Fisher computed tomography grades (P < 0.001), age (P < 0.001), larger
size of aneurysm (P < 0.008), aneurysms of the posterior circulation (P[ 0.044), and
presence of clinical vasospasm (P < 0.001) were significantly associated with
worse outcomes. On logistic regression analysis, the association between loca-
tion of aneurysm (anterior vs. posterior circulation) and outcome disappeared.

-CONCLUSIONS: Limited duration of TAO during aneurysm surgery did not
affect long-term clinical outcome and appears to be safe in patients with
aneurysmal SAH. Established SAH risk factors including Hunt and Hess grades,
Fisher computed tomography grades, and presence of clinical vasospasm clearly
correlated with long-term clinical outcomes.
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INTRODUCTION

Temporary artery occlusion (TAO) during
intracranial aneurysm surgery facilitates
aneurysm dissection and clipping. Tempo-
rary occlusion of �1 vessels feeding the
aneurysm reduces the pressure within the
aneurysm, lessening the risk of intra-
operative aneurysm rupture. In complicated
aneurysms, arrest of arterial blood flow
allows opening of the aneurysm for athero-
matous plaque removal and patent vessel
reconstruction from a broad-based aneu-
rysmal neck (33). Since itsfirst descriptionby
Pool (28), who credited Jefferson with the
first use of elective temporal occlusion in
aneurysm surgery, this integral and valuable
adjunct to intracranial aneurysm surgery has
gained wide acceptance and is broadly used
among cerebrovascular neurosurgeons.
Despite its significance for intracranial an-
eurysm repair, few studies have scientifically
evaluated the effects of TAO. Generally,
studies have recommended limiting the
durationofTAO to<15e20minutes to avoid
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neurologic complications (3, 11, 19, 24, 26,
28, 30-32), even though TAO of 90 minutes
without clinical sequelae has been reported
(20).Most of these studies used radiologic or
clinical evidence of stroke attributable to
TAO as their primary endpoint, and clinical
follow-up was frequently short and limited
to the in-hospital stay. The purpose of this
study was to evaluate the impact of TAO
during intracranial aneurysm surgery on
long-term clinical outcome. Part I includes
patients who underwent aneurysm clipping
WORLD NEUROSURGERY, http://
in the setting of subarachnoid hemorrhage
(SAH); Part II focuses on elective aneurysm
surgery.
METHODS

This studywas approved by the institutional
review board (X091119008). Patient demo-
graphics, aneurysm characteristics, details
of the clipping procedure including infor-
mation on TAO, and other important risk
factors on all patients who underwent
dx.doi.org/10.1016/j.wneu.2013.02.068
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Table 1. Patient Characteristics and Risk Factors

Total number of patients 382

Total number of aneurysms 422

Number of patients with �1 aneurysms (%)

1 aneurysm 344 (90%)

2 aneurysms 36 (9%)

3 aneurysms 2 (1%)

Age (� SD) 52.1 � 13.5 years

Gender, no. (%)

Male 98 (25.7%)

Female 284 (74.3%)

Ethnicity, no. (%)

White 230 (60.3%)

Black 139 (36.5%)

Hispanic 4 (1.1%)

Other 9 (2.1%)

Hypertension 179 (46.9%)

Smoking 182 (47.7%)

Family history 26 (6.8%)

Cocaine 10 (2.6%)

Hunt and Hess, no. (%)

1 23 (6%)

2 185 (48.4%)

3 119 (31.2%)

4 47 (12.3%)

5 8 (2.1%)

Fisher CT, no. (%)

1 22 (5.8%)

2 121 (31.7%)

3 96 (25.1%)

4 143 (37.4%)

Time from SAH to surgery (� SD) 2.1 � 2.8 days

CT, computed tomography; SAH, subarachnoid hemorrhage.
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clipping of an intracranial aneurysm by the
senior author (W.S.F., III) at the University
of Alabama at Birmingham were prospec-
tively entered into a database at the time of
their aneurysm surgery. Data collection by
the authors was retrospective in nature;
however, as noted previously, independent
variables have been recorded by health care
providers at the time of initial presentation,
and the patients have been followed up by
clinicians for the outcome variable.
Surgery was performed under normovo-

lemic, normotensive, and normothermic
conditions. Induction of anesthesia was
accomplished with administration of pro-
pofol given over a background infusion of
thenarcotic remifentanil.After the induction
of general anesthesia, a nondepolarizing
muscle relaxant was given, and the trachea
was intubated. When endotracheal place-
ment was confirmed, remifentanil was given
for hemodynamic control with background
anesthesia provided by the inhalational
agent isoflurane. Dexamethasone (10 mg
intravenously) and mannitol (0.25 g/kg
intravenously) were given at the time of scalp
incision followed by furosemide (10 mg
intravenously) 10 minutes later. TAO was
used at the surgeon’s discretion for complex
aneurysms and for intraoperative aneurysm
rupture. If there was >1 episode of TAO,
temporary clips were removed, and 15
minutes of reperfusion was allowed in
between TAO episodes.
At the conclusion of the case, all agents

