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Abstract

Optimal management of intracranial pressure (ICP) among aneurysmal subarachnoid hemorrhage (aSAH) patients requiring
external ventricular drainage (EVD) is controversial. To analyze predictors of delayed cerebral ischemia (DCI)-related cerebral
infarction after aSAH and the influence of ICP values on DCI, we prospectively collected consecutive patients with aSAH
receiving coiling and requiring EVD. Predictors of DCl-related cerebral infarction (new CT hypodensities developed within the
first 3 weeks not related to other causes) were studied. Vasospasm and brain hypoperfusion were studied with CT angiography
and CT perfusion (RAPID-software). Among 50 aSAH patients requiring EVD, 21 (42%) developed DCl-related cerebral
infarction, while 27 (54%) presented vasospasm. Mean ICP ranged between 2 and 19 mmHg. On the multivariate analysis,
the mean ICP (OR =2, 95%CI=1.01-3.9, p=0.042) and the mean hypoperfusion volume on Tmax delay >6 (OR=1.2,
95%Cl =1.01-1.3, p =0.025) were independent predictors of DCI. To predict DCl-related cerebral infarction, Tmax delay >
6 s presented the highest AUC (0.956, SE = 0.025), with a cutoff value of 18 ml showing sensitivity, specificity, PPV, NPV, and
accuracy of 90.5% (95%CI =69-98.8%), 86.2% (95%Cl1 = 68.4-96%), 82.6% (95%Cl = 65.4-92%), 92.5% (95%Cl="77-
98%), and 88% (95%CI = 75-95%), respectively. The AUC of the mean ICP was 0.825 (SE =0.057), and the best cutoff value
was 6.7 mmHg providing sensitivity, specificity, PPV, NPV, and accuracy of 71.4% (95%CI =48-89%), 62% (95%CI = 42—
79%), 58% (95%Cl1=44-70%), 75% (95%CI = 59-86%), and 66% (95%CI =51-79%) for the prediction of DCl-related cere-
bral infarction, respectively. Among aSAH patients receiving coiling and EVD, lower ICP (< 6.7 mmHg in our study) could
potentially be beneficial in decreasing DCI-related cerebral infarction. Brain hypoperfusion with a volume > 18 ml at Tmax delay
> 6 s presents a high sensibility and specificity in prediction of DCl-related cerebral infarction.
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Introduction

Aneurysmal subarachnoid hemorrhage (aSAH) is one of the
most complex acute conditions a physician may encounter.
After the first bleeding, clinical outcomes are largely affected
by the occurrence of a secondary injury related to neurological
and systemic complications [ 18], and functional impairment is
still common among survivors [19]. Elevated intracranial
pressure (ICP) is a frequent consequence of aSAH strongly
associated with a patient’s clinical outcomes [14]. Although
external ventricular drainage (EVD) is the gold standard treat-
ment of increased ICP, there are no guidelines devoted to the
management of the EVD and elevated ICP after aSAH. This
was recently underlined in a review by Alotaibi and
Macdonald [4] that reported as most of the treatment algo-
rithms for the management of ICP among aSAH derive from
studies of traumatic brain injury (TBI), this strategy may pro-
duce suboptimal results as it fails to consider the differences in
pathophysiology between the two entities. Particularly, there
are no guidelines for investigating if a certain range of ICP
values may correlate with better outcomes in aSAH patients.
One of the most important neurological complications is the
development of delayed cerebral ischemia (DCI), occurring in
about 30% of surviving patients, mostly within the first
2 weeks after hemorrhage [20]. The aim of the present study
was to examine prognosticators of DCl-related cerebral in-
farction, describing the association between ICP values and
the incidence of cerebral infarction, suggesting optimal ranges
of pressure among consecutive patients with aSAH requiring
EVD and treatment with coiling.

Materials and methods
Patient selection

This study was approved by the Institutional Review Board of
Montpellier (ID-RCB: 2018 IRB-MTP 02-11). The infor-
mation was delivered with a simplified information note.
Because the trial used non-invasive procedures along with
standard care provided in French intensive care units, only
verbal consent was required from the patient or relatives, ac-
cording to French law [23]. This analysis was conducted ac-
cording to the STROBE criteria. Overall, 180 consecutive
patients with aSAH were prospectively collected from 2018
to 2019. Our institution adopted an endovascular first policy
for ruptured aneurysms: accordingly, all consecutive patients
received endovascular embolization and were hospitalized in
the neurocritical care unit. Surgical indication was exclusively
reserved for patients presenting parenchymal hematoma with
associated mass effect. Data was reviewed by 2 and, in case of
inconsistency, by 3 investigators not involved in the
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treatment. Treatment strategy was made by multidisciplinary
consensus.

The main inclusion criteria were the following: (1) age >
18 years; (2) diagnosis of aSAH within 72 h after hemorrhage;
(3) treatment with an EVD and possibility of a daily monitor-
ing of ICP from the drainage; (4) daily monitoring of the mean
arterial blood pressure (MAP), cerebral perfusion pressure
(CPP), and mean flow of cerebrospinal fluid (CSF) through
the EVD; and (5) patients receiving brain CT, CT perfusion
(CTP), and CT angiography (CTA) imaging for diagnosis of
DCl-related cerebral infarction, cerebral hypoperfusion, and
cerebral vasospasm (CV).

