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Abstract

Background Global cerebral edema (GCE) with sub-
sequent refractory intracranial hypertension complicates
some cases of aneurysmal subarachnoid hemorrhage
(aSAH), and typically is associated with poorer outcome.
Treatment options for refractory intracranial pressure (ICP)
cases are limited to decompressive hemicraniectomy
(DHC) and targeted temperature management (TTM) with
induced hypothermia (32-34 °C). No outcomes compari-
son between patients treated with either or both forms of
refractory ICP therapy exists, and data on the effect of
prolonged hypothermia on ICP and organ function among
patients with aSAH are limited.

Methods This is a retrospective study of aSAH patients
who underwent DHC and/or prolonged hypothermia
(greater than 48 h) for refractory ICP (i.e., ICP
>20 mmHg after osmotherapy) in the intensive care unit
of a single, tertiary-care academic center.

Results Nineteen individuals with aSAH underwent TTM
with or without DHC; sixteen patients underwent DHC
alone. The patients in TTM group were younger (median
age 44 years) than the DHC without TTM population
(median age 60 years). TTM was started on median day 2
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with a median duration of 7 days. There were no significant
group differences in survival to discharge (59 % vs. 69 %)
or in the mean modified Rankin score on follow-up (3.6 vs.
3.7), despite the TTM group having longer hospital length
of stay (24 vs. 19 days, p = 0.03), longer duration of
mechanical ventilation (20 vs. 9 days, p = 0.04), a higher
cumulative fluid balance (12.8 vs. 5.1 L, p = 0.01), and
higher APACHEII scores. The median maximal ICP
decreased from 23.5 to 21 mmHg within 24 h of hypo-
thermia initiation. There were no significant differences in
other markers of end-organ function (respiratory, hemato-
logic, renal, liver, and cardiac), infection rate, or adverse
events between groups.

Conclusions Use of prolonged TTM among aSAH
patients with GCE and refractory ICP elevations is asso-
ciated with a longer duration of mechanical ventilation but
is not different in terms of neurological outcomes measured
by modified Rankin score or organ function outcomes
compared to patients who received DHC alone.
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Introduction

Global cerebral edema (GCE) following aneurysmal sub-
arachnoid hemorrhage (aSAH) portends a poor outcome
with a 30-day mortality ranging from 50 to 60 % [1, 2].
The development of GCE, heralded by intracranial hyper-
tension, has been observed in as many as 57 % of all
admitted cases [3] and is a major risk factor for cognitive
dysfunction [4]. The cause of GCE remains largely
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unknown but may relate to transient intracranial circulation
arrest at aneurysmal rupture with subsequent reflow phe-
nomenon causing global brain edema.

Current strategies for management of intracranial hyper-
tension include osmotherapy with mannitol, hypertonic
saline, sedation, neuromuscular paralysis, and decompres-
sive hemicraniectomy (DHC), which is generally employed
as a last resort [5, 6]. However, therapeutic hypothermia has
been shown to be neuroprotective following cardiac arrest
and could possibly mitigate global cerebral edema by con-
trol of cerebral hypermetabolism [7] and fever [8]. Targeted
temperature management (TTM) with induced hypothermia
has also been utilized in patients with refractory elevations
of intracranial pressure (ICP) due to aSAH [9, 10] or in-
traparenchymal hemorrhage [11, 12].

Nonetheless, given heterogeneity of trials examining the
use of TTM in brain-injured patients and overall equivocal
effect on outcomes, current guidelines do not recommend
either for or against its use in patients who develop refrac-
tory elevations of ICP [13]. It is not clear whether TTM may
reduce the need for DHC and whether one intervention or
the other has a more favorable morbidity and mortality
profile. Furthermore, because TTM is often considered as a
short-term (12-48 h) intervention, the use of prolonged
hypothermia (i.e., >48 h) and the adjunctive therapies it
requires (e.g., paralysis and mechanical ventilation) right-
fully raise questions about the risk—benefit ratio for such a
therapy. Some specific concerns regarding prolonged
hypothermia include pneumonia, arrhythmias, and coagu-
lopathy [12, 14], in addition to the overall paucity of data on
the effect of prolonged hypothermia among patients with
refractory intracranial hypertension due to aSAH.