were discontinued, and the patient was
allowed to emerge from the general anes-
thetic. The inhalational agent was primarily
removed by respiratory means, and remi-
fentanil was broken down by blood and
tissue esterases independent of renal
or hepatic breakdown mechanisms. The
muscle relaxant was reversed with a combi-
nation of glycopyrrolate and neostigmine.
The endotracheal tube was removed after
full reversal of the paralyzing agent.
For Part I, the database was queried for

patients diagnosed with aneurysmal SAH
who underwent TAO during their clipping
procedure. Effects of TAO on clinical
outcome were evaluated using the Glasgow
Outcome Scale (GOS) at the last follow-up
visit or discharge from the hospital. Data
are expressed as mean and SD, median
and range, or frequency and percentage,
whenever appropriate. The comparison
between groups was performed using
Mann-Whitney U test, Pearson c2, or
WORLD NEUROSURGERY 82 [1/2]: 140-1
Cramer V test. Normality of data was
assessed by Kolmogorov-Smirnov test with
Lilliefors correction. A binary logistic
regression analysis with standard method
was performed with outcome (GOS 1e4
[bad outcome] vs. GOS 5 [good outcome])
as dependent variables and age, gender,
ethnicity (white vs. nonwhite), location of
aneurysm (anterior vs. posterior circula-
tion), Fisher SAH computed tomography
(CT) grade (1e2 vs. 3e4), aneurysm size
(1e10 mm vs. >10 mm), admission Hunt
48, JULY/AUGUST 2014 ww
andHess (HH) score (1e2 vs. 3e5), cerebral
vasospasm, and total arterial occlusion
time as independent variables. Non-
gaussian data were rank-transformed using
Rankit formula before inclusion in the
regression model. Collinearity statistics
and diagnostics (tolerance, variance infla-
tion factor, condition index, and variance
proportions) were checked according to
recommended guidelines. A P value <0.05
was considered to indicate statistical
significance.
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Table 2. Aneurysm Characteristics

Number of Ruptured and
Unruptured Aneurysms

Number of Ruptured
Aneurysms

Number of Unruptured
Aneurysms in SAH Patients

Location of aneurysms

Anterior circulation 384 (91%) 345 (90.08%) 39 (100%)

Posterior circulation 38 (9%) 38 (9.92%) 0

ICA 133 (31.52%) 119 (31.07%) 14 (35.9%)

MCA 84 (19.91%) 70 (18.28%) 14 (35.9%)

ACA 167 (39.57%) 156 (40.73%) 11 (28.2%)

Posterior circulation 38 (9%) 38 (9.92%) 0

ACA 9 (2.13%) 7 (1.83%) 2 (5.13%)

ACHA 18 (4.27%) 15 (3.92%) 3 (7.69%)

ACOM 158 (37.44%) 149 (38.9%) 9 (23.08%)

BAS 9 (2.13%) 9 (2.35%) 0

CBIF 16 (3.79%) 13 (3.39%) 3 (7.69%)

MCA 84 (19.91%) 70 (18.28%) 14 (35.9%)

OA 12 (2.84%) 7 (1.83%) 5 (12.82%)

PCA 2 (0.47%) 2 (0.52%) 3 (7.69%)

PCAL 3 (0.71%) 3 (0.78%) 0

PCOM 86 (20.38%) 83 (21.67%) 0

PICA 19 (4.5%) 19 (4.96%) 0

SCA 4 (0.95%) 4 (1.04%) 0

SHA 1 (0.24%) 1 (0.26%) 0

Vertebral 1 (0.24%) 1 (0.26%) 0

Size of aneurysms

Fusiform 2 (0.4%) 2 (0.5%) 0

1e5 mm 31 (7.4%) 22 (5.8%) 12 (30.8%)

5e10 mm 266 (63%) 246 (64.3%) 23 (59%)

10e24 mm 105 (24.9%) 95 (24.9%) 4 (10.2%)

>24 mm 18 (4.3%) 17 (4.5%) 0

Laterality of aneurysms

Right 147 (34.8%) 130 (34%) 19 (48.7%)

Left 114 (27%) 102 (26.7%) 11 (28.2%)

Midline 161 (38.2%) 150 (39.3%) 9 (23.1%)

