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Novel wearable cooling device for early initiation of targeted
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Background: Targeted temperature management (T'TM) is an important component of post-cardiac arrest
care. Studies have suggested that cooling is associated with better outcomes. The aim of this study was to
evaluate the cooling efficacy of a protocol including a novel cooling device in the Emergency Department.
Methods: This was a single-center, pre-post cohort study of post-cardiac arrest patients with return of
spontaneous circulation (ROSC), for whom TTM was initiated at a tertiary hospital between April 2010 and
December 2017. A surface cooling device which uses a graphite cooling material in an insulating suit was
introduced in July 2015. The target temperature was 34.0 °C with TTM continued in the ICUs. The primary
outcome was time from ROSC to target temperature (T'T).

Results: Of 124 patients included, 40 were in the intervention period and 84 in the control period. Time
from ROSC to TT was significantly lower in the intervention period at 119 [interquartile range (IQR),
65-250] minutes versus 482 (IQR, 356-596) minutes (P<0.001). The intervention period also had a faster
cooling rate [initiation of TTM to TT of 73 (IQR, 40-150) versus 142 (IQR, 75-262) minutes, P=0.014].
There was no statistical difference in survival to discharge. There were no reported serious adverse events
associated with the device.

Conclusions: Use of a novel cooling device in the ED resulted in a shorter time to target temperature.
As it is reusable and does not require a power source, it has potential to be an affordable solution for pre-
hospital and transport cooling.
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Introduction

With an incidence of around 140 per 100,000 people (1), out-
of-hospital cardiac arrest represents a major disease burden.
In metropolitan cities with developed pre-hospital systems,

9.4-45.5% (2) would go on to achieve return of spontaneous
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circulation (ROSC). This seemingly optimistic statistic
is tempered by the sobering fact that only 0.5-8.5% (2)
of patients who achieve ROSC would eventually be
discharged alive from the hospital, with good neurological
function in less than 3%.

Following two landmark studies (3,4), targeted
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temperature management (TTM), also previously known
as therapeutic hypothermia, forms a critical component
of post-resuscitation care. The importance of TTM is
reflected by its role in the post-resuscitation care bundles
of resuscitation guidelines from the American Heart
Association (5), and International Liaison Committee for
Resuscitation (6). A standard T'T'M protocol consists of 3
phases—the induction phase, where the patient is cooled
to the target temperature, the maintenance phase, where
the patient is kept at the target temperature, and the
rewarming phase, where the patient is gradually warmed to
normothermia.

The mechanism of T'TM and its effect on the post-
cardiac arrest syndrome (7) and ischaemic tissue are
multifactorial and complex (8), with controversy surrounding
the ideal target temperature (9-11) and cooling method
(12,13). Although no randomized controlled trial has
demonstrated a strong correlation between a shorter time
from ROSC to the initiation of T'TM or a shorter induction
phase to better clinical outcomes, animal studies (14,15)
suggest that this is likely. Observational studies (16-18)
also support the finding of better outcomes with either a
shorter delay from ROSC to initiating TTM or a faster
rate of cooling. An inter-trial meta-analysis (19) across 13
different randomized controlled trials concluded that an
overall shorter time from ROSC to target temperature
results in better outcomes.

Our study aims to evaluate the cooling efficacy of a
protocol including a novel surface cooling device in the
Emergency Department. We hypothesize that compared to
the previous protocol, inclusion of the cooling device would
lead to a shorter time from ROSC to the target temperature,
and therefore better mortality and neurological outcomes.

Methods

The study was designed as a prospective, single-center pre-
post cohort study of cardiac arrest patients with ROSC, for
whom TTM was initiated at the Emergency Department
(ED) in a tertiary hospital in Singapore.

Prehospital Emergency Care in Singapore is primarily
provided by a centralized, government organization (20).
Paramedics adopt a “scoop and run” approach towards
emergencies and do not pronounce patients dead (except
for circumstances like rigor mortis). Therefore, nearly
all patients with an out-of-hospital cardiac arrest will be
brought to an ED.

Singapore General Hospital is the largest tertiary
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hospital in the country. It is a Level 1 trauma center, and
the ED serves over 125,000 patients annually.