The main exclusion criteria were the following: (1) patients
with aSAH and intracerebral hematoma and mass effect; (2)
EVD accidentally removed or occluded; (3) mycotic aneu-
rysms; and (4) CSF shunt infection. Patients with severe car-
diac and respiratory dysfunction were excluded due to the
potential influence of the hypoxia and the impaired cardiac
output on the brain tissue oxygenation and cerebral blood flow
[15]. With the aim to analyze variations of the cerebral perfu-
sion imaging exclusively related to CV, DCl-related cerebral
infarction, or impaired microcirculation, patients with intrace-
rebral hematoma and mass effect were excluded because of
the hypoperfused hemorrhagic and peri-hemorrhagic tissue.
Figure 1 shows the flowchart for patient selection.

Primary investigated outcome

The primary investigated outcome was on the development of
DCl-related cerebral infarction that was defined as the pres-
ence of cerebral infarction on a brain CT scan within 3 weeks
after aSAH, which was not present between 24 and 48 h after
aneurysm occlusion, and not attributable to other causes such
as aneurysm treatment [26]. Hypodensities on CT imaging
resulting from ventricular catheter were not classified as
DCl-related cerebral infarction.

Design of the study

The following factors were analyzed as potential predictors of
DCl-related cerebral infarction: (1) age; (2) sex; (3) smoking;
(4) arterial hypertension; (5) WFNS (World Federation of
Neurosurgical Society) score at presentation; (6) intraventric-
ular hemorrhage; (7) diameter of the clot at the basal cisterns;
(8) presence of CV; (9) mean ICP; (10) mean volume of the
CSF drained through the EVD; (11) MAP; (12) CPP; and (13)
volume of the cerebral hypoperfusion at the CTP imaging. All
these factors were recorded until day 21 after hemorrhage.
Diagnosis and severity of CV was based on CTA per-
formed between days 0—4, 5-9, 10-14, and 15-21 after
aSAH. Transcranial Doppler (TCD) was performed every
day by a trained neurocritical care physician to help in the
monitoring of CV. In case of anomalies of the mean flow
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Fig. 1 Flowchart depicting
inclusion and exclusion criteria

and selection of patients included admitted
in this study between
2018-2019

180 aSAH patients

Exclusion Criteria (Before Treatment)

-10 Sudden death before the arrival to
the hospital

-20 No indication for treatment (poor
neurological condition)

-8 Discovered after 72h from aSAH

-3 Mycotic aneurysms

-30 Cerebral hematoma with mass effect

109 aSAH

42 No indication for EVD

67 aSAH treated
with EVD

-3 CSF shunt infection

-2 EVD occlusion/accidental removal

-2 Severe cardio-respiratory conditions
-10 Systematic monitoring of the studied
paraments not available

INCLUDED PATIENTS
50 aSAH patients treated with
coiling + EVD

velocities (MFV) in the TCD, a CTA was performed to con-
firm CV. A total of six arterial locations were examined in
CTA images: proximal locations (suprasellar ICA, M1 seg-
ment, Al segment, and basilar artery) and distal locations (A2
and M2 segments). Using calipers and a finely calibrated rul-
er, the investigators categorized the degree of CV as none/
mild (0-33%), moderate (34—-66%), or severe (>67%) com-
pared with the initial diameter of the vessel [25].

In the TCD, the MFV's were determined in the middle and
anterior cerebral arteries and internal carotid artery (MCA,
ACA, ICA) on both sides through a temporal window; the
MFV in the basilar artery was examined via the foramen mag-
num. Definition of the “sonographic vasospasm” was a

MFV > 140 cm/s in the MCA, ACA, and/or PCA or a MFV
of > 90 cm/s in the basilar artery [27].

ICP was monitored through the EVD (Codman ICP mon-
itor) with patients in clinostatism with 30° head elevation.
MAP was obtained noninvasively, and CPP was calculated
as follows: CPP =MAP — ICP.

ICP, MAP, CPP, and mean volume of CSF were recorded
every 2 h for 3 weeks after aSAH.

Imaging protocol and analysis

CT imaging was conducted on a 64 slice CT scanner
(Lightspeed; General Electric Healthcare, Waukesha). For
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the CTP protocol, 40 ml contrast agent (Xenetix 350 mg
Iode/ml) was injected at 4 ml/s through an antecubital vein.
CTP images were processed with a fully automated, software
platform (RAPID version 2017; iSchemaView [3]).

The color-coded perfusion parameter maps for cerebral
blood flow (CBF), cerebral blood volume (CBV), mean transit
time (MTT), and time-to-maximum (Tmax) of the residue
function were produced for qualitative and quantitative CTP
analysis. Cerebral hypoperfusion was evaluated based on
Tmax delay automatically generated by the RAPID software.
The prespecified Tmax delays used to quantify hypoperfusion
on perfusion weighted imaging were >4, > 6, and >8 s. The
volume of the brain hypoperfusion on Tmax >4, > 6,and > 8 s
was analyzed as predictors of DCI-related cerebral infarction.
CTP was performed between day 04, 5-9, 10-14, and 15-21
after aSAH.