To further clarify the effects of prolonged TTM in patients
with aSAH, we identified a cohort of patients who underwent
extended hypothermia and compared outcomes of those who
were treated with TTM to those who were not. We hypothe-
sized that patients receiving prolonged hypothermia would
have comparable outcomes to those having DHC alone, and as
such it might be an effective therapeutic modality in patients
developing aSAH-related GCE. In particular, we retrospec-
tively reviewed the series of patients who were treated with
prolonged hypothermia and/or DHC to explore the safety of
TTM with particular attention to neurologic, pulmonary,
renal, coagulation, and cardiac effects.

Methods
Study Population

We retrospectively reviewed consecutive aSAH cases
admitted to the intensive care unit (ICU) of a single
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tertiary-care academic center from 2007 to 2012. We
included all patients who had aSAH and either underwent
DHC or prolonged hypothermia employed for greater than
48 h. Patients who had shorter duration of hypothermia
were excluded. The study protocol was approved by the
Mayo Clinic Institutional Review Board.

Standard Treatment

All patients received care for aSAH as per a predefined
institutional protocol in accordance with current guidelines
[15], including nimodipine, maintenance of euvolemia
until vasospasm was detected, and normotension or per-
missive hypertension once the aneurysm was secured by
coiling or aneurysm clipping. Transcranial Doppler ultra-
sound monitoring was performed daily to monitor for
vasospasm, and when clinical suspicion existed by the
neurosurgeon, computed tomography (CT) perfusion
imaging with angiography was performed. Noncontrast CT
and/or magnetic resonance imaging (MRI) was performed
when clinically indicated to evaluate for ventricular cath-
eter position, postoperatively, and to address clinical
questions related to neurologic deficits or changes, and
neurological prognosis consistent with current guidelines
[15]. When vasospasm was identified clinically, fluids and
vasopressors were administered to raise cerebral perfusion
pressure (CPP) above 70 mmHg [16] with specific values
individualized depending on the clinical situation. Patients
had an indwelling external ventricular drain (EVD) placed
as a standard of care for cerebrospinal fluid drainage for
hydrocephalus (communicating or non-communicating), or
concerns about elevated ICP or cerebral perfusion. The
ICP, central venous pressure (when available), urine out-
put, and the CPP were monitored continuously and
recorded at hourly intervals in the electronic medical
record.

Targeted Temperature Management

Patients received hypothermia in accordance with an
institutionally defined TTM-management protocol to a
target of 32-34 °C. To qualify, patients needed to have
documentation of sustained ICP >20 mmHg despite
sedation, analgesia, and osmotherapy (23.4 % hypertonic
saline and/or mannitol). Patients were required to be intu-
bated, mechanically  ventilated, and receiving
neuromuscular paralysis. Duration of hypothermia depen-
ded on daily reassessment of ICP and intracranial
compliance. The need for DHC was discussed daily with
attending neurosurgeon in multidisciplinary rounds. As a
result, some patients underwent TTM following DHC and
others underwent DHC following implementation of TTM.
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All TTM patients were monitored per ICU protocol that
included serial electrocardiography, blood gas analysis,
assessments of renal function, coagulation profile, com-
plete blood counts, surveillance cultures, and vital signs.
Induction of hypothermia was achieved by rapid infusion
of cold saline and further controlled by an external cooling
device using two water-circulating blankets (Arctic Sun,
Bard Medical, Medivance, Inc., Louisville, CO). The target
core temperature of 32-34 °C (as measured by a bladder
probe) was maintained until the clinician made a decision
to initiate controlled rewarming per protocol (no more than
0.5 °C/h).

Decompressive Hemicraniectomy

DHC for intracranial hypertension was performed after
weighing prognosis, operative risks, as well as neurologic
status in multidisciplinary rounds. As previously noted,
some patients underwent DHC with or without TTM for
the management of intracranial hypertension. The non-
TTM (DHC-only) group is comprised aSAH patients who
underwent DHC only without any TTM during the hospital
course versus the TTM group who may or may not also
have required DHC.