SAH, subarachnoid hemorrhage; ICA, internal carotid artery; MCA, middle cerebral artery; ACA, anterior cerebral artery; ACHA, anterior choroidal artery; ACOM, anterior communicating artery;
BAS, basilar artery; CBIF, carotid bifurcation; OA, ophthalmic artery; PCA, posterior cerebral artery; PCAL, pericallosal artery; PCOM, posterior communicating artery; PICA, posterior inferior
cerebellar artery; SCA, superior cerebellar artery; SHA, superior hypophyseal artery.
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RESULTS

From January 2000 to July 2009, 1092 patients
harboring 1336 aneurysms were treated with
surgical clipping. After exclusion of patients
who did not undergo TAO, 628 (57.5%)
patients remained. ForPart I, the analysiswas
limited to patients with SAHwho underwent
TAO during their clipping procedure.
There were 382 patients (74.3% female;

mean age (� SD) was 52 years � 13.5) with
142 www.SCIENCEDIRECT.com
422 treated aneurysms identified. One of
these patients had 2 episodes of SAH from 2
separate aneurysms 5 years apart. Smoking
(47.7%) andhypertension (46.9%)were the 2
most common risk factors. Of patients,
48.4% and 31.2% presented with HH grades
2 and 3, respectively; 31.7% and 37.4% of
patients on presentation had Fisher CT
grades 2 and 4, respectively. Patient charac-
teristics and risk factors are shown inTable 1.
WORLD NEUROSURGERY, http://
The anterior circulation was the location
of 90% of all ruptured aneurysms. Anterior
communicating artery aneurysms were
most common (38.9%) followed by poste-
rior communicating artery aneurysms
(21.7%). Of aneurysms, 64.3% were 5e10
mm in size. There were 39 unruptured
aneurysms where TAO was applied that
were treated concomitantly with ruptured
aneurysms. Aneurysm characteristics are
dx.doi.org/10.1016/j.wneu.2013.02.068
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Figure 1. Number of aneurysms per total temporary artery occlusion time.

C
E
R
E
B
R
O
V
A
S
C
U
L
A
R

PEER-REVIEW REPORTS

CHRISTOPH J. GRIESSENAUER ET AL. TAO IN PATIENTS WITH SAH
shown in Table 2. Column 1 of Table 2
shows all aneurysms that were clipped
using TAO regardless of their status of
rupture. Except for 2 aneurysms that were
fusiform, all had a saccular configuration.
Columns 2 and 3 show characteristics of
ruptured and unruptured aneurysms,
respectively. Figure 1 shows the number of
aneurysms per total TAO time.
Total mean TAO time (� SD) across all

aneurysms was 19.4 minutes � 15.7. Total
mean TAO time (� SD) for ruptured aneu-
rysms was 19.5 minutes � 16.1. TAO was
<20 minutes in 30.3% of aneurysms. In
most cases (89%), 1 or 2 TAO episodes were
required. The first TAO episode was the
longest (15.1 minutes � 13.1). In 86% of
cases, TAO was applied to the artery prox-
imal to the aneurysm; in 14% of cases, the
aneurysm was trapped, meaning temporary
clips were applied to arteries proximal
and distal to the aneurysm. Intraoperative
rupture occurred in 26.4% of aneurysms.
TAO characteristics are shown in Table 3.
Of patients, 66% had a good outcome

andmade a complete recovery at last follow-
up (GOS 5); 13% of patients were moder-
ately disabled (GOS 4); and 27% of patients
were severely disabled (GOS 3), were in
a vegetative state (GOS 2), or had died
(GOS1).Mean follow-up time (�SD)was 39
months � 57.3. There was evidence of
radiologic and clinical vasospasm in 49.5%
and 34.6% of patients, respectively.
Table 3. Temporary Artery Occlusion Charac

Rupture

Temporary occlusion time, minutes (� SD)

Distribution of temporary occlusion episodes

Interval 1

Interval 2

Interval 3

Interval 4

Occlusion time per episode, minutes (� SD)

Interval 1

Interval 2

Interval 3

Interval 4

Temporary proximal occlusion

Temporary trapping

SAH, subarachnoid hemorrhage.

WORLD NEUROSURGERY 82 [1/2]: 140-1
Permanent cerebrospinal fluid (CSF) diver-
sion was required in 41.9% of patients.
Intraoperative rupture occurred in 26% of
aneurysms. Outcome variables are
summarized in Table 4. Figure 2 presents an
algorithm for the statistical analysis. Of 382
patients who presented with ruptured
aneurysm between January 2000 and July
2009, 40 patients with multiple intracranial
aneurysms during first admission or over
the study period or fusiform aneurysm were
excluded. The baseline characteristics of
342 patients with a single ruptured intra-
cranial aneurysm are shown in Table 5.
Intraoperatively, the patients had either
teristics

d and Unruptured Aneurysms Ruptured Aneurysm

19.4 � 15.7 19.5 � 16.1

199 (47.2%) 188 (49%)

