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Abstract

Background: The present study explores the frequency, diagnostic approach, and therapeutic management of cer-
ebral vasospasm in a cohort of children with moderate-to-severe traumatic and nontraumatic subarachnoid hemor-
rhage (SAH).

Methods: This was a single-center retrospective study performed over a 10-year period, from January 2010 to
December 2019. Children aged from one month to 18 years who were admitted to the pediatric or adult intensive
care unit with a diagnosis of SAH were eligible. Cerebral vasospasm could be suspected by clinical signs or tran-
scranial Doppler (TCD) criteria (mean blood flow velocity > 120 cm/s or an increase in mean blood flow velocity

by >50 cm/s within 24 h) and then confirmed on cerebral imaging (with a reduction to less than 50% of the caliber of
the cerebral artery).

Results: Eighty patients aged 8.6 years (3.3-14.8 years, 25-75th centiles) were admitted with an initial Glasgow Coma
Scale score of 8 (4-12). SAH was nontraumatic in 21 (26%) patients. A total of 14/80 patients (18%) developed cerebral
vasospasm on brain imaging on day 6 (5-10) after admission, with a predominance of nontraumatic SAH (12/14). The
diagnosis of cerebral vasospasm was suspected on clinical signs and/or significant temporal changes in TCD monitor-
ing (7 patients) and then confirmed on cerebral imaging. Thirteen of 14 patients with vasospasm were successfully
treated using a continuous intravenous infusion of milrinone. The Pediatric Cerebral Performance Category score at
discharge from the intensive care unit was comparable between children with vasospasm (score of 2 [1-4]) vs. chil-
dren without vasospasm (score of 4 [2-4]) (p=0.09).

Conclusions: These findings indicate that cerebral vasospasm exists in pediatrics, particularly after nontraumatic
SAH. The use of TCD and milrinone may help in the diagnostic and therapeutic management of cerebral vasospasm.

Keywords: Subarachnoid hemorrhage, Cerebral vasospasm, Transcranial Doppler, Children, Pediatrics
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Introduction

Subarachnoid hemorrhage (SAH) is a rare but life-threat-
ening neurological disease in children. In this population,
mortality can reach 25% within the first hours, and in the
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survivors, SAH may result in long-term neurological def-
icits [1]. Compared with adults, SAH is mostly related to
severe traumatic brain injury in children [2]. Otherwise,
SAH can be caused by arteriovenous malformations, vas-
cular aneurysms, cerebral tumors, and hematologic dis-
eases [1]. Indeed, nontraumatic SAH represents 16% of
strokes in the pediatric population, with an incidence of
0.4 per 100,000 person-years [3].
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Cerebral vasospasm is a common complication of SAH
and a leading cause of mortality and morbidity through
the development of delayed cerebral ischemia and cer-
ebral infarction [4]. Its pathophysiology is not completely
understood, and different mechanisms have been pro-
posed [5, 6]. In children, the frequency of cerebral vasos-
pasm ranges from 21 to 40% of patients, according to
the cause of SAH [2, 7]. Cerebral vasospasm is usually
defined as a reduction in arterial diameter of more than
50% relative to admission diameter on cerebral imaging
[8]. Because neurological clinical evaluation is limited in
patients receiving sedative drugs, transcranial Doppler
(TCD) monitoring could be used to detect vasospasm
at the bedside [9]. However, no reference values have
been established in children until recently [10], and TCD
recordings can be influenced by several factors, includ-
ing age, hematocrit, gender, fever, and metabolic distur-
bances [11].

Cerebral vasospasm prevention and treatment are
based on oral or intravenous administration of nimodi-
pine (i.e., a calcium channel blocker) [12, 13]. In the pedi-
atric population, data about nimodipine are limited [14,
15], and the American and European guidelines have not
made a statement for the pediatric population [12, 13].
In addition, intraarterial or intravenous administration
of milrinone, a selective phosphodiesterase 3 inhibitor,
has emerged as a promising option to treat vasospasm
in adults [16-19]. Surprisingly, the use of milrinone is
scarcely reported in pediatrics.

In this context, the present study aims to report the
frequency of cerebral vasospasm in a cohort of children
with moderate-to-severe SAH and describe the diagnos-
tic approach and the therapeutic management of patients
who subsequently developed cerebral vasospasm.