Data Collection

All data were collected from the clinical records. Demo-
graphic and clinical information obtained at the time of
admission were used to calculate Acute Physiology and
Chronic Health Evaluation (APACHE) II score as a mea-
sure of overall disease severity and World Federation of
Neurosurgeons (WFNS) grade as a measure of neurologic
symptom severity.

Specific respiratory parameters obtained included blood
gases, ventilator settings, and airway pressures at baseline
then daily. The baseline assessments were immediately
post-intubation; for those receiving TTM, we evaluated
changes in respiratory parameters up to 10 days of hypo-
thermia [17]. We assessed effect of hypothermia on indices
of oxygenation and ventilation compared at the time of
hypothermia initiation to the last day or day 10 of hypo-
thermia whichever came first: PaO,/FiO,, positive end
expiratory pressure (PEEP), pH, PaCO,, peak inspiratory
pressure, tidal volume, and dynamic compliance (calcu-
lated as tidal volume/[peak inspiratory pressure—PEEP]).
Using the PaO,/FiO, as a measure of severity of hypoxia
and the traditional cutoff of 300 extrapolated from acute
respiratory distress syndrome (ARDS) literature [18], we
evaluated both the raw and adjusted (proportion of the total
mechanical ventilation (MV) days) number of days when
the PaO,/FiO, was below 300 in each group. To further

examine TTM safety in patients who were already severely
hypoxic prior to cooling (PaO,/FiO, <300), we separately
evaluated the effect of hypothermia on PaO,/FiO, changes
in those patients over time. Other parameters pertinent for
pulmonary function, such as cumulative fluid status and
units of transfused blood products, were also collected.

We have also explored ICP and CPP changes in the
TTM group, documenting the highest ICP and the lowest
CPP values for up to 3 days prior to hypothermia and up to
10 days of hypothermia [17].

To assess the effects of prolonged hypothermia on other
organ systems, we documented the initial and the worst
values for the hematologic, renal, and liver function
parameters and compared these between the two groups.
We reviewed charts for documentation of cardiac adverse
events of TTM including bradycardia (heart rate <40) and
QTc changes. To assess potential infectious adverse events,
we documented new positive cultures for both groups.

Outcome Variables

Primary clinical outcome was survival to discharge. Sec-
ondary outcomes included post-discharge modified Rankin
Score (mRS), ICU and hospital lengths of stay (LOS), and
duration of MV.

Additional outcomes involved organ function parame-
ters such as indices of oxygenation and ventilation during
hypothermia, effect of TTM on ICP and CPP, and com-
parison of organ system data and documented adverse
events between the groups.

Statistical Analyses

Groups were comprised on the basis of whether patients
received TTM (TTM group) or not (comparison group who
underwent DHC alone). Descriptive variables reported
include medians with their interquartile ranges (IQR), or
means with their standard deviations (=SD) where appro-
priate. Univariate analyses were performed to compare
demographics, comorbidities, and in-hospital medications
between the groups. The Chi-square test and the 7 test were
used to evaluate for group differences in nominal and
continuous variables, respectively. If parametric assump-
tions could not be met, then the Fisher’s Exact and/or
Mann—Whitney tests were used. For matched or paired data
(e.g., change in a parameter at day 10 compared to baseline
for the individual subject), the changes or differences are
expressed as their mean with 95 % confidence intervals
(95 % CI).

A p value of less than 0.05 was considered statistically
significant. All analyses were performed using JMP Pro
10.0.2 statistical software (SAS Institute Inc., Cary, NC).
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Results
Patient Selection

Twenty-five individuals with aSAH underwent TTM
between March 2008 and December 2012. Six patients had
hypothermia of less than 48 h duration and were excluded.
Among the remaining 19 patients who comprised the
prolonged TTM group, five did not require DHC. A total of
16 patients who underwent DHC alone without hypother-
mia were identified for the comparison group.