CTA was performed injecting 4 ml/s of contrast agent, for a
total volume of 60 ml. Image processing consisted of axial,
coronal, and sagittal multiplanar volume reformatted MIP
(maximum intensity projection) images.

Intervention and management of aSAH patients

All patients were treated under general anesthesia with coiling
within the first 24 h after aSAH.

Systemic heparinization was performed only during the
procedure, and it was started after the first coil or first set of
coils had been placed (targeted activated coagulation time of 2
times baseline). Anti-platelet therapy was not systematically
given because simple coiling was performed for all patients. In
case of thromboembolic complication during treatment, intra-
operative tirofiban (Aggrastat, Merck and Company, West
Point, PA) was adopted with the following protocol: a bolus
0f 0.6 pg/kg/min of tirofiban was intravenously administrated.
If a remnant thrombus was identified via angiography after
tirofiban infusion, a maintenance infusion of 0.1 pg/kg/min
was continued for a maximum 18 h [28].

The following standard protocol of care was applied: (1)
oral (for conscious patients without swallowing dysfunction)
or intravenous (for intubated patients) nimodipine (360 mg/d);
(2) MAP and CPP were maintained above to 90 mmHg and
75 mmHg, respectively; (3) analgesic treatment with intrave-
nous paracetamol or opioids; (4) anti-epileptic treatment was
given if required; and (5) fluid management was adopted to
maintain normovolemia.

Based on our standard operating procedures, in case of
anatomical moderate/severe CV (or in case of clinical deteri-
oration potentially related to CV), escalating doses of intrave-
nous milrinone (0.1-0.2 mg/kg bolus + infusion of 1 mcg/kg/
min) were added to the nimodipine therapy. Because
milrinone is an inhibitor of phosphodiesterase III with a pos-
itive inotropic effect, the aim was to decrease vasospasm with-
out significant changes in systemic hemodynamics [1, 12]. In
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case of moderate/severe CV and associated hypoperfusion on
the CTP imaging, intraarterial infusion of nimodipine (3 mg) +
milrinone (4 mg) was performed through a 4 French femoral
access via a diagnostic catheter placed in the target internal
carotid artery.

Treatment of raised ICP and management of EVD

Indication for EVD was made by an experienced neurosur-
geon and was based on the following criteria: (1) diagnosis of
acute hydrocephalus on CT scan defined on the basis of the
“bicaudate index” [24]; (2) Glasgow Coma Scale (GCS) < 12
and ventricular volume at the upper limit of the normal size
(based on the bicaudate index); and (3) the presence of intra-
ventricular hemorrhage and increased ventricular volume.
Ventricular catheter was placed at the anterior horn of the
lateral ventricle. The height of the EVD was adjusted to main-
tain a normal ICP. Normal values of ICP were considered <
15 mmHg, and EVD was lowered when ICP values were at
15 mmHg or more [2]. Accordingly, in about 90% of patients,
the height of the EVD (calculated from the external acoustic
meatus) was between 5 and 10 cm, with only 4% of patients
having the EVD at 10-15 cm.

Statistical analysis

Categorical data were described by frequency. The normality
of the distribution of the qualitative variables was assessed
using the Shapiro-Wilk test. A variable was Gaussian distrib-
uted if p was >0.05 at the Shapiro-Wilk test. For normal
variables, mean and standard deviation (SD) was reported.
The primary outcome was the development of DCl-related
cerebral infarction. Chi-square or Fisher exact tests were used
to evaluate qualitative factors: sex, smoking, arterial hyperten-
sion, intraventricular hemorrhage, and CV. The ¢ test (two-
tailed) was applied to assess quantitative factors: age, diameter
of the clot, mean ICP, mean volume of CSF, MAP, CPP, and
hypoperfusion volume on Tmax >4, > 6, and > 8 s. Variables
significantly associated (p <0.1) to the development of DCI-
related cerebral infarction were analyzed together in a binary
logistic regression (Wald test). Results were expressed using p
value and odds ratio. Receiver-operating characteristic (ROC)
curves were generated for ICP and CTP values (Tmax >4, >
6, > 8 s). Parameters with areas under the curve (AUC) > to
0.5 were selected. The optimal threshold values were derived
from the ROC curves that were used to find the optimum ICP
and Tmax values to distinguish patients with and without
DCl-related cerebral infarction. The cutoff values obtained
in ROC space were calculated using the Youden’s index. All
statistical analyses were performed with SPSS version 24
(SPSS Inc. SPSS® Chicago, IL, USA).
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Table 1 Population