Methods

Design and setting

This single-center retrospective study was performed
over a 10-year period, from January 2010 to December
2019, at the Grenoble-Alpes University Hospital. We
analyzed the medical records of consecutive children
aged one month to 18-years-old admitted to the pedi-
atric or adult intensive care unit (ICU) with a diagno-
sis of SAH. Data acquired during the study period were
extracted from an ICU information management sys-
tem (Centricity High Acuity Critical Care; GE Health-
care, Vélizy, France). The local ethics committee of the
Grenoble-Alpes University Hospital and the national
data protection commission approved the study accord-
ing to MR-004 (Méthodologie de Référence) reference
methodology (ref. 2205066v0, June 29th, 2020). Accord-
ing to French legislation, patients were informed and

nonopposition was checked, but written consent was not
required. We followed STROBE guidelines for this obser-
vational study [20].

Therapeutic management before cerebral vasospasm
diagnosis

All patients were managed according to the most recent
guidelines [13, 14]. In the case of ruptured aneurism,
patients underwent securing of the aneurism within 48 h
of admission, either by clipping or coiling. Maintenance
of euvolemia, normothermia, electrolytes, and metabolic
balance were targeted. In patients with alteration of con-
sciousness, sedation (with midazolam and opioids) and
mechanical ventilation in normoxia and normocapnia
were required. In addition, these patients had external
ventricular drainage to treat hydrocephalus and maintain
cerebral perfusion pressure as appropriate for the neu-
rological condition by vasoactive support with norepi-
nephrine and, if needed, plasma volume expansion with
crystalloids. Nimodipine was given orally or in the gastric
tube every 4 h (0.5 mg/kg).

Data collection

Demographic, clinical, biological, TCD, and imaging
data were collected at admission in the ICU. Clinical data
included Glasgow Coma Score, neurological symptoms,
blood pressure, intracranial pressure, and temperature.
Additionally, the World Federation of Neurological Sur-
geons score [21] and the Pediatric Logistic Organ Dys-
function [22] score were calculated. Invasive intracranial
pressure could be measured through an intraparenchy-
mal probe and/or an external ventricular drain. Imaging
data included the modified Fisher score from computed
tomography scan or magnetic resonance imaging find-
ings at admission [23]. Biological data included blood
concentrations of lactate, magnesium, glucose, and
hemoglobin content.

Diagnosis of cerebral vasospasm

The development of a new focal neurologic deficit was an
indication of cerebral imaging. In our unit, patients are
clinically screened at least every 8 h. Patients were treated
for cerebral vasospasm on the basis of cerebral imaging
only. As well, TCD monitoring was performed. A 4-h
persistent elevation in TCD cerebral blood flow veloci-
ties that met adult criteria for vasospasm (see below)
systematically triggers a recommendation for imaging.
TCD data included blood flow velocities (systolic, mean,
and diastolic) and pulsatility index in the middle cerebral
artery at both sides. During the study period, we used
criteria described in adults to suspect vasospasm [24, 25].
These criteria included (1) a mean blood flow velocity
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higher than 120 cm/s or (2) a change in mean blood flow
velocity by more than 50 cm/s in 24 h in the middle cer-
ebral artery.

Cerebral imaging was performed in case of new clini-
cal events, such as focal deficit, drowsiness, confusion,
or recurrence of headache. The decision was made by
the in-charge physician. The choice between computed
tomography angiography (CTA) and magnetic resonance
angiography (MRA) was based on patient stability and
access to the machine. Cerebral vasospasm was defined
as a reduction to less than 50% of the caliber of the cer-
ebral artery on cerebral imaging.

Diagnostic and therapeutic management of vasospasm
Children who developed cerebral vasospasm received
treatment including the elevation of mean arterial blood
pressure to 20 mm Hg higher than baseline values. Con-
tinuous intravenous infusion of milrinone (Corotrope;
Sanofi-Adventis, Gentilly, France) was introduced at a
dosage of 1 pg/kg/min as soon as vasospasm was con-
firmed by cerebral imaging. Doses of nimodipine were
not modified when initiating milrinone, and both treat-
ments could be started and used at the same time. Nor-
epinephrine support and/or reduction by 50% of initial
continuous rate of milrinone were considered if the
patient had poor hemodynamic tolerance to milrinone.
In case of persistent arterial hypotension, nimodipine or
milrinone treatment was discontinued.