173 (41%) 152 (40%)

36 (8.5%) 31 (8%)

14 (3.3%) 12 (3%)

15.3 � 13 15.1 � 13.1

6.6 � 6.5 6.7 � 6.8

6.6 � 11.4 6.9 � 12.1

4 � 3.1 4.3 � 3.3

363 (86%) 329 (86%)

59 (14%) 54 (14%)

48, JULY/AUGUST 2014 ww
proximal control or trapping; the total
arterial occlusion time ranged from 1e110
minutes (median, 15 minutes). In the
bivariate analysis, compared with patients
with GOS of 5, patients with GOS of 1e4 at
follow-upwereolder andweremore likely to
have cerebral vasospasm, HH score of 3e5,
Fisher CT grade of 4, a posterior circulation
aneurysm, or an aneurysm >10 mm in size
(Table 6). Outcome (GOS 1e4 vs. GOS 5)
was stratified based on total arterial occlu-
sion time, and the patients were divided
into 6 groups with 1e5 minutes, 6e10
minutes, 11e15 minutes, 16e20 minutes,
21e30minutes, and�30minutes of arterial
s Unruptured Aneurysms in SAH Patients

15.5 � 10.7

16 (41%)

19 (48.7%)

3 (7.7%)

1 (2.6%)

13.7 � 9.9

5.5 � 3.8

2.7 � 2.1

2 � 0.0

32 (82%)

7 (18%)
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Table 4. Outcome Variables

Follow-up, months (� SD) 39 � 57.3

GOS, no. of patients (%)

1 39 (10.2%)

2 7 (1.8%)

3 57 (14.9%)

4 50 (13.1%)

5 229 (60%)

Clinical vasospasm, no. of patients (%) 132 (34.6%)

Patients with cerebral angiogram, no. of patients (%) 285 (74.6%)

Angiographic vasospasm, no. of patients (%) 141 (49.5%)

Neurologic function, no. of patients (%)

CN deficit 35 (9.2%)

Paresis 32 (8.4%)

Dysphasia 15 (3.9%)

CSF shunting, no. of patients (%) 160 (41.9%)

Time from SAH to shunting, days (� SD) 19.9 � 28.1

Reentry craniotomy (repositioning of clip, hematoma, infection), no. of patients (%) 26 (6.8%)

GOS, Glasgow Outcome Scale; CN, cranial nerve; CSF, cerebrospinal fluid; SAH, subarachnoid hemorrhage.
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occlusion (Table 7). No statistically signifi-
cant difference was found between these
groups with respect to outcome (GOS 1e4
vs. GOS 5; Cramer V test, P ¼ 0.363).
Intraoperative rupture occurred in 91
patients (26.6%). The total arterial occlu-
sion time was longer among patients with
intraoperative rupture (mean 25.5 minutes
vs. 17.9 minutes; Mann-Whitney U test, P<
0.01). However, no statistically significant
association was found between the intra-
operative rupture and outcome (Pearson c2

test, P ¼ 0.494). Binary logistic regression
analysis revealed that older age, HH score of
3e5, Fisher CT grade of 4, presence of clin-
ical vasospasm, and aneurysm size>10 mm
were independent predictors of poor
outcome in the studied patients (Nagelkerke
R2 ¼ 0.487) (Table 8). No statistically
significant association was noted between
outcome and total arterial occlusion time in
the logistic regression analysis. The associ-
ationbetween locationof aneurysm (anterior
vs. posterior circulation) and outcome dis-
appeared in the logistic regression analysis.

DISCUSSION

Outcome and Risk Factors in SAH
From January 2000 to July 2009, 1092
patients underwent clipping of an
144 www.SCIENCEDIRECT.com
intracranial aneurysm at this institution by
the same surgeon. Patients and risk factors
were recorded prospectively at the time of
admission. Of patients, 628 (57.5%) under-
went TAO during their clipping procedure;
382 of these patients had presented with
SAH. A complete recovery was achieved by
60% of patients; 40% of patients were either
moderately or severely disabled or in a vege-
tative state at their last follow-up or had died
of SAH.
During the last several decades,

improved management of patients with
SAH resulted in a decrease in mortality and
better functional outcome (10). In ISAT
(International Subarachnoid Aneurysm
Trial), 30.6% of patients who underwent
surgical aneurysm clippingwere dependent
or dead at 1 year (22). The slightly lower
percentage of patients with poor outcome
in this study could be attributed to longer
clinical follow-up and continued improve-
ments in neurologic function over time.
Several risk factors were associated with