characteristics VARIABLES Patients without Patients with delayed  p values Total
fielayeq cerebral cerebral ischemia (Fisher test or  [50]
ischemia 21] Chi-square)  (950,CT)
[29] (95%CI)
(95%CT)
Male patients/total 10/29=34.5% 7/21=33.4% 17/50=34%
(20-52%) (17-54%) (22-48%)
Mean age 54 56 0.681 553
(SD=12) (SD=10.5) (SD=11.5)
WFNS
1 3 (10.5%) 0 (0%) 0.254 3 (6%)
2 9 (31%) 5 (24%) 0.751 14 (8%)
3 2 (6.8%) 1 (4.7%) 1.000 3 (6%)
4 7 (24.1%) 3 (14.3%) 0.488 10 (20%)
5 8 (27.5%) 12 (57%) 0.069 20 (40%)
Modified Fisher grade
1 0 (0%) 0 (0%) 1.000 0 (0%)
2 3 (10.5%) 2 (9.5%) 1.000 5 (10%)
3 12 (41.3%) 7 (33.3%) 0.768 19 (38%)
4 14 (48.2%) 12 (57.2%) 0.779 26 (52%)
Mean aneurysm diameter (mm)
<5 19 (65.5%) 7 (33.3%) 0.043 26 (52%)
69 7 (24.1%) 8 (38.1%) 0.355 15 (30%)
>10 3 (10.4%) 6 (28.6%) 0.141 9 (18%)
Aneurysm location
Supra-clinoid ICA 3(10.3%) 4 (19%) 0.434 7 (14%)
MCA 4 (13.7%) 1 (4.7%) 0.383 4 (8%)
ACA 2 (7%) 2 (9.5%) 1.000 4 (8%)
AcomA 9 (31%) 10 (47.6%) 0.255 19 (62%)
VA 1(3.5%) 2 (9.5%) 0.565 3 (6%)
BT 2 (T%) 0 (0%) 0.502 2 (4%)
AICA/PICA/SCA/PCA 8 (27.5%) 2 (9.5%) 0.161 10 (20%)
Intraventricular 22/29=76% 16/21 =76% 0.978 38/50=76%
hemorrhage (57-88%) (54-89%) (62-85%)
mRS 0-2 at 3 months 21/29=72% 6/21=28.5% 0.003 27/50 = 54%
(54-85%) (13-50%) (40-67%)
Poor neurological 8/29=27.5% 15/21=71% 0.005 23/50=46%
outcome at 3 months (14-45%) (49-86%) (32-59%)
(mRS 3-6)

WFNS World Federation of Neurosurgical Society scale; /CA internal carotid artery; MCA middle cerebral artery;
ACA anterior cerebral artery; AcomA anterior communicating artery; VA vertebral artery; BT basilar tip; AICA/
PICA anterior/posterior inferior cerebellar artery; SCA superior cerebellar artery; PCA posterior cerebral artery; C/
confidence interval

Results SD =+ 11.5; range, 20—74). Overall, 60% of them presented
a WFNS score of 4-5 and 90% were Fisher 3—4, whereas
Baseline population characteristics 76% showed intraventricular hemorrhage. Table 1 shows

that the DCI and no-DCI groups were comparable for all
Among 180 aSAH patients (treated between 2018 and  the reported variables, except for the proportion of aneu-
2019), 50 patients (Fig. 1) met our above reported inclu-  rysms <5 mm that was higher in the no-DClI-related ce-
sion criteria (33 women, 17 men; mean age, 55.3 years,  rebral infarction group.
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All included patients received EVD treatment
(Supplemental Table 1): 52% before and 48% after aneurysm
treatment. The EVD level (calculated from the external acous-
tic meatus) was between 0-5 c¢cm, 6-10 cm, and 11-15 cm
among 64%, 32%, and 4% of patients, respectively
(Supplemental Table 1). The mean daily volume of CSF
drained from the EVD was 225 ml (85-325, SD =+ 60).
The mean duration of the EVD was 15 days (6-25 days,
SD =+5.8).

EVD-related hematoma was documented in 26% of pa-
tients. Volumes of the hematoma (calculated with the rule
ABC/2) [11] were as follows: <5 ml, 6-10 ml, and 15—
30 ml among 14%, 6%, and 6% of patients, respectively.
The overall rate of shunt dependency was 12%.

DCl-related cerebral infarction, cerebral vasospasm,
and clinical outcome

Overall, 21 patients (42%) developed DCl-related cerebral
infarction that was detected between days 11-15, 16-21,
and within the first week among 14 (66.5%), 5 (24%), and 2
(9.5%) patients, respectively.

The incidence of anatomical CV was 54% (27 patients).
The highest incidence of CV occurred between days 8 and 12
(17 patients, 34%); five patients (10%) developed CV within
the first week and 2 subjects (4%) after day 15. The severity of
CV was as follows: mild, moderate, and severe among 9
(18%), 10 (20%), and 8 patients (16%), respectively.
Vasospasm was predominantly located in the anterior circula-
tion (24 patients, 48%): M1 and Al segments were the most
common locations (16 patients, 32%), followed by ICA (8
patients, 16%). Bilateral CV was diagnosed among 7 patients
(14%).

Overall, 15 patients (71%) developing DClI-related cerebral
infarction presented CV, whereas 6 patients with DClI-related
cerebral infarction did not have CV (29%). Of the 29 subjects
without DCl-related cerebral infarction, 41% presented CV
(12 patients). All of the 27 patients with anatomical CV were
treated by adding intravenous milrinone, whereas 20 patients
presenting CV and hypoperfusion on Tmax > 6 s received
endovascular intraarterial infusion of milrinone + nimotop.