End points

The primary end point was the frequency of cerebral
vasospasm after SAH in children diagnosed by using
CTA or MRA. Secondary end points were TCD values
in patients with cerebral vasospasm, tolerance to mil-
rinone, outcome of patients with SAH (including the

measurement of the Pediatric Cerebral Performance Cat-
egory score [26] at discharge from ICU), ICU and hos-
pital lengths of stay, duration of mechanical ventilation,
and hospital mortality.

Statistical analysis

Continuous variables were expressed as median (inter-
quartile range) and compared by using the nonparamet-
ric Mann—Whitney U-test. Categorical variables were
expressed as number (%) and compared by using the y?
or Fisher’s exact test, as appropriate. All tests were two-
sided, and all p values were considered significant if they
were less than 0.05. Statistical analysis was performed by
using SPSS (SPSS 26.0, Chicago, IL).

Results

Study population

During the study period, 81 patients with SAH were
eligible, and data were available in 80 (Fig. 1). Baseline
characteristics are presented in Table 1. SAH was primar-
ily related to traumatic brain injury (2=59/80) (details
in the Supplementary Material). There were 14 patients
(18%) who developed subsequent cerebral vasospasm
according to CTA or MRA findings, and in 7 of them,
the diagnosis of vasospasm was suspected from changes
in TCD recordings. The frequency of cerebral vasospasm
was higher in patients with nontraumatic SAH (12/21)
versus 2/59 patients with traumatic SAH (p<0.001).
Patients who developed a vasospasm had a lower Glas-
gow Coma Score (6 [6-9] vs. 14 [3-15], p=0.04) and a
higher World Federation of Neurological Surgeons score
(5 [4, 5] vs. 4 [2-5], p<0.001) on admission. They also
required a higher level of care during the first 24 h, as
reflected by more use of osmotherapy, external ventricu-
lar drains, mechanical ventilation, and vasopressor. The

Eligible patients
N=81

Data available
N=80

Trauma-related SAH
N=59

/\

/\

Non trauma-related SAH
N=21

/\

Vasospasm No vasospasm
N=2 N=57

Vasospasm No vasospasm
N=12 N=9

Fig. 1 Flowchart of the study. SAH, subarachnoid hemorrhage
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Table 1 Baseline characteristics of patients according to the occurrence of vasospasm during the ICU -stay

Parameters Without
vasos-
pasm
(n=66)