Group Characteristics
There were no baseline between-group differences in sex,
body mass index (BMI), or WENS scores on admission

(Table 1). However, the patients in TTM group were
younger and had higher APACHE II scores. All patients

Table 1 Group characteristics

TT™ No TTM p
(n=19) (n = 16) value
Median age (IQR) 44 (42-51) 60 (43-68) 0.02
Gender (male) 53 % 50 % 0.88
Caucasian 58 % 81 %
EF (£ SD) 63 + 13 66 £+ 12 0.31
E/e’ (+ SD) 103 +£29 115+£25 0.35
BMI (IQR) 25.8 (23.7- 264 (23.2— 0.86
31.9) 30.4)
Median GCS (IQR) 7 (4-11) 11 (3-14) 0.25
Media WENS (£SD) 39+03 37+04 0.26
Median APACHE 2 (IQR) 16 (11-18) 9 (8-17) 0.02
Median day of 5 (3-10) 2 (1-3) 0.003
hemicraniectomy (IQR)
Fisher grade 3 (number of 3 (16 %) 5 (31 %) 0.29
patients)
Fisher grade 4 (number of 16 (84 %) 11 (69 %) 0.29
patients)
Median day TTM initiation 2 (2-4)
(IQR)
Median duration of TTM 7 (4-12)
(days, IQR)
Documented history of:
Hypertension (%) 63 56 0.69
Renal disease (%) 5 6 0.9
Headaches/migraine (%) 11 13 0.86
Daily alcohol use (%) 21 12 0.52

IQR interquartile range, TTM targeted temperature management, EF
ejection fraction, GCS Glasgow Coma Score on admission, WFNS
World Federation of Neurosurgical Societies score, APACHE 2 Acute
Physiology and Chronic Health Evaluation score on admission
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were modified Fisher SAH grade 3 or 4. There were no
group differences in documented history of hypertension,
renal disease, headaches/migraines, or daily alcohol use.
Regarding other medical comorbidities, one patient in the
TTM group had a diagnosis of asthma. In the DHC-only
group, two patients had diabetes, one had history of con-
gestive heart failure, one had a diagnosis of chronic
obstructive pulmonary disease, two patients had docu-
mented history of coronary artery disease, and one patient
had a history of stroke.

Clinical Outcomes

There were no significant TTM versus DHC-only group
differences in survival to discharge (59 vs. 69 %) or in the
mean modified Rankin score on follow-up (3.6 vs. 3.7);
follow-up ranged between 1 and 6 months. TTM group had
longer ICU length of stay (22 vs. 16 days, p = 0.03) as
well as hospital length of stay (24 vs. 19 days, p = 0.03).
Please see Table 2 for details on clinical outcomes of the
TTM patients per category.

Decompressive Hemicraniectomy, Intracranial
Pressure, and Cerebral Perfusion Pressure

On the day of hypothermia initiation, median maximal ICP
was 23.5 mmHg (IQR 18.5-27.5), decreasing to 21 mmHg
(IQR 16-24.5) within 24 h of hypothermia initiation.
Median lowest CPP on the day of hypothermia was
61 mmHg (IQR 54-64), increasing to 63 mmHg (IQR 60-
71.25) within 24 h of hypothermia. Please see Fig. 1 for
the course of ICP and CPP variation over duration of
hypothermia treatment. All patients in the TTM group and
13 in the DHC-only group had EVDs placed.

DHC in the group without TTM was performed on a
median hospital stay day 2 (IQR 1-3). Fourteen of the 19
TTM patients underwent DHC on a median day 5 (IQR 3-
10). Median day of hypothermia initiation was day 2 (IQR
2-4), and median duration of TTM, including cooling and
rewarming, was 7 days (IQR 4-12). Five of the TTM
patients had DHC prior to initiation of hypothermia and
one had it on the same day as hypothermia initiation. The
remaining eight patients who underwent DHC did so after
the initiation of hypothermia.