worse outcome, including higher HH and
Fisher CT grades, advanced age, larger size
of aneurysm, and presence of clinical
vasospasm. Advanced age (1, 4, 14, 29), HH
grade (1, 4, 14, 29, 36), extent of SAH on CT
(14, 29), and vasospasm (1, 14, 29, 36)
appear to be the most important factors
WORLD NEUROSURGERY, http://
associated with poor outcome. Increased
aneurysm size as a factor affecting outcome
is more controversial and was associated
with poor outcome in some studies (4, 29),
but not in others (14, 36). Other risk factors,
such as history of hypertension (1, 4, 14,
29, 36), time fromSAH to surgery (1, 29, 36),
and side of aneurysm (1), were not associ-
ated with outcome in this study. An asso-
ciation of location of aneurysm (anterior vs.
posterior circulation), another known risk
factor (14, 29), and outcome disappeared
on logistic regression analysis.
Role of TAO During Aneurysm Surgery
The main purpose of this study was to eval-
uate the effects of TAO on long-term clinical
outcome. Temporary occlusion of the
arteries proximal to the aneurysm reduces
the pressure within the aneurysm, which
may improve safety of aneurysm dissection
and reduce the risk of intraoperative rupture
and its associated morbidity and mortality
(2, 16). In the treatment of giant and
complex aneurysms, this technique allows
vessel reconstruction (33). In this study,
57.5% of patients had TOA during aneurysm
clipping. Other authors have reported TOA
in 13.2% (6), 51.7% (30), and 79% (31) of
clipping procedures.
dx.doi.org/10.1016/j.wneu.2013.02.068
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Table 5. Baseline Characteristics of
Patients with Subarachnoid
Hemorrhage Included in Statistical
Analysis

SAH Patients
(n [ 342)

Age (years)

Mean (SD) 52.1 (13.6)

Median (range) 51.7 (16.3e93.0)

Gender

Female 252 (73.7%)

Male 90 (26.3%)

Ethnicity

Black 118 (34.5%)

White 213 (62.3%)

Others 11 (3.2%)

Aneurysm location

Anterior circulation 231 (67.5%)

Posterior circulation 111 (32.5%)

HH score

1 23 (6.7%)

2 162 (47.4%)

3 105 (30.7%)

4e5 52 (15.2%)

Aneurysm size

1e5 mm 17 (5%)

5e10 mm 218 (63.7%)

382 patients with ruptured 
intracranial aneurysm and SAH 

(January 2000-July 2009)
Exclusion:
- Multiple aneurysm 
(n = 38) 
- Fusiform aneurysm 
(n = 2)

Aneurysms of 
- ACA (n = 7; 2%)
- ACHA (n = 14; 4.1%)
- ACOM (n = 133; 38.9%)
- Basilar (n = 9; 2.6%)
- CBIF (n = 9; 2.6%)
- MCA (n = 58; 17%)
- OA (n = 6; 1.8%)

- PCA (n = 2; 0.6%)
- PCAL (n = 3; 0.9%)
- PCOM (n = 76; 22.2%)
- PICA (n = 19; 5.6%)
- SCA (n = 4; 1.2%)
- SHA (n =1; 0.3%)
- VRT (n =1; 0.3%)

342 patients with ruptured 
single intracranial aneurysm 

GOS V
(n = 202)

GOS I-IV
(n = 140)

Figure 2. Algorithm for statistical analysis. SAH, subarachnoid hemorrhage;
GOS,GlasgowOutcomeScale; ACA, anterior cerebral artery; ACHA, anterior
choroidal artery; ACOM, anterior communicating artery; BAS, basilar artery;
CBIF, carotid bifurcation; OA, ophthalmic artery; PCA, posterior cerebral
artery; PCAL, pericallosal artery; PCOM, posterior communicating artery;
PICA, posterior inferior cerebellar artery; SCA, superior cerebellar artery;
SHA, superior hypophyseal artery; VRT, vertebral artery.
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Depending on the location of the aneu-
rysm, occlusion of an artery proximal to it
creates an environment of focal ischemia.
The extent of ischemia herein largely
depends on the location of the temporary
clip. Although the circle of Willis provides
collateral blood flow during TAO of major
vessels proximal to it, TAO of end arteries
more distal results in focal ischemia of
various degrees depending on the extent of
less robust collaterals.
10e24 mm 90 (26.3%)

>24 mm 17 (5%)

Fisher CT grade

1 22 (6.4%)

2 109 (31.9%)

3 84 (24.6%)

4 127 (37.1%)

GOS

1 38 (11.1%)

2 6 (1.8%)

3 51 (14.9%)

4 45 (13.2%)

5 202 (59.1%)

Clinical vasospasm 120 (35.1%)

Total arterial occlusion time (minutes)

Mean (SD) 19.9 (16.5)

Median (range) 15.0 (1e110)