N

n

Demographic data

Age, years, median (IQR) (year) 80 86(3.3-148) 66 9(5.1-149) 14 4.1(1.1-135) 018
Male sex, n (%) 80 52 (65) 66 43 (65) 14 8(57) 0.57
Cause of SAH, n (%) 80 66 14
Traumatic, n (%) 59 (73) 57 (86) 2(14) <0.001*
AVM or aneurysm, n (%) 18 (23) 7(11) 11 (79) <0.001*
Non-accidental head injury, n (%) 5(6) 5(7) 0(0) 0.58
Others, n (%) 5(6) 4(6) 1(7) 1
Pre-hospital management
Glasgow Coma Score on scene, median (IQR) 70 8(4-12) 61 8(5-13) 9 5(4-8) 0.02*
Endotracheal intubation, n (%) 79 40 (50) 65 33(51) 14 6 (43) 0.77
Vasopressor/inotropic use, n (%) 79 19 (24) 65 17 (26) 14 1(7) 0.17
Osmotherapy, n (%) 79 17.(21) 65 13 (20) 14 4(29) 049
Clinical data at admission, median (IQR)
Glasgow Coma score, median (IQR) 40 13 (3-15) 33 14 (3-15) 7 6 (6-9) 0.04*
Mean blood pressure (mm Hg), median (IQR) 74 76 (64-89) 60 75 (64-89) 14 77 (68-86) 0.94
PELOD score, median (IQR) 78 11(1-21) 65 11(1-21) 13 20(11-22) 0.07
WENS score, median (IQR) 77 4(3-5) 64 4 (2-5) 13 5 (4-5) <0.001*
Radiological findings at admission
Modified Fisher score, median (IQR) 80 3(1-4) 66 2(1-3) 14 4 (3-4) <0.001*
TCD findings at admission, median (IQR)
Mean velocity of right MCA, (cm/s), median (IQR) 31 58 (47-68) 25 54 (48-67) 6 58 (41-73) 0.80
Mean velocity of left MCA, (cm/s), median (IQR) 32 53 (45-63) 25 55 (45-604) 7 51 (43-79) 0.98
Pulsatility index of right MCA, median (IQR) 43 1.2 (1.0-1.6) 35 12(1.0-15) 7 1.5(1.1-1.7) 0.18
Pulsatility index of left MCA, median (IQR) 44 1.3(1.0-1.5) 35 13(0.0-14) 7 14(1.2-1.7) 0.21
ICU management
Curative nimodipine, n (%) 80 22 (28) 66 9(14) 14 13(93) <0.001*
Curative nimodipine intravenous dosage, mg/kg/d, median (IQR) 13 0.7(0.7-0.7) 4 0.7(0.7-1.0) 9 0.7 (0.7-0.7)  0.78
(mg/kg/d)
Curative nimodipine preventive oral dosage, mg/kg/d, median 12 53(5.0-60) 6 53(5.0-60 6 55(48-6.2) 087
(IQR) (mg/kg/d)
Side effect of nimodipine, n (%) 22 3(14) 9 1(11) 13 2(15) 1
Antiepileptic drug, n (%) 71 49 (69) 60 39 (65) 14 10 (71) 0.76
Osmotherapy during the first 24 h, n (%) 75 26 (35) 63 16 (25) 14 11 (79) <0.001*
Vasopressor/inotropic use during the first 24 h, n (%) 79 53(67) 66 40 (61) 14 13(93) 0.03*
External ventricular drains during the first 24 h, n (%) 80 16 (20) 66 5(8) 14 11(79) <0.001*
Mechanical ventilation during the first 24 h, n (%) 80 62 (78) 66 48 (73) 14 14 (100) 0.03%
Outcome
Duration of mechanical ventilation, days, median (IQR) 62 7(1-14) 48 6(1-12) 14 9 (4-17) 048
ICU length of stay, days, median (IQR) (days) 80 10 (3-21) 66 7 (2-16) 14 22 (20-26) <0.005*
Hospital length of stay, days, median (IQR) (days) 74 19 (9-31) 61 15 (7-29) 13 30 (26-32) 0.05*
PCPC score at ICU discharge, median (IQR) 80 2(1-4) 66 2(1-4) 14 4 (2-4) 0.09
Death, n (%) 80 12 (15) 66 9(14) 14 3(21) 043
Complications, n (%)
Recurrent bleeding, n (%) 80 6(8) 66 3(5) 14 3(21) 0.06

Hydrocephalus, n (%) 80 8 (10) 66 4 (6) 14 4(29) 0.03*
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Table 1 (continued)

Values are presented in number and percentage or median and interquartiles

AVM: arteriovenous malformation, ICU: intensive care unit, IQR: interquartile range, MCA: middle cerebral artery, PCPC: Pediatric Cerebral Performance Category,
PELOD: pediatric logistic organ dysfunction, TCD: transcranial Doppler, WFNS: World Federation of Neurological Surgeons

*Indicates significance

median delay between admission and cerebral vasospasm
diagnosis and duration of vasospasm were 6 days (5-10)
and 9 days (8—17), respectively.

TCD

TCD data were available in 44/80 patients (55%)
(Table 1). Cerebral blood flow velocities at admission or
during vasospasm did not differ significantly according to
the age and gender. There were seven patients who had
TCD findings compatible with vasospasm. Systolic, mean
and diastolic blood flow velocities were 191 (190-213),
121 (111-131), and 70 (59-85) cm/s, respectively, and
were confirmed with brain imaging.

ICU management

The management of the 14 patients who had cerebral
vasospasm is detailed in Table 2. Thirteen of 14 children
were treated with continuous intravenous infusion of
milrinone at a dosage of 1.0 (0.6—1.0) pg/kg/minute for a
median duration of treatment of 14 (8—19) days. Despite
the use of norepinephrine to restore arterial blood pres-
sure, medical treatment was discontinued in two patients
(nimodipine) and one patient (milrinone). Rescue proce-
dures for persistence or recurrence of vasospasm, that is,
mechanical angioplasty and/or intraarterial administra-
tion of milrinone/nimodipine, were not required.

Outcome

There were 12/80 patients who died in the ICU with no
difference between patients who had vasospasm and the
others. Deaths of patients with traumatic brain injury
were not due to vasospasm. In nontrauma-related SAH
the mortality was high (7/21 patients, and no difference
in those who has and did not have vasospasm).