At 6-month clinical follow-up, 27 patients (54%) presented
an mRS0-2. Functional independence was achieved among 6/
21 (28.5%) and 21/29 (72%) subjects with and without diag-
nosis of DCl-related cerebral infarction, respectively.

Cerebral hypoperfusion

Hypoperfusion on Tmax >4, >6, and>8 s was detected
among 46 (92%), 35 (70%), and 27 (54%) of patients, respec-
tively. The higher incidence of hypoperfusion was around
days 8-10, and the maximum hypoperfused cerebral volume
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Table 2 Recorded values of intracranial pressure (ICP)

ICP values Frequency Percentage (%) Cumulative Percentage (%)
2.0 1 2.0 2.0
3.0 2 4.0 6.0
4.0 2 4.0 10.0
4.7 1 2.0 12.0
5.0 4 8.0 20.0
6.0 7 14.0 34.0
6.1 1 2.0 36.0
6.5 2 4.0 40.0
6.9 1 2.0 42.0
7.0 1 2.0 44.0
7.5 1 2.0 46.0
8.0 5 10.0 56.0
8.5 1 2.0 58.0
9.0 4 8.0 66.0
9.5 1 2.0 68.0
10.0 3 6.0 74.0
10.5 1 2.0 76.0
11.0 2 4.0 80.0
12.0 2 4.0 84.0
13.0 3 6.0 90.0
14.0 2 4.0 94.0
15.0 2 4.0 98.0
19.0 1 2.0 100.0
Total 50 100.0

at Tmax >4, >6, and > 8 s was 767 ml, 302 ml, and 75 ml,
respectively.

The mean volume of the brain hypoperfusion among pa-
tients with and without DCl-related cerebral infarction was
363 ml (SD+£236) and 82.5 ml (SD =+ 108) for the Tmax >
4s; 154 ml (SD=+174) and 9.1 ml (SD £ 17) for the Tmax >
6 s; and 72 ml (SD + 145) and 3 ml (SD + 8.7) for the hypo-
perfusion Tmax > 8 s.

Mean values of ICP

ICP values ranged between 2 (one patient) and 19 mmHg (one
patient) (Table 2) (mean =8.4 mmHg; SD +3.6). Overall,
91% of them ranged between 3 and 15 mmHg.

Predicting factors of DCl-related cerebral infarction

At the univariate analysis, the presence of CV (p =.035),
mean ICP (p=0.0001), CPP (0.106), diameter of the clot
(p=0.008), and the mean volume of the hypoperfusion on
Tmax >4 (p=0.031), Tmax >6 s (p=0.0001), and Tmax >
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Table 3 Univariate and multivariate analysis of predicting factors for delayed cerebral ischemia

Independent variables Univariate analysis Multivariate analysis

Patients without DCI ~ Patients with DCI  p value Oddsratio  p value Odds ratio

(n=29) (n=21) (95%CTI) (95%CI)
Dichotomic variables
Smoking
No 22 (76%) 14 (66%) 0.475 1.5
Yes 7 (24%) 7 (44%) (04-5.4)
Arterial hypertension
No 24 (83%) 17 (81%) 1.12
Yes 5(17%) 4 (19%) 0.870 (0.2-4.8)
Intraventricular hemorrhage
No 7 (24%) 5 (24%) 0.979 1.02
Yes 22 (76%) 16 (76%) (0.2-3.7)
Sex
Male 10 (34.5%) 7 (33.4%) 0.933 1.05
Female 19 (65.5%) 14 (66.6%) (0.3-3.4)
Cerebral vasospasm
No 17 (58.6%) 6 (28.5%) 0.035 3.54 0.494 32
Yes 12 (41.4%) 15 (71.5%) (1.06-11.7) (1.6-64)
Regression of CV after treatment**
No 10 (34.5%) 13 (62%) 0.084 3.54 0.092 0.6
Yes 19 (65.5%) 8 (38%) (1.06-11.7) (0.03-1.5)
WENS score ***
1-3 14 (48.3%) 6 (28.5%) 0.243 23
4-5 15 (51.7%) 15 (71.5%) 0.7-7.7)
Continuous variables
Mean flow of CSF drainage (ml/day) 234 211 0.183 *
(SD=55) (SD=62)
Mean ICP (mmHg) 6.7 10.7 0.000 * 0.042 2
(SD=2.7) (SD=3.4) (1.01-3.9)
Mean arterial blood pressure (mmHg) 96 97 0.574 *
(SD=17.7) (SD=6.4)
Mean cerebral perfusion pressure (mmHg) 90.6 86.8 0.106 * 0.854 1.1
(SD=28.6) (SD=7) (0.8-1.6)
Mean diameter of the clot on the basal cisterns (mm) 9.3 12 0.008 * 0.142 1.3
(SD=4) (SD=24) 0.8-2.1)
Volume of the brain hypoperfusion (Tmax >4 s) 82.5 363 0.031 * 0.696 1.1
(SD=108) (SD=236) (0.98-1.2)
Volume of the brain hypoperfusion (Tmax > 6 s) 9.1 154 0.000 * 0.025 1.2
(SD=17) (SD=174) (1.01-1.3)
Volume of the brain hypoperfusion (Tmax > 8 s) 3 72 0.012 * 0.155 1.3
(SD=28.7) (SD=145) (1.2-1.4)
Mean age 54 56 0.681 *
(SD=12) (SD=10.5)