SAH, subarachnoid hemorrhage; HH, Hunt and Hess; CT,
computed tomography; GOS, Glasgow Outcome Scale.
TAO and Ischemic Damage to the Brain
Ischemic death of neurons and brain
infarction are complications of TAO. Focal
ischemia has been studied in vivo using
animal models (18). The temporary focal
ischemia model in which the vessel is
blocked for variable times followed by pro-
longed reperfusion appears to be similar to
the pathophysiology of TAO during aneu-
rysm clipping. Compared with models of
global ischemia, during focal ischemia, the
blood flow is always greater even at the
core of the lesion, and there is significant
gradation of ischemia from the core to its
outermost boundaries. The core is com-
monly defined as an areawhere bloodflow is
<15%, and the penumbra is defined as an
area where flow is <40% (18). Although
the core undergoes rapid anoxic depolar-
ization and electrolyte derangements within
a few minutes of ischemia (8, 23), there is
no permanent anoxic depolarization with
concomitant ion changes in the penumbra,
WORLD NEUROSURGERY 82 [1/2]: 140-1
and adenosine triphosphate levels are
maintained at 50%e70% of normal (18).
Different durations of temporary ischemia

have led to graded involvement of different
regions in the infarct as measured after 1e2
days of reperfusion (21). Ischemia lasting
10e20 minutes produces scattered dead
neurons in the core (17, 21),whereas ischemia
lasting 1 hour leads to complete core infarc-
tion (7, 13, 21). At 2e3 hours, complete
infarction of the penumbra occurs (7, 13, 21).
Although 30 minutes of temporary ischemia
can lead to complete core infarction, it takes
longer, usually weeks, for the infarct to
mature to its full size (5). The findings in
animalmodels regarding thedurationofTAO
tolerable approximate what has been the
consensus for TOAduring aneurysm surgery.
Several authors have recommended limiting
TAO to 15e20 minutes to avoid neurologic
complications (3, 11, 19, 24, 26, 28, 30-32).We
chose to examine the effects of TOA on
outcomeseparately for patientswithSAHand
patients undergoingelective clippingbecause
the clinical course and confounding factors
for outcome of patients with SAH are
distinctly different from patients undergoing
elective clipping. Part I of this study includes
only SAH patients who underwent TAO. In
this study, duration of TAO across all aneu-
rysms did not have any effect on long-term
clinical outcome (P¼ 0.28).

Duration of TAO and Outcome
Several studies have previously investigated
the effects of TAO during aneurysm surgery.
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Table 6. Differences Between Patients with Good versus Bad Outcome at Follow-Up

GOS 1e4 (n [ 140) GOS 5 (n [ 202) P Value

Age (years)

Mean (SD) 57.6 (13.7) 48.2 (12.2) <0.001

Median (range) 58.2 (23.6e93.0) 48.4 (16.3e78.5)

Gender

Female 104 (74.3%) 148 (73.3%) 0.833

Male 36 (25.7%) 54 (26.7%)

Ethnicity

White 88 (62.9%) 125 (61.9%) 0.855

Nonwhite 52 (37.1%) 77 (38.1%)

Location

Anterior circulation 86 (61.4%) 145 (71.8%) 0.044

Posterior circulation 54 (38.6%) 57 (28.2%)

HH score

1e2 38 (27.1%) 147 (72.8%) <0.001

3e5 102 (72.9%) 55 (27.2%)

Aneurysm size

<10 mm 85 (60.7%) 150 (74.3%) 0.008

>10 mm 55 (39.3%) 52 (25.7%)

Fisher CT grade

1e2 32 (22.9%) 99 (49%) <0.001

3 27 (19.3%) 57 (28.2%)

4 81 (57.9%) 46 (22.8%)

Clinical vasospasm 84 (60%) 36 (17.8%) <0.001

Total arterial occlusion time (minutes)

Mean (SD) 18.4 (15.1) 20.9 (17.4) 0.238

Median (range) 15.0 (1e110) 16.0 (1e110)