The Pediatric Cerebral Performance Category score at
ICU discharge was comparable between the two groups:
2 (1-4) with vasospasm versus 4 (2—-4) without vasos-
pasm, respectively (p=0.09). Children with vasospasm
had a longer stay in the ICU (7 [2-16] vs. 22 [20-26]
days, p<0.005) and in the hospital (15 [7-29] vs. 30
[26-32] days, p=0.05) compared with children without
vasospasm (Table 1).

Discussion

The present study indicates that cerebral vasospasm can
be found in a significant proportion of children with
moderate-to-severe SAH, particularly after nontraumatic

SAH. Children with nontraumatic SAH should be care-
fully monitored, given the risk of cerebral vasospasm,
especially between day 5 and day 10.

The diagnosis of cerebral vasospasm can be difficult
in children. The neurological examination is not always
reliable in young children, and not possible in sedated
patients. In addition, the decision of brain imaging to
explore cerebral arteries using CTA or MRA should
be balanced with the transfer to radiological facility in
patients who are unstable, and to the risk of radiation
exposure (CTA) in children. In this context, the use of
TCD to detect signs of cerebral vasospasm may help phy-
sicians to suspect cerebral vasospasm as suggested pre-
viously [10, 12]. A multidisciplinary expert consensus
have recently formulated 34 recommendations in four
domains regarding the TCD use in pediatrics and pro-
vided normal TCD values by age [10]. Of note was that
most of TCD studies included children with traumatic
brain injury [4, 27] or brain malaria [9, 28]. However,
there was no validated cut-offs for diagnosing vasospasm
in the mean cerebral artery in children. TCD has a pre-
test probability for detecting vasospasm of 32% and post-
test probability of 45% when adult criteria are used for
children [29]. In our study, TCD data were missing in a
significant number of patients with vasospasm. Our TCD
findings should be thus interpreted with caution.

Literature regarding the treatment of cerebral vasos-
pasm after SAH in pediatrics is limited. Oral nimodi-
pine was associated with no adverse event or episodes
of arterial hypotension using 1 mg/kg every 4 h [14]. In
our study, nimodipine was discontinued in two patients
with episodes of arterial hypotension. Milrinone has
been successfully used in adults with documented vasos-
pasm [16, 18, 30]. Surprisingly, its use was reported in
one postoperative pediatric case only [31]. In the present
study, one patient had arterial hypotension that needed
norepinephrine.

In the present study, we found that the cause of SAH
had a significant impact on frequency of vasospasm and
on patient outcome. The amount of blood in subarach-
noid spaces—as reflected by the Fisher score—might
explain the difference in the frequency of vasospasm
between traumatic and nontraumatic SAH [2, 7]. Out-
comes of patients with traumatic brain injury, especially,
are heavily influenced by the extent of traumatic brain
injury, more than that of vasospasm, despite trau-
matic SAH is a prognostic criteria in adult cohorts [32].
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Arteriovenous malformation outcomes are far more
dependent upon the location of the malformation than
the presence of vasospasm. Importantly, our findings
regarding the outcomes of patients should be interpreted
with caution since the groups presented in Table 1 are
not strictly exchangeable.

Limitations

The present study has several limitations. Firstly, this is
a single-center retrospective study. We studied all chil-
dren consecutively admitted to the ICU during the study
period, which should have limited any attrition bias.
However, there were missing data regarding TCD record-
ings. In addition, because of large variations in SAH care
management [19], our findings cannot be transposed to
all patients and centers. Secondly, we used TCD crite-
ria for vasospasm derived from those found in adults in
the absence of criteria validated in children [11]. Thirdly,
there were three patients who developed arterial hypo-
tension within 2 h of the initiation of medical treatment
for vasospasm. Because nimodipine and milrinone were
given at the same time, it was not possible to distinguish
which drug caused hypotension. Finally, other thera-
peutic interventions for cerebral vasospasm, including
plasma volume expansion and crystalloids were not col-
lected in our study due to the retrospective design. We
acknowledge that this may result in incomplete explora-
tion of therapeutic management.

Conclusions

A significant proportion of pediatric patients developed
cerebral vasospasm after SAH according to brain imag-
ing. Based on these findings, we recommend aggres-
sive neuromonitoring, especially in patients with
nontraumatic-related SAH. Future studies are warranted
to establish TCD reference values and to evaluate preven-
tative or therapeutic options for cerebral vasospasm in
these children.
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