*Computed only for a 2*2 tables. **Treatment consisted in intravenous infusion of milrinone in case of diagnosis of anatomical CV, and endovascular
intraarterial infusion of milrinone + nimotop in case of anatomical CV and hypoperfusion on Tmax delay > 6 s. ***Fisher exact test has been used

ICP intracranial pressure; WFNS World Federation of Neurosurgical Society; CSF cerebrospinal flow; DCI delayed cerebral ischemia; C'V cerebral
vasospasm

8 s (p =0.012) were associated with significantly higher inci- On the multivariable logistic regression, the mean ICP
dence of DCl-related cerebral infarction (Table 3). (OR=2,95%CI=1.01-3.9, p = 0.042) and the mean volume
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of hypoperfusion Tmax delay > 6 s (OR =1.2,95%CI=1.01—
1.3, p=0.025) were independent predictors of DCl-related
cerebral infarction.

Cutoff of ICP and brain hypoperfusion for the
prediction of DCl-related cerebral infarction

The AUC of the mean ICP values was 0.825 (standard error =
0.057) (Fig. 2); the best cutoff value was 6.7 mmHg providing
sensitivity, specificity, positive (PPV) and negative predictive
values (NPV), and accuracy of 71.4% (95%CI1=48-89%),
62% (95%CI1=42-79%), 58% (95%Cl=44-70%), 75%
(95%CI1 = 59-86%), and 66% (95%CI = 51-79%) for the pre-
diction of DClI-related cerebral infarction, respectively
(Table 4).

Hypoperfusion Tmax > 6 s presented the highest AUC
(0.956) (standard error = 0.025) (Fig. 3), and the best cutoff
value was 18 ml showing sensitivity, specificity, PPV, NPV,
and accuracy of 90.5% (95%CI=69-98.8%), 86.2%
(95%CI = 68.4-96%), 82.6% (95%CI =65.4-92%), 92.5%
(95%C1=77-98%), and 88% (95%Cl=75-95%),
respectively.

ROC Curve
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Fig. 2 ROC analysis showing the AUC of the mean ICP values for the
prediction of DCI. AUC was 0.825 (SE =0.057), with the best cutoff
value at 6.7 mmHg (red lines and yellow arrowhead) providing
sensitivity and specificity of 71.4% (95%CI1 =48-89%) and 62%
(95%Cl1 =42-79%), respectively
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In patients presenting both hypoperfusion on Tmax >6 s
(cutoff=18 ml) and mean ICP with a cutoff of 6.7 mmHg,
sensitivity, specificity, PPV, NPV, and accuracy for the pre-
diction of DClI-related cerebral infarction were 94.5%
(95%CI =73-99.8%), 94.1% (95%C1=71.3-99.8%), 94.4%
(95%Cl1=71.6-99.1%), 94.1% (95%CI =70.3-99.1%), and
94.2% (95%CI = 90.5-99.3%), respectively.

Discussion

In this study, ICP values and brain hypoperfusion on Tmax
delay predicted DCl-related cerebral infarction occurrence on
a multivariable logistic regression analysis. Hypoperfusion on
Tmax >6 s, with a threshold of 18 ml, showed the highest
sensitivity and specificity in predicting cerebral infarction. In
addition, ICP significantly influenced the occurrence of DCI-
related cerebral infarction, indicating that values < 6.7 mmHg
were likely protective of cerebral ischemia among aSAH
patients.

Optimal ICP values among aSAH patients

The American Heart Association guidelines for the manage-
ment of aSAH patients reported that acute symptomatic hy-
drocephalus should be treated with CSF diversion, without
adding recommendations about ICP values, EVD levels, or
CSF volume [8]. In addition, most of the algorithms for the
treatment of raised ICP after aSAH derived from guidelines
for TBI [4]. Thus, optimal EVD management remains contro-
versial. A recent multi-institutional survey underlined an im-
portant practice variance on the management of EVD among
aSAH patients, with centers adopting a more (0 cmH20 to
5 ¢cmH20) or less “aggressive” (10 cmH20 to 20 cmH20)
drainage based on the practitioner preferences [7].

In our population, ICP independently influenced the occur-
rence of DCl-related cerebral infarction (OR =2, p =0.042).
The mean ICP value among patients developing DCl-related
cerebral infarction was 11 mmHg compared with 6 mmHg of
those without ischemic lesions. In addition, the ROC analysis
identified a threshold of ICP close to 7 mmHg: 75% of pa-
tients with an ICP <7 mmHg had a lower probability to de-
velop cerebral infarction. This is the first study describing an
association between optimal ICP values and a lower incidence
of DCl-related cerebral infarction among aSAH patients.