GOS 5 indicates good outcome; GOS 1e4 indicates bad outcome.
GOS, Glasgow Outcome Scale; HH, Hunt and Hess; CT, computed tomography.
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Samson et al. (30) looked at the rate of
radiologic evidence of stroke in the distri-
bution of the arteries occluded in 100
patients undergoing aneurysm clipping
under etomidate-induced burst suppression,
normotension, and normothermia. Patients
were excluded because of intraoperative
aneurysm rupture, elective sacrifice of the
afferent or efferent vessel, or performance of
an arterial bypass. Both patients with SAH
and patients undergoing elective clipping
were included, and the presence or absence
of SAH did not correlate with risk for
infarction. In the study by Samson et al. (30),
no infarction occurred with TAO of <14
minutes; infarctions developed in 19% of
146 www.SCIENCEDIRECT.com
cases with TAO times of 14e21 minutes, in
33% of cases with times of 22e30 minutes,
and in 100% of cases with times >30
minutes. Increased age andhigherHHgrade
were associated with limited tolerability of
TAO. Proximal occlusion was found to be
less favorable compared with aneurysm
trapping in patients with >14 minutes of
TAO. With Samson’s study, basilar and
middle cerebral artery territories appeared to
be most sensitive to TAO. Although clinical
follow-up was recorded, it was not consid-
ered in the statistical analysis, limiting the
ability to compare their findings with this
study because investigation of radiologic
findings potentially related to TOA was
WORLD NEUROSURGERY, http://
conducted. The radiographic evidence of
stroke is not specific for TAO and can be
attributed to vessel injury, accidental perfo-
rator clipping, or vasospasm, which is
a limitation of this study (30).
Ogilvy et al. (25) studied TAO in 126

patients harboring 132 aneurysms in whom
induced hypothermia (33�Ce34�C) and
hypertension (150 mm Hg) and mannitol
administration were used for neuro-
protection. SAH was present in 61% of
patients, and 39% of patients underwent
elective clipping. Postoperative radiologic
evidence of stroke was found in 9.8% of
patients, and only 53.8% of those also had
stroke-related symptoms indicating that
a significant number of strokes are clini-
cally silent. The stroke rate of patients with
SAH was 11.1%. Important risk factors for
radiologic or clinical stroke included
patient age, total TAO time, multiple clip
applications, intraoperative rupture, and
surgery 4e10 days after SAH. HH grade did
not influence stroke rate. TAO time aver-
aged 41.8 minutes in patients with radio-
logic stroke and 50.3 minutes in patients
with clinical strokes. Almost all strokes
occurred after 20 minutes. The stroke rate
in patients with TOA >20 minutes was
18%. In multivariate analysis, intra-
operative rupture and TOA >20 minutes
were found to be independent stroke risk
factors (25). Compared with the study by
Ogilvy et al. (25), in which TAO was >20
minutes in 49.2% of aneurysm clippings,
TOA was>20 minutes in only 30% of cases
in our study. Because the risk for infarction
appears to be greatest with TAO >20
minutes, the relatively small number of
cases falling into this category in this study
might explain why no association between
GOS and TOA was found.
Ferch et al. (6) correlated TAO time with

occurrence of clinical and radiologic
evidence of stroke in 106 patients with SAH.
Only a small percentage of patients had
TAO times >20 minutes. Stroke rates for
symptomatic and radiologic stroke were
17% and 26%, respectively. The stroke rate
for TAO of<20minutes was almost equally
as high or even higher than in the study
published byOgilvy et al. (25), where almost
all strokes developed with TAO of >20
minutes. On univariate analysis, increasing
TAO was associated with a significant
increase in symptomatic and radiographic
cortical stroke, whereas this association
disappeared on multivariate analysis.
dx.doi.org/10.1016/j.wneu.2013.02.068
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Table 7. Outcome Stratified Based on Total Arterial Occlusion Time

Outcome

Total Arterial Occlusion Time (minutes)

1e5 6e10 11e15 16e20 21e30 ‡31

GOS 1e4 15 (38.5%) 37 (46.3%) 28 (45.9%) 24 (46.2%) 17 (30.9%) 19 (34.5%)

GOS 5 24 (61.5%) 43 (53.8%) 33 (54.1%) 28 (53.8%) 38 (69.1%) 36 (65.5%)

No statistically significant difference was found between groups (P ¼ 0.363, Cramer V test).
GOS, Glasgow Outcome Scale.
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Clinical outcome, measured by the Rankin
scale, at mean follow-up of 4.4 months was
not associated with duration of TAO in
univariate or multivariate analysis (6). The
lack of an association between duration of
TAO and outcome was also present in
another study of patients with SAH (9); this
mirrors the findings of our study where
clinical follow-up was significantly longer
(39 months) and questions the overall
significance of TAO-related stroke for
long-term clinical outcome as long as the
duration of TAO is kept to a minimum.
Intermittent TAO allowed a longer duration
of TAO compared with continuous TAO in
stroke-free patients (6).
Charbel et al. (3) investigated the devel-

opment of new, persistent neurologic
deficits recorded at hospital discharge
attributable to TAO in patients undergoing
aneurysm clipping. Of 11 patients who
developed a deficit, TAO was thought to be
implicated in only 1 (2%) patient and could
not be excluded in 3 other patients (5%).
The duration of TAO was highly variable.
Table 8. Binary Logistic Regression Model

B S

Age �0.049 0.

Gender 0.358 0.

Ethnicity �0.496 0.