With regard to medications administered for ICP
management (Table 3), the TTM group received signifi-
cantly more hypertonic saline and mannitol and half of
these patients required barbiturates, while no patients in
the DHC-only group received barbiturates. The TTM
group received significantly more paralytics (100 vs.
69 %).
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Table 2 Hospital outcomes followed by hospital outcomes per category among TTM patients

TTM (n=19) No TTM (n=16) p-value
Median ICU LOS (IQR) 22 (15-31) 16 (9-22) 0.03
Median Hospital LOS (IQR) 24 (15-40) 19 (10-26) 0.09
Survival to discharge 59% 69% 0.5
Mean mRS on follow-up 3.6 3.7 0.91
No DHC (n=5) | DHC then TTM (n=5) | TTM then DHC (n=9)
Mean ICU LOS 18.6 23 24.2
Mean Hospital LOS 22 34.2 30.7
Survival to discharge 60% 80% 44%
Mean mRS on follow-up 3 3.5 4

TTM targeted temperature management, /CU intensive care unit, LOS length of stay, MV mechanical ventilation, mRS modified Rankin score

Fig. 1 70 day of hypothermia
initiation; /CP intracranial
pressure; CPP cerebral
perfusion pressure. Bars
represent standard deviation.
Data reported from EVDs
present in 19 patients on Day
1-2; 17 on Day 3; 13 on Day 4;
11 on Day 5; 7 on Days 6,7;

6 on Days 8, 9; and 5 on Day 10

30 T

ICPmax

20
15

25 - -3
A

ICP & CPP

- CPP
-e- ICP
- 80
- 75
- 70
- 65
- 60

uliddo

10 ] Ll Ll

Organ Systems Parameters
Respiratory

Patients in the TTM group were on MV support signifi-
cantly longer than the DHC-only group (16 vs. 9 days,
p = 0.04). They had significantly higher cumulative fluid
balance (12.8 vs. 5.1 L, p = 0.009) and more days with
severe hypoxemia (PaO,/FiO, <300), 10 vs. 6 (Table 3).
Since duration of MV support was significantly different
between the two groups and since MV is a risk for lung
injury, we examined whether the proportion of days with
severe hypoxemia (PaO,/FiO, <300) differed. We found
that the proportion of days on MV with severe hypoxemia
was comparable between groups (57 % of MV days for the
TTM group vs. 47 % of MV days for the DHC-only
group). Notably, radiographic evidence of aspiration
(either via chest X-ray (CXR) or CT) was present on
admission in three patients in TTM, and in one patient in
the DHC-only group. Two more patients in the TTM group
had evidence of aspiration during their hospital course; one
during hypothermia and another following rewarming. In

the subgroup of TTM patients with severe hypoxemia
(n = 6, 32 %) prior to hypothermia, there was a median
improvement in oxygenation (increase in PaO,/FiO, by 17)
by day 10 or the last day of hypothermia compared to a
median decline in PaO,/FiO, by 150 in those without ini-
tial hypoxemia (p = 0.03).

Overall, within the TTM group, there were little fluc-
tuations in the surrogate measures of oxygenation (PEEP,
Pa0,), ventilation (PaCO,, pH), and lung protective ven-
tilation (ideal VT, dynamic compliance) as illustrated in
Figs. 2, 3, and 4.

Hematologic

Among patients who received hypothermia, there was an
increase in the aPTT values during hypothermia (Fig. 5).
Notably, almost half of these patients received subcutaneous
heparin after the aneurysm was secured. Despite this, there
was no increase in the development of intracerebral or other
hemorrhage; nor were there any statistical differences in the
amount of red blood cells or other blood products transfused
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Table 3 Hospital interventions
and organ function outcomes

SD standard deviation, IQR
interquartile range, LOS length
of stay, TTM targeted
temperature management, P/

F = PaO,/FiO,, RBC red blood
cells, MV mechanical
ventilation, INR international
normalized ratio

# Other blood products included
platelets, fresh frozen plasma,
and cryoprecipitate

° Comparison of positive
cultures during 10 days of TTM
with the first 2 weeks of
admission data for the DHC
cohort

Mean £+ SD TTM (n = 19) No TTM (n = 16) p value
Medications:
Cumulative hypertonic saline dose (mEq, 780 (300-1430) 0 (0-165) 0.002
IQR)
Cumulative mannitol dose (g, IQR) 232 (144-576) 63 (0-219) 0.03
Steroid use (%) 79 69 0.5
Subcutaneous heparin (%) 94 63 0.02
Paralytic (%) 100 69 0.007
Barbiturates (%) 52 0 0.003
Fluid balance for LOS (IQR) 12,799 (5,298- 5,076 (—814 to 11,516) 0.009
21,924)
Lung function:
Days PaO,/FiO, <300 10£5 6+8 0.11
PaO,/FiO, <300 corrected by MV days 57 % 47 % 0.39
Median Duration of MV (IQR) 16 (12-31) 9 (5-19) 0.04
Median Ventilator-free days (IQR) 2 (0-10) 5(0-10) 0.86
Aspiration 26 % (n =5) 6% n=1) 0.12
Hematologic function:
Units red blood cells 42 +£3.7 2.8 £39 0.25
Units other blood products® 1.1 £21 09 £ 1.6 0.85
Lowest hemoglobin 8112 88+ 14 0.16
Highest platelet count 397 £+ 232 330 + 212 0.3
Lowest platelet count 138 £ 65 139 + 46 0.93
Renal function:
Highest creatinine 0.8 £03 1+£0.7 0.22
Liver function:
Highest INR 1.34+0.2 1.34+£0.2 0.72
Lowest albumin 29 +03 2.8 £ 0.6 0.42
Highest bilirubin 0.8 £04 0.7+ 0.3 0.56
Highest alkaline phosphatase 134 =79 123 £ 71 0.74
Highest alanine transaminase 100 £ 95 90 + 79 0.8
Highest aspartate transaminase 61 + 40 61 + 44 0.99
Microbiology:
Blood cultures (% positive)b 0% (n=18) 14 % (n = 14) 0.1
Sputum cultures (% positivc)b 85 % (n = 13) 78 % (n=9) 0.7

Cardiac

(Table 3) between groups. In addition, the lowest docu-
mented hemoglobin and platelet counts did not differ.

Renal and Liver Function

There were no group differences for the highest documented
creatinine during the hospital course, and no patients required
dialysis. With regard to indices of liver function, no differences
in the highest INR values were observed between groups, nor in
the worst values of albumin, bilirubin, alkaline phosphatase,
alanine transaminase, or aspartate transaminase, during the
hospital course (Table 3).
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There were no baseline group differences in systolic or
diastolic function (Table 1). Of the 19 TTM patients, one
patient developed bradycardia (defined as heart rate <40)
on 2 occasions in 1 day but remained hemodynamically
unaffected by these episodes. Of note, the patient received
two doses of labetalol prior to episodes of bradycardia. One
other patient developed Torsades de Pointes on day 13 of
hypothermia while receiving 0.45 mcg/kg/min of norepi-
nephrine and 15 mcg/kg/min of dopamine for CPP
augmentation for symptomatic vasospasm that responded
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Fig. 5 Pre-TTM last values
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to magnesium and decrease in pressor doses by half. This
same patient had Takotsubo cardiomyopathy and docu-
mented episodes of bradycardia prior to hypothermia on
admission. The mean QTc prior to hypothermia was 477
(SD 29); it increased to 501 (SD 40) within the first 24 h of
hypothermia, then decreased to 476 (SD 33) by day two
and remained essentially unchanged throughout the
remaining 8 days (Fig. 6).

Microbiology

Eighteen patients who had TTM protocol-driven (i.e.,
scheduled) blood cultures performed (from pre-hypothermia
and up to the 10 days of hypothermia) remained with neg-
ative cultures, while 2 of the 14 control patients who had
blood cultures drawn (up to hospital day 14) on a clinical
basis proved to be positive. There were no differences in
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TTM Day

frequency of positive sputum cultures between groups, 85 %
(n = 13) versus 78 % (n = 9) (Table 3).

Adverse Events

There were no group differences with regard to the fol-
lowing documented adverse events throughout hospital
stay: critical illness myopathy, gastro-intestinal bleed,
rebleeding, shock, supraventricular tachycardia, Torsades
de Pointes, cardiomyopathy, vasospasm, Terson’s syn-
drome, dysautonomia, and seizures.