The Mayo Clinic group reported a patient with aSAH and
normal size ventricles showing substantially clinical and cere-
bral perfusion improvement after lowering the EVD from 15
to 5 mmHg. The authors concluded that CSF drainage at low
levels of ICP (5 mmHg) could improve blood flow in the
microcirculation and tissue perfusion [11]. Several studies
underlined the importance of the microcirculation in the de-
velopment of DCI, showing that the pathophysiological
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Table 4  Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and accuracy of the hypoperfusion Tmax >6 s and
mean intracranial pressure (ICP) for the prediction of the delayed cerebral ischemia

Variables Cutoff Sensibility Specificity PPV NPV Accuracy
(95%CT) (95%CTI) (95%CT) (95%CT) (95%CT)

Hypoperfusion Tmax > 6 s 18 ml 90.5% 86.2% 82.6% 92.5% 88%
(69-98.8%) (68-96%) (65.4-92%) (77-98%) (75-95%)

Mean ICP 6.7 mmHg 71.4% 62% 58% 75% 66%
(48-89%) (42-79%) (44-70%) (59-86%) (51-79%)

Tmax >6 s 18 ml 94.5% 94.1% 94.4% 94.1% (70.3-99%) 94.2%

+ + (73-99.8%) (71.3-99.8%) (71.6-99.1%) (80.5-99.3%)

Mean ICP 6.7 mmHg

mechanism is likely related to multiple factors (cortical
spreading depression, endothelial and autoregulation dysfunc-
tions, inflammation, microthrombosis, microvascular spasm,
and blood brain barrier disruption [6, 16]). A lower ICP (in our
study < 6.7 mmHg) may reduce the pressure surrounding the
impaired capillary vessels, improving nutritive exchanges
with brain parenchyma.

Samuelsson et al. [22] studied the relationship between
ICP variation and brain tissue energy metabolism assessed
by microdialysis samplings. Interestingly, they found a

threshold of ICP at 10 mmHg: when ICP was lowered
to <10 mmHg, there was an instantaneous sharp increase
in interstitial Glt and pyruvate, indicating a favorable
brain tissue metabolism. Ryttlefors et al. [21] have shown
that periods with ICP close to or higher than 20 mmHg
following aSAH were associated with clinical worsening,
whereas periods with CPP> 100 mmHg were associated
with clinical improvement. Our patient population pre-
sented ICP values in a range of 2 mmHg and 19 mmHg,
with 91% of patients having an ICP from 3 to 15 mmHg.

Fig. 3 ROC analysis illustrating ROC Curve
the AUC:s of the hypoperfusion 10 / /|  Source of the Curve
Tmax >4, > 6, and > 8 s for the g HypoperfusionTmaxds
prediction of DCIL The highest - 7 ::z::;::z:}:“:g:
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18 ml (red lines and yellow
arrowhead) showing sensitivity 2 %51
and specificity at 90.5% :g
(95%CI = 69-98.8%) and 86.2% [ /
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respectively ' S
/
024 /
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Test Result Variable(s) Area Std. Error® Lower Bound Upper Bound

HypoperfusionTmax4s 865 055 000 756 973

HypoperfusionTmaxés 956 025 000 907 1,000

HypoPerfusionTmax8s 881 056 000 a7 991

The test result variable(s): HypoperfusionTmax4s, HypoperfusionTmax6s, HypoPerfusionTmax8s has
at least one tie between the positive actual state group and the negative actual state group. Statistics

may be biased

a. Under the nonparametric assumption

b. Null hypothesis: true area=0.5
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Fig. 4 (A) A 68-year-old patient
with a modified Fisher Il aSAH
related to a ruptured anterior
communicating artery aneurysm
(B and C) treated with coiling
(D). The patient has been treated
with EVD and the mean ICP was
6 mmHg. Left (E) and right (F)
anteroposterior ICA angiograms
performed at day 9 depicting va-
sospasm of the ICA, MCA, and
A1 with approximately 50% re-
duction of the vessel diameter.
Patient was under full dose of oral
nimodipine. (G and H) CTP im-
aging showing the absence of a
significant hypoperfusion on
Tmax delay. (I and L) CT scan
after 30 days from hemorrhage
showing no ischemic lesions, de-
spite the presence of a bilateral
vasospasm. The patient received a
ventriculoperitoneal shunt

Despite these values not being pathological, in our opin-
ion, accepting ICP at the upper limit of the normality (15—
19 mmHg) may expose an already vulnerable brain to
additional stress, especially during vasospasm [22].
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Predictive value of the hypoperfusion on Tmax delay

The complex pathophysiology of DCI is associated with
different pathways leading at some point in a reduction of
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Fig.5 (A) A 55-year-old patient with a modified Fisher Il aSAH due to a
ruptured fusiform right vertebral artery (B). The aneurysm has been treat-
ed with the occlusion of the parent artery (C and D), without complica-
tions. The patient was treated with an EVD and the mean ICP was
11 mmHg. After 10 days from hemorrhage, the patient developed a bi-
lateral vasospasm. Vasospasm was mild on the left side (E) and severe on

cerebral perfusion which may lead to cerebral infarction.
Accordingly, cerebral perfusion is an important target for
the prediction of DCI. A meta-analysis of about 600
aSAH patients showed that, for diagnosing DCI, quanti-
tative thresholds for CBF ranged from 25 to 36 ml/100 g
per minute and for MTT from 5.0 to 6.5 s, with high
sensitivity and specificity [9]. Another recent study
underlined that the mean Tmax delay was the most

the right side (F). Despite vasospasm being severe on the right side,
patient developed hypoperfusion (Tmax > 6 s) on the left parieto-
occipital lobe (G). Patient received intraarterial infusion of nimodipine
and milrinone. (H) CT scan performed on day 15 showed a delayed
ischemic lesion localized on the same area of the hypoperfusion (I)

powerful parameter, and a cutoff value of 2.24 s provided
sensitivity of 74% and specificity of 72% for the early
prediction of DCI development [10].