Location (anterior vs. posterior circulation) 0.428 0.

HH score 1.392 0.

Aneurysm size 0.649 0.

Clinical vasospasm 1.777 0.

Fisher CT grade 0.913 0.

Total arterial occlusion time* 0.358 0.

B, B coefficient; SE, standard error; Wald; Wald test; df; degre
CI, confidence interval; HH, Hunt and Hess; CT, computed to

*Note total arterial occlusion time in rank-transformed.

WORLD NEUROSURGERY 82 [1/2]: 140-1
One patient tolerated 110 minutes of TOA;
another developed a deficit after 5 minutes.
Overall, 92% of patients had a good or
excellent outcome, which is impressive
considering 65% of patients included in the
study had SAH, and outcome was recorded
at hospital discharge (3).
Suzuki et al. (31) reported a relationship

between body temperature and the ability
to tolerate longer periods of TOA with
hypothermia. Although mild hypothermia
appeared to prolong the tolerability of TAO,
even under normothermic conditions, TAO
of the M1 segment of the middle cerebral
artery, reportedly the most susceptible
vessel, for 19 minutes was thought to be
safe (31). In this study, most (70%) patients
had TAO of <20 minutes. Over the years,
hypothermia has fallen out of favor as a
neuroprotective adjunct (15, 32, 35). At the
present time, physiologic and pharmaco-
logic methods thought to exert neuro-
protective effects are applied to prevent
ischemic injury during aneurysm surgery
(33). These methods include prevention
E Wald df P Value Exp(B)
95% CI for
EXP(B)

012 15.854 1 0.000 0.952 0.930-0.975

328 1.192 1 0.275 1.431 0.752-2.721

312 2.521 1 0.112 .609 0.330-1.123

312 1.881 1 0.170 1.535 0.832-2.831

307 20.515 1 0.000 4.022 2.202-7.344

316 4.210 1 0.040 1.914 1.029-3.557

300 35.099 1 0.000 5.910 3.283-10.638

320 8.157 1 0.004 2.491 1.332-4.660

328 1.192 1 0.275 1.431 0.720-1.293

es of freedom; Exp(B), exponentiation of the B coefficient;
mography.

48, JULY/AUGUST 2014 ww
of hypotension during episodes of TAO
and administration of pharmacologic
agents, such as mannitol, dexamethasone,
barbiturates, etomidate, isoflurane, and
phenytoin (33). In this study, mannitol
and dexamethasonewere uniformly used for
neuroprotective purposes. To provide addi-
tional safety with TAO, many centers use
techniques to measure regional cerebral
blood flow, such as electroencephalography
or somatosensory evoked potentials (34).

Limitations
This study has several limitations. In most
patients, TAO was applied for <20 minutes,
which is generally accepted as safe. No
correlate between duration of TAO and
outcome as measured by GOS was detected.
GOS as an outcome measure has limited
ability to detect subtle effects related to TAO,
particularly if the duration is kept to
a minimum as in this study. Although
detailed neuropsychologic testing might be
a more appropriate tool for this kind of
assessment, GOS has its value as a tool to
measure neurologic outcome. The scale was
first described as a tool to assess outcome
after severe brain damage (12) but has since
been applied to other conditions, including
outcome evaluation after SAHand surgery for
intracranial aneurysms (27, 35). Ideally, neu-
ropsychologic testing should be performed
before and after the procedure. Given the
acute nature of SAH, the feasibility of pre-
operative testing is more than questionable.
All patients included in this study under-

went TAO. The question if TAO matters
remains unanswered. The main purpose of
the study was to demonstrate any correlate
between duration of TAO and outcome.
TAO is applied at the discretion of the
operating surgeon, and complicating factors
during the clipping procedure, such as
difficulties with dissection of the aneurysm
or intraoperative rupture, require TAO
without leaving much of a choice.
Another limitation of this study is that

no radiologic assessment to look for TAO-
related stroke was performed. However,
most important from a patient’s perspec-
tive is the long-term clinical outcome. As
others have previously shown, radiologic
evidence of stroke and clinical outcome do
not always correlate (6).

CONCLUSIONS

This is the largest study looking at the effects
of TAO on long-term clinical outcome. The
w.WORLDNEUROSURGERY.org 147
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results of this study mirror findings of prior
studies that TAO of approximately 20
minutes is safe. In contrast to other risk
factors of SAH, increasing duration of TAO
did not correlate with outcome. However,
TAO should be kept to a minimum because
with increasing duration of TAO, particu-
larly >20 minutes, the accepted safe limit,
the risks for brain infarction and poor
outcome are likely to increase. Nevertheless,
in most aneurysms treated in this study in
which duration of TAO was limited, the
outcome appeared to be unaffected by
differences in duration of TAO.
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