This study was nested within a larger study evaluating
the association between post-resuscitation factors and
patient outcomes. The period of recruitment was from April
2010 and December 2017, with the intervention introduced
in July 2015.

Study participants were post-cardiac arrest patients who
had T'T'M initiated and were subsequently admitted. The
inclusion criteria for T'TM were patients who (I) had a
ROSC time of >30 minutes, (II) were aged >18 years, (I1I)
remained comatose, or unresponsive with a GCS <8, (IV)
were hemodynamically stable with systolic blood pressure
>90 with or without inotropic support, and (V) had arrest of
all initial rhythms. Exclusion criteria for TTM were patients
who (I) had traumatic causes of arrest, (II) had persistent
hypotension despite fluids and/or inotropic support,
(III) were not for further intervention, (IV) regained
consciousness, (V) were female, aged <50 years, and had a
positive pregnant test, and/or (VI) were deemed unsuitable
candidates by the attending physician. Other exclusion
criteria specific to the study were patients who (I) died
before admission, (II) had indeterminate cooling methods
utilized, (IIT) had TTM initiated elsewhere and not in the
ED, and/or (IV) had TTM prematurely discontinued.

The intervention was a surface cooling device
(CarbonCool®, Global Healthcare Pte Ltd), consisting of
an external suit (Full Body Suit™) and cooling pads made of

TM) .

graphite-water material (MPads ). The pre-cooled cooling
pads are placed into the suit which is worn directly on the
patient’s chest, abdomen and thighs (refer to Figure ST).
The device does not require an external energy source and
is portable, allowing for quick application without much
setup. Interventions like further resuscitation, radiological
investigations and coronary angiography can take place
when the device is on the patient.

TTM protocol for the pre-intervention, or control
period utilized ice packs and cold 0.9% normal saline,
with the attending physician determining the appropriate
amount. The target temperature was set at 34.0 °C and was
followed by further cooling in the intensive care units using
standard powered cooling devices. The post-intervention,
or intervention period utilized an identical protocol except
for the additional use of the surface cooling device. TTM
protocols were executed by physicians and nurses trained
in the use of the cooling devices and methods. There was
no other significant alteration to the post-resuscitation care
protocol during the duration of the study period.
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The study protocol was approved by SingHealth
Centralised Institutional Review Board with waiver of
informed consent.

Variables collected for the study followed the Utstein
recommendations (21) for reporting and documenting
cardiac arrest and resuscitation. The predefined primary
outcome assessed was a comparison between the control
and intervention periods’ time from ROSC to target
temperature (ROSC to TT). This was defined as the
duration between the time a patient achieves ROSC to
the time the patient’s core temperature reaches the target
temperature of 34.0 °C. ROSC was taken as the clinical
palpation of a patient’s pulse in the context of resuscitation,
and the patient’s core temperature was measured by bladder
(Foley catheter temperature sensor, Smiths Medical) or
esophageal (Smiths Medical) temperature probes. An
interrupted time series graph of the ROSC to TT over
the entire study period was used to mitigate the effect of
possible time-varying confounders from the intervention.

Clinical secondary outcomes were the two periods’
survival to discharge and neurological outcomes. Survival
to discharge referred to a patient surviving the primary
event and was ultimately discharged from the hospital
alive, regardless of neurological status. The Glasgow-
Pittsburg cerebral and overall performance categories (22),
determined retrospectively from a careful review of
the patient’s medical records, were used to evaluate the
neurological status of patients at point of discharge. A score
of <2 for both categories denoted a good neurological
outcome.

Another secondary objective was to evaluate the
difference in cooling efficacy between the control and
intervention periods, defined as the time from TTM to
target temperature (I'TM to T'T). This was the duration
between the initiation of TTM, taken as the logging of the
TTM protocol by a clinician, to the target temperature as
defined above. As a marker of physician’s barriers to utilizing
TTM, the time from ROSC to the initiation of TTM was
also measured. Other objectives included recording serious
adverse events and incidents of overcooling, defined as a
core temperature of <33.0 °C.

