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ABSTRACT

Introduction

Targeted temperature management (TTM) is an important component of post-
cardiac arrest care. Although the optimum cooling method is not known, studies
have suggested that prompt and quick 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 (ED).

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
(CarbonCool, Global Healthcare Pte Ltd), which uses a graphite cooling material in
an insulating suit, was introduced in July 2015. Control patients enrolled before the
intervention period received icepacks in the ED and cold saline. For both periods, the
target temperature was 34.0°C, with TTM continued in the ICUs. The primary

outcome was time from ROSC to target temperature (TT).

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). There was no statistical difference in survival to discharge (30.0% versus
32.1%, p=0.839) and Glasgow-Pittsburg Outcome scores (1 or 2 in 17.5% versus

21.4%, p=0.811). 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

were no reported serious adverse events associated with the device.

Conclusion

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.



INTRODUCTION

With an incidence of between 22 to 174 per 100,000 people globally[1-3], out-of-
hospital cardiac arrest represents a major disease burden. In metropolitan cities with
developed pre-hospital systems, 17-32%][3,4] would go on to achieve return of
spontaneous circulation (ROSC). This seemingly optimistic statistic is tempered by
the sobering fact that of patients that achieve ROSC, only 15-31%][3,4] would
eventually be discharged alive from the hospital, with less than 10%[3] remaining

neurologically intact.

Following two landmark studies|[5,6], targeted 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[7], the European Resuscitation Council[8], and International Liaison
Committee for Resuscitation[9]. A standard TTM 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 for a duration
of time, and the rewarming phase, where the patient is gradually warmed to

normothermia.

The mechanism of TTM and its effect on the post-cardiac arrest syndrome[10,11]
and ischaemic tissue are multifactorial and complex[12—-14], with much controversy
surrounding the ideal target temperature[15-21] and cooling method[22-25].
Although no randomized controlled trial has demonstrated a strong correlation
between a shorter time from ROSC to the initiation of TTM or a shorter induction
phase to better clinical outcomes, animal studies[26—29] suggest that this is likely.

Several observational studies[30-35] also support the finding of better outcomes
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with either a shorter delay from ROSC to initiating TTM or a faster rate of cooling. An
inter-trial meta-analysis[36] 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,
national-level government organization[37] supplemented by a small private fleet.
Given the metropolitan nature of the country, paramedics adopt a “scoop and run”
approach towards emergencies. They do not pronounce patients dead in the field
(except for exceptional circumstances like complete decapitation or rigor mortis), and

nearly all patients with an out-of-hospital cardiac arrest will be brought to an ED.

Singapore General Hospital is the largest tertiary hospital in the country[38]. 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 TTM initiated and were
subsequently admitted. The inclusion criteria for TTM were patients who 1) had a
ROSC time of = 30 minutes, 2) were aged = 18 years, 3) remained comatose, or
unresponsive with a GCS < 8, 4) were hemodynamically stable with systolic blood
pressure = 90 with or without inotropic support, and 5) had arrest of all initial rhythms.
Exclusion criteria for TTM were patients who 1) had traumatic causes of arrest, 2)
had persistent hypotension despite fluids and/or inotropic support, 3) were not for
further intervention, 4) regained consciousness, 5) were female, aged < 50 years,

and had a positive pregnant test, and/or 6) were deemed unsuitable candidates by



the attending physician. Other exclusion criteria specific to the study were patients
who 1) died before admission, 2) had indeterminate cooling methods utilized, 3) had
TTM initiated elsewhere and not in the ED, and/or 4) 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
graphite-water material (MPads™). The pre-cooled cooling pads are placed into the
suit, which is worn directly onto the patient’s body as seen in Figure 1. The device
does not require an external energy source, making it portable and allowing for quick
application in the emergency setting without much setup. Interventions like further
resuscitation, radiological investigations and coronary angiography can take place

when the device is on and cooling the patient.

TTM protocol for the pre-intervention, or control period utilized ice packs and cold
0.9% normal saline, with the appropriate amount used determined by the attending
physician in the ED. 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 for the intervention. For both periods,
TTM protocols were executed by physicians and nurses trained in the initiation and
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.

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[39] 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[40], 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 (TTM to TT). This was defined as 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. In some

literature[35,41,42], the time from TTM to TT and from ROSC to TTM are referred to
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as the induction and pre-induction time respectively. Other objectives included
recording any serious adverse events of the intervention 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,
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 firstly finding the
formula of the best fit curve. Differentiating this formula for the initial gradient of the

curve resulted in the initial cooling rate of each study period.
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RESULTS
From April 2010 to December 2017, a total of 1466 patients presented to the

Emergency Department of the study centre. Out of 1466 patients, only 162 survived
to admission and met the inclusion criteria for the initiation of TTM. 38 of these
patients fell into the exclusion criteria for this study as shown in Figure 2. 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
Table 1. 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 2.2% (p<0.001) and pre-existing
respiratory conditions at 35.0% versus control 16.5% (p=0.024). 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 Table 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: 356-596) minutes (p<0.001).
Cooling rates were faster in the intervention period, with a median time of 73 (IQR:
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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 3. 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 TT on a yearly basis for the duration of the study

is shown in Figure 4.