Discussion

Despite worse severity of illness and predicted prognosis
for the TTM group, survival and neurologic outcomes were
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similar between patients who required TTM versus those
who did not receive TTM (but required DHC) among our
cohort patients with refractory intracranial hypertension
due to aSAH. Regarding the respiratory system, TTM
patients who were severely hypoxemic initially with a
Pa0,/FiO, <300 improved their oxygenation following
TTM, despite overall longer MV days. Indices of hema-
tologic, renal, liver, and cardiac function were also similar
between the two groups, indicating no significant injury to
these organ systems resulting from TTM. We did not
confirm a significant increase in microbiologic complica-
tions with prolonged hypothermia.

With a mortality of 92.5 % among aSAH patients
complicated by GCE refractory to mannitol therapy [19],
both DHC and TTM are often attempted to reduce ICP.
DHC has been shown to significantly reduce ICP and
improve survival (69-88 %) and neurologic outcomes (63—
64 %) in some studies [20, 21], while others reported either
death or severe disability [22] with an overall poor quality
of life [23].

The benefit of TTM is potentially twofold: (1) man-
agement of ICP during GCE [9-12, 24-26], and (2) to
protect against ongoing brain injury including from vaso-
spasm pertinent to patients with aSAH [27]. The net
clinical benefit, however, remains unknown. [28, 29]. The
mechanisms in which hypothermia may confer these ben-
efits may include a reduction in cerebral metabolism and
cerebral metabolic consumption of oxygen (CMRO2),
improvement in brain glucose utilization, a decrease in
glutamate release and resultant neuronal excitotoxicity, and
mitigation of reperfusion injury from free radical forma-
tion, hyperemia, inflammation, and cellular apoptosis [30].

No clinical trials have explored the role of TTM as a
potential intervention to reduce DHC and whether its
routine application in refractory intracranial hypertension
in the setting of aSAH may improve survival and func-
tional outcomes. Our findings provide some pilot data to
indicate that such a trial may be indicated. Although sur-
vival in our cohort is comparable to other reports, the
decrease in the ICP from TTM appears to be less [26],
partly due to a quarter of our TTM patients having already
underwent DHC. This raises the question of not just the
efficacy of TTM in general for this patient population, but
also what the timing of TTM should be. Should it be
implemented early as a “bridge” to DHC, in lieu of DHC,
or when refractory to DHC? Although our cohort is too
small to compare these three subgroups with adequate
power as an important limitation of the study, it appears to
provide some reassurance that formal prospective investi-
gations should be considered. It is important to note that
TTM was employed as an adjunct therapy in refractory
cases in our observational cohort, i.e., it was not instituted
unless other measures failed accounting for more

osmotherapy and barbiturate use in our cohort as an addi-
tional important confounder.

There were two primary safety concerns in our cohort
associated with the use of TTM: infection and lung injury.
Prior reports have raised concerns with regard to pneu-
monia with the use of hypothermia. Ventilator-associated
pneumonia (VAP) is a well-recognized complication of
mechanical ventilation, but recent advances have led to
significant reduction of this complication at many centers,
including our own, where implementation of the “vent
bundle” led to near elimination of VAP [31]. Given this,
and due to suppression of fevers, we routinely check sur-
veillance cultures. Despite higher microbiologic findings
from respiratory secretions, there was no increased inci-
dence of shock, bacteremia, or antibiotic use, suggesting
more colonization rather than infection. Others reported
that in patients with traumatic brain injury (TBI) under-
going hypothermia managed with selective digestive tract
decontamination, overall risk of infection was significantly
lower compared to the normothermia group [32]. There are
certain challenges in diagnosing a VAP in a hypothermic
patient; our previous observational data suggest radio-
graphic evidence of aspiration in 85 % of patients admitted
with brain injury by noncontrast chest CT compared to
31 % by CXR alone [33]. Furthermore, aSAH frequently
elicits a systemic inflammatory response syndrome [34,
35], which makes the diagnosis of infection more difficult.
Since the TTM protocol prevents patients from manifesting
fever, we focused on respiratory physiological variables
and sputum cultures as surrogate exploratory outcomes.
With regard to ARDS which can complicate hypothermia
in 16-17 % [9, 10], compared to the reported rate of 30 %
in TBI patients [36-39], the TTM group were more hyp-
oxic, but TTM appeared to potentially be lung protective
among those who initially presented with severe hypox-
emia in the range typically seen with ARDS. This is
consistent with other studies that have suggested that pro-
longed hypothermia may play a therapeutic role in ARDS
[40, 41].

Despite safety concerns of other organs with prolonged
hypothermia [9, 10, 17, 28], our study did not demonstrate
significant hematologic, cardiac, liver, or renal concerns. A
small increase in the aPTT likely due to ongoing subcu-
taneous heparin was noted, but did not translate to more
transfusion requirements or bleeding complications. We
observed heart rate <40 beats/minute [14] in one patient
without any clinical consequence who also received beta
blockade. Despite no significant effects on QTc, one
patient in the TTM group did develop Torsades de Pointes
but in the context of Takotsubo cardiomyopathy and
pressors.

Our study has several important limitations, and our
findings should be evaluated with significant caution. Most
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importantly, even with a cohort collected over 5 years in a
busy dedicated neuro-critical care unit, the sample size
limits our ability to draw definitive inferences regarding the
differences between the two groups, both in terms of
potential efficacy and safety. Although much of the data for
the TTM group was obtained systematically based on a
rigid clinical protocol, our results are still significantly
limited by the inherent retrospective design and the
dependency on predominantly clinically obtained vari-
ables, particularly the heightened dependence of DHC on
surgical and patient preferences. We suspect that the
modest achievements of hypothermia could be also due to
the fact that it was started at the time when ICP was already
refractory whereas in many DHC cases, patients went
straight to surgery, and we do not have ICP data pre-pro-
cedure. Additionally, a quarter of our patients already had a
DHC prior to implementation of TTM possibly reducing its
efficacy from what has been reported previously. Addi-
tionally, although the ICPs are monitored continuously,
they are recorded hourly which limits in this retrospective
analysis, identification of important ICP spikes, or an
assessment of compliance that is not typically charted.
Finally, an important consideration is the different levels of
care required when TTM is implemented, including the
frequent need for paralytics, heavier sedation, longer
mechanical ventilatory support requirements, and a higher
use of standard interventions (osmotic therapy, fluids) prior
to the implementation of TTM. These factors may affect
some of the outcome variables potentially for and in some
cases against the use of TTM. The strength of our findings
is that the TTM group was sicker than the non-TTM
patients (i.e., higher APACHE 2 scores, longer duration of
mechanical ventilation, more evidence of aspiration par-
ticularly on admission, longer length of stay), and although
this should bias the findings toward worse outcomes in the
TTM group, there were no significant differences in sur-
vival and neurologic outcomes.

The clinical implications of our findings add to the
existing body of literature that prolonged hypothermia
should be considered for a systematic investigation as a
potential adjunctive therapy for patients with refractory
ICP elevation. As advanced care becomes more and more
compartmentalized to tertiary centers, TTM may be a
bridge intervention that could be considered and imple-
mented at any hospital, without the concern for prolonged
sedative effects such as barbiturates that may affect neu-
rologic assessment. Indeed, most hospitals are already
familiar with TTM for cardiac arrest patients. At least one
trial is underway to examine the effect of therapeutic
hypothermia after TBI [5], but a similar study in aSAH
patients also appears reasonable and feasible based on our
findings. Such a study should investigate not just the effi-
cacy of TTM in the management of refractory ICP in

@ Springer

patients with aSAH, but the timing and sequence relative to
the need for DHC.

Conclusions

Use of prolonged hypothermia among aSAH patients with
refractory ICP elevations is associated with higher resource
utilization but appears to have comparable effects on hos-
pital survival, neurological outcomes, and organ function
compared to those who received DHC alone. A prospective
study should be considered to further investigate the effi-
cacy and safety of prolonged hypothermia as well as the
timing of TTM relative to DHC in patients with refractory
intracranial hypertension due to aSAH.
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