A centralised and secured data management platform
known as Research Electronic Data Capture (REDCap)
System was used to collect the data, which was subsequently
analyzed using SPSS version 23.0 (IBM, Chicago IL).
Continuous variables are given as medians and interquartile
ranges, and categorical variables as frequencies and
percentages. For comparisons between the different periods,
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Pearson’s chi-square for multinomial variables, Fisher’s exact
test for binomial variables, and Mann-Whitney U-test for
nonparametric continuous variables were used. The statistical
significance was set at a two-sided P value of <0.05.

Cooling data logged by temperature probes was collected,
then aggregated to produce cooling curves reflecting the
mean core temperature over time of patients since starting
TTM. The initial cooling rate was determined by finding
the formula of the initial best fit curve, then differentiating
it for the initial gradient.

Missing values were assumed to be missing at random
and handled via pairwise deletion. Post-hoc statistical
analysis of missing primary outcome values suggested that it
is missing completely at random.

Results

From April 2010 to December 2017, a total of 1,466
patients presented to the Emergency Department of the
study centre. Out of 1,466 patients, only 162 survived to
admission and met the inclusion criteria for the initiation of
T'TM. 38 of these patients fell into the exclusion criteria for
this study as shown in Figure 1. The remaining 124 patients
were enrolled into the study, with 84 enrolled in the control
period from April 2010 to July 2015, and 40 enrolled in the
intervention period from July 2015 to Dec 2017.

Baseline characteristics and peri-arrest data of the
study participants are given in Tuable I. There were a
few differences between the two periods, with a greater
proportion of participants in the intervention period having
had a cardiac arrest within the hospital grounds at 17.5%
versus control 1.2% (P<0.001) and pre-existing respiratory
conditions at 35.0% versus control 17.9% (P=0.043). The
intervention period also had higher rates of shockable
initial presenting rhythms (ventricular fibrillation,
pulseless ventricular tachycardia, and shocks delivered via
automated external defibrillation) at 37.5% versus control
25.0% (P=0.05), although this was complicated by a high
proportion of unknown initial rhythms in the control
period (15.5%). Rates of witnessed collapse, bystander
cardiopulmonary resuscitation, initial rhythms, prehospital
defibrillation, a final diagnosis of a cardiac cause of arrest
and the median time to ROSC were not significantly
different between the two periods.

Study outcomes are shown in Tuble 2. Study participants
in the intervention period had a significantly decreased
median time from ROSC to TT at 119 [interquartile
range (IQR), 65-250] minutes versus control 482 (IQR,
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Figure 1 Distribution of study participants.

356-596) minutes (P<0.001). Cooling rates were faster in
the intervention period, with a median time of 73 (IQR,
40-150) minutes versus control 142 (IQR, 75-262) minutes
(P=0.014) for the initiation of TTM to TT. Median time
from ROSC to the initiation of TTM were also markedly
different, with the intervention period at 30 (IQR, 6-49)
minutes versus control 292 (IQR, 191-384) minutes,
(P<0.001).

Secondary outcomes of both periods were similar, with
a 30.0% survival to discharge in the intervention period
versus control 32.1% (P=0.839) and Glasgow-Pittsburg
cerebral and overall performance categories scores of 1 or 2
of 17.5% versus control 21.4% (P=0.811).

There were no reported serious adverse events associated
with the device. Rates of overcooling were not significantly
different between both periods, at 52.4% in the intervention
period versus 35.9% (P=0.605) in the control period.

Aggregate cooling curves for the intervention and control
periods are shown in Figure 2. The cooling rates were
2.1 °C/hour for the intervention period and 0.5 °C/hour
for the control period. An interrupted time series graph
displaying the change in mean time from ROSC to T'T on a
yearly basis for the duration of the study is shown in Figure 3.

Discussion

The time from ROSC to TT achieved in the intervention
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period of our study at 119 minutes was lower than or
comparable to that of various TTM studies, which ranged
from 204 to 480 minutes (3,4,9,12,18). Notably, the timing
achieved by our study was under the 180- to 240-minute
timeframe suggested by animal studies (14,15) and the
210-minute limit suggested by a meta-analysis (19) to result
in better clinical outcomes compared to a more prolonged
or delayed cooling time.