In our study, we used the Tmax volume hypoperfusion
with different thresholds automatically estimated with the
RAPID software, which is nowadays largely adopted for the
detection of the infarct core and the ischemic penumbra
among large vessel occlusion patients [3].
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Interestingly, hypoperfusion with a Tmax delay > 6 s pre-
sented the highest AUC (0.956), and a volume of 18 ml pre-
dicted more than 80% of cerebral infarction. This result can be
used to carry out a more aggressive endovascular intraarterial
treatment (as infusion of vasodilator or angioplasty) earlier, in
patients at risk of DCl-related cerebral infarction.

CV has been reported as the main treatment target to pre-
vent secondary brain injury. However, in the literature, while
up to 70% of patients demonstrate a degree of arterial
narrowing on DSA imaging, only 20-30% develop clinical
symptoms [6]. In addition, approximately a third of patients
with DCI have no CV [9, 25]. The phase 3 CONSCIOUS-2
trial [13], assessing the effect of clazosentan (an endothelin
receptor antagonist) on morbidity and mortality after aSAH,
showed that patients in the clazosentan group, despite im-
provement of CV, had a non-significant reduction in
vasospasm-related morbidity at 3 months compared with the
placebo. The AHA/ASA guidelines reported that oral
nimodipine should be administrated to all patients with
aSAH, but nimodipine has been shown to improve neurolog-
ical outcome but not CV [8]. These results underlined as ce-
rebral infarction after aSAH can be associated with
vasospasm-dependent and independent effects, mainly related
to the impaired microcirculation. In our study, about 54% of
patients presented CV, while approximately 40% developed
DCl-related cerebral infarction. Interestingly, one third of pa-
tients with DCl-related cerebral infarction did not have CV,
and about 40% of subjects without DCI presented CV. The
presence of CV significantly influenced the occurrence of
DCl-related cerebral infarction at the univariate analysis.
However, when CV was pooled together with the Tmax hy-
poperfusion, vasospasm was not an independent factor of
DCl-related cerebral infarction at the multivariate model. It
is likely that Tmax hypoperfusion delay > 6 s, having been
able to detect perfusion impairment related to the macro- and
microcirculation, is more powerful to predict cerebral infarc-
tion than the CV (Fig. 4).

Investigating the literature, the PPV of vasospasm for DCI
is only 67%, and up to 25% of DCI are not located in the
territory of the spastic artery or are found in patients who did
not demonstrate vasospasm [17, 5]. In our study, in about 20%
of patients developing DCl-related cerebral infarction, CV
was located (or was more severe) at the contralateral side,
whereas hypoperfusion Tmax >6 s was always located in
the area of the infarction (Fig. 5).

Finally, about 9 out of 10 patients presenting both ICP
values > 6.7 mmHg and hypoperfusion volume > 18 ml on
Tmax >6 s were at risk DCl-related cerebral infarction.

These results underlined important associations between
ICP, microcirculation, and DCl-related cerebral infarction,
raising relevant research perspectives. However, they should

@ Springer

be interpreted with caution because, while statistical methods
showed an association between lower ICP values, hypoperfu-
sion volumes, and the occurrence of DCI-related cerebral in-
farction, bias related to the relatively small sample size and
patient selection should be underlined. Most of the included
patients presented a high-grade aSAH since low-grade pa-
tients required EVD much less frequently. Accordingly, in a
high clinical grade aSAH population, the frequency of raised
ICP, intraventricular hemorrhage, volume of the aSAH, and
neurological severity (WFNS score) are quite frequent, and
this might be a reason why these factors were not significant
predictors in our analysis.

Limitations

There are several limitations to our study. First, this is a small,
single-center study performed in a high-volume hospital
adopting specific treatment algorithms. In our center, more
than 90% of aSAH are treated by endovascular means; ac-
cordingly, all the included patients received coiling: this can
represent a different treatment strategy compared with other
centers. The use of CT perfusion, although performed in spec-
ified time periods, was not standardized. Patients with cerebral
hematoma and mass effect, or not requiring EVD, were ex-
cluded. Accordingly, these results are likely not applicable to
all patients with aSAH.

Conclusions

This study provides further information about the manage-
ment of patients at risk of DCI-related cerebral infarction after
aSAH. Important questions were raised about the association
between DCl-related cerebral infarction and microcirculation,
values of ICP, and volume and severity of the brain tissue
hypoperfusion. Although limited to selected aSAH patients
who underwent coiling and requiring EVD, our results sug-
gest that lower ICP values could potentially be beneficial in
decreasing DCl-related cerebral infarction. In addition, in our
practice, the whole-brain CTP allows a reliable estimation of
the risk of DCl-related cerebral infarction, with a particularly
high sensibility and specificity of the hypoperfusion at Tmax
delay > 6 s.
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