12



DISCUSSION
The time from ROSC to TT achieved in the intervention 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[5,6,15,24,32,34,42,43]. Notably, the timing achieved by our
study was under the 180 to 240 minute timeframe suggested by animal
stuides[27,29,44] and the 210 minute limit suggested by a meta-analysis[36] to result

in better clinical outcomes compared to a more prolonged or delayed cooling time.

Tissue injury, especially cerebral injury[45], occurs after ROSC because of the dual
insult of initial ischaemia[46] followed by subsequent reperfusion[47]. Reperfusion is
a set of physiological processes and events which occur when blood flow is restored
to ischaemic tissue. Although some of these processes and events are clearly
essential[48] for continued survival such as the restoration of normal intracellular pH
and bioenergetics, others are thought to be pathological[49-51] and exacerbate the
damage already present due to ischaemia. These pathological changes, chiefly the
overproduction of reactive oxygen species, calcium overload, and widespread

inflammation, result in mitochondria damage and ultimately cellular death.

TTM reduces the reperfusion injury that occurs after ROSC, especially that of
persistent neuroprotection[27]. This is mediated by via various physiological
changes[13,52], such as reducing blood-brain barrier opening, attenuating neutrophil
infiltration and thus inflammation, reducing cerebral metabolism, and increasing
arterial neuroprotectin D1[44], a lipid modulator which inhibits oxidative stress—

induced inflammation and promotes cell survival[53].

Analysing the time from ROSC to TT in terms of its component parts, namely that of

the time from ROSC to TTM and the time from TTM to TT, the intervention period
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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-arrest induction of hypothermia, has been linked to
better survival or histological outcomes in animal[26-29] and in observational
studies[30-33,35]. However, the results of randomised controlled trials evaluating
the effect of pre-hospital or intra-arrest TTM were less homogenous[54]. Some[55—-
57] did not find a link between an earlier initiation of TTM and better clinical
outcomes, with one[58] demonstrating a small but not statistically significant
difference. The use of excessive amounts of intravenous fluids in the process of
carrying out rapid cooling can result in lower coronary perfusion pressures[59], a
potentially harmful effect[60]. By using an external surface cooling device in our

study, this deleterious effect is reduced.

It has also been proposed[42,61] 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[62]. This phenomenon could 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, and that this reflects a confounding variable in the study. However,
it must be noted that baseline pre- and peri-arrest characteristics which are known
prognostic indicators[63] were similar in both periods, making it unlikely that the
difference in prognosis between the two periods 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 between both periods cannot be accounted for solely
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by the intervention period containing patients with poorer prognosis but must be

attributed to the intervention.

There were several limitations to our study. The small sample size 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 TTM 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.
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CONCLUSION

Although promising, more research is needed to determine the optimal TTM protocol.
The addition of a surface cooling device to an ED’s TTM 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

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

16



REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[7]

(8]

[9]

[10]

E.J. Benjamin, S.S. Virani, C.W. Callaway, A.M. Chamberlain, A.R. Chang, S. Cheng,
S.E. Chiuve, M. Cushman, F.N. Delling, R. Deo, S.D. De Ferranti, J.F. Ferguson, M.
Fornage, C. Gillespie, C.R. Isasi, M.C. Jiménez, L.C. Jordan, S.E. Judd, D. Lackland,
J.H. Lichtman, L. Lisabeth, S. Liu, C.T. Longenecker, P.L. Lutsey, J.S. MacKey, D.B.
Matchar, K. Matsushita, M.E. Mussolino, K. Nasir, M. O’Flaherty, L.P. Palaniappan, A.
Pandey, D.K. Pandey, M.J. Reeves, M.D. Ritchey, C.J. Rodriguez, G.A. Roth, W.D.
Rosamond, U.K.A. Sampson, G.M. Satou, S.H. Shah, N.L. Spartano, D.L. Tirschwell,
C.W. Tsao, J.H. Voeks, J.Z. Willey, J.T. Wilkins, J.H.Y. Wu, H.M. Alger, S.S. Wong, P.
Muntner, Heart disease and stroke statistics - 2018 update: A report from the
American Heart Association, Circulation. 137 (2018) E67—E492.
doi:10.1161/CIR.0000000000000558.

J. Berdowski, R.A. Berg, J.G.P. Tijssen, R.W. Koster, Global incidences of out-of-
hospital cardiac arrest and survival rates: Systematic review of 67 prospective studies,
Resuscitation. 81 (2010) 1479-1487. doi:10.1016/j.resuscitation.2010.08.006.

M.E.H. Ong, S. Do Shin, N.N.A. De Souza, H. Tanaka, T. Nishiuchi, K.J. Song, P.C.I.
Ko, B.S.H. Leong, N. Khunkhlai, G.Y. Naroo, A.K. Sarah, Y.Y. Ng, W.Y. Li, M.H.M.
Ma, N.A.R. Hisamuddin, M.N. Julina, A.S. Omer, T. Yagdir, P. Khruekarnchana, A.
Mon-somboon, T. Piyasuwankul, K.D. Wong, E.S. Goh, N.E. Doctor, L.P. Tham, K.
Kajino, R.A. Charles, D.C.G. Foo, H.N. Gan, Outcomes for out-of