Tissue injury occurs after ROSC because of the
dual insult of initial ischaemia followed by subsequent
reperfusion (23), a set of physiological processes and events
which occur when blood flow is restored to ischaemic tissue.

TTM reduces the reperfusion injury that occurs after
ROSC, resulting in persistent neuroprotection (14). This
is mediated by via various physiological changes (8) such
as reducing blood-brain barrier opening, attenuating
neutrophil infiltration and thus inflammation, reducing
cerebral metabolism, and increasing arterial neuroprotection
D1 (24), a lipid modulator which inhibits oxidative stress—
induced inflammation and promotes cell survival (25).

Analysing the time from ROSC to TT in terms
of its component parts, namely that of the time from
ROSC to T'TM and the time from TTM to TT, the
intervention period faired significantly better for both
metrics. However, the relationship between time from
ROSC to TT and clinical outcomes is a complex one.
A decreased time from ROSC to TTM, or even peri-
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Table 1 Baseline characteristics of study

Characteristics (%) Intervention (n=40) Control (n=84) P value
Median age (IQR), years 63.0 (58, 69) 63.0 (47, 73) 0.514
Male 30 (75.0) 60 (71.4) 0.830
Race 0.320
Chinese 26 (65.0) 65 (77.4)
Malay 5 (12.5) 10(11.9)
Indian 7(17.5) 5(6.0)
Eurasian 1(2.5) 1(1.2)
Others 1(2.5) 3(3.6)
Past medical history
Diabetes mellitus 12 (30.0) 21 (25.0) 0.664
Hypertension 20 (50.0) 45 (53.6) 0.848
Dyslipidaemia 18 (45.0) 29 (34.5) 0.323
Cardiac disease 15 (37.5) 32 (38.1) 1.000
Cerebrovascular accident 1(2.5) 5 (6.0) 0.663
Respiratory conditions 14 (35.0) 15 (17.9) 0.043
Renal conditions 5(12.5) 9(10.7) 0.768
Cancer 3(7.5) 6(7.1) 1.000
No previous medical history 3(7.5) 14 (16.7) 0.263
Type of arrest <0.001
Out of hospital 33 (82.5) 83 (98.8)
In-hospital 7(17.5) 1(1.2)
Witnessed collapse 35 (87.5) 70 (83.3) 0.606
Bystander CPR 15 (37.5) 39 (46.4) 0.439
Initial rhythm 0.050
VF 12 (30.0) 20 (23.8)
VT 1(2.5) 0(0.0)
PEA 15 (37.5) 23 (27.4)
Asystole 8 (20.0) 27 (32.1)
Unknown shockable 2 (5.0) 1(1.2)
Unknown non-shockable 1(2.5) 0 (0.0)
Unknown 1(2.5) 13 (15.5)
Pre-hospital defibrillation 13 (32.5) 37 (44.0) 0.245
Cardiac cause of arrest 25 (62.5) 61 (72.6) 0.299
Median time to ROSC (IQR), minutes 35.0 (20, 53) 39.0" (25, 54) 0.403
PCl done 4(35.0) 24 (28.6) 0.534
CABG done 0(0.0) 1(1.2) 1.000
ICD placed 2(5.0) 3(3.6) 0.657

', n=79, participants were excluded due to missing data. IQR, interquartile range; CPR, cardiopulmonary resuscitation; VF, ventricular
fibrillation; PEA, pulseless electrical activity; ROSC, return of spontaneous circulation; PCI, percutaneous coronary intervention; CABG,
coronary artery bypass graft; ICD, automatic implantable cardioverter-defibrillator.
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Table 2 Cooling and clinical outcomes between intervention and control periods

Outcomes Intervention (n=40) Control (n=84) P value
Median ROSC to TT, minutes (IQR) 119 (65, 250)" 482 (356, 596)* <0.001
Median ROSC to TTM, minutes (IQR) 30 (6, 49)" 292 (191, 384)* <0.001
Median TTM to TT, minutes (IQR) 73 (40, 150)" 142 (75, 262)* 0.014

Cooling before 4 hours 15 (68.2)" 0 (0.0)* <0.001
Overcooling <33 °C 117 (52.4) 14*(35.9)" 0.605

Survived to discharge (%) 12 (30.0) 27 (32.1) 0.839

Mortality (%) 28 (70.0) 57 (67.9)

Good neurological outcome (CPC/OPC 1 or 2) (%) 7(17.5) 18 (21.4) 0.811

"h=22, 'n=39, Sn=21, "n=37, participants were excluded due to missing data. ROSC, return of spontaneous circulation; TT, target
temperature; IQR, interquartile range; TTM, targeted temperature management; CPC, cerebral performance category; OPC, overall

performance category.

Cooling curves of intervention vs control

38.0

37.0

Mean core temperature/°C

30.0
1 16 31 46 61 76 91

e |ntervention

----- Control

106 121 136 151 166 181 196 211 226 241 256

Time since initiation of targeted temperature monitoring/minutes

Figure 2 Aggregate cooling curves of core temperatures over time. The greyed-out regions signify the interquartile ranges 25% to 75%)

for the intervention and control.

arrest induction of hypothermia, has been linked to
better outcomes in animal (14,15) and in observational
studies (16,17). However, the results of randomised
controlled trials evaluating the effect of pre-hospital
or intra-arrest T'TM were less homogenous (26).
The use of excessive amounts of intravenous fluids in
the process of carrying out rapid cooling results in lower
coronary perfusion pressures (27), a potentially harmful
effect. By using an external surface cooling device in our
study, this deleterious effect is reduced.

It has also been proposed (28) that a longer TTM to
TT time is a prognostic factor for better survival and
neurological outcomes as it reflects an intact cerebral
thermoregulatory function (29). This phenomenon could

© Journal of Emergency and Critical Care Medicine. All rights reserved.

have accounted for the similar mortality or neurological
outcome in our study despite a significant decrease in the
time from ROSC to TT, suggesting that the intervention
group had patients of poorer prognosis, reflecting a
confounding variable in the study. However, the baseline
pre- and peri-arrest characteristics which are known
prognostic indicators (30) were similar in both periods,
making it unlikely that the difference in prognosis was
significant enough to cause the difference in TTM to
TT observed. The median ROSC to TTM, a metric not
influenced by the patient’s prognosis, was also significantly
lowered in the intervention period, reflecting an impact of
the intervention protocol. Thus, the difference in ROSC to
TT time cannot be accounted for solely by the intervention
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Change in mean time from ROSC to TT pre- and post-intervention for analyzed cases
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Figure 3 Interrupted time series graph through the entire study period

period containing patients with poorer prognosis but must
be attributed to the intervention.

Limitations

There were several limitations to our study. The small
sample size and presence of missing values led to the study
being underpowered to find differences in clinical outcomes
despite a large improvement in cooling outcomes. Further
studies are needed to show outcome benefit.

A methodological limitation was the use of a pre-post
cohort study design, which has the risk of erroneously
attributing the difference in cooling outcomes to the effects
of the intervention when it could be due to some other
unknown variable. A randomised controlled trial would
have been ideal for maximizing internal validity.

Another limitation was the time difference between the
initiation of T'TM and placement of temperature probes
in some study participants, perhaps due to the hectic
conditions during the post-resuscitation period. This led to
instances of overcooling and a lack of initial cooling data for
a subset of study participants. Greater staff familiarity with
equipment and protocols would reduce its incidence.

Conclusions

Although promising, more research is needed to determine
the optimal T'TM protocol. The addition of a surface
cooling device to an ED’s T'T'M protocol was associated
with a significantly improved time from ROSC to TT
and cooling rate compared to the control protocol. As
it is reusable and does not require a power source, it has

© Journal of Emergency and Critical Care Medicine. All rights reserved.

potential to be an affordable solution for pre-hospital and
transport cooling.
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Supplementary

Figure S1 Application of the surface cooling device on a model. Source: Reproduced with permission from Global Healthcare Pte Ltd:

https://www.globalhealthcare.sg/use-cases/targeted-temperature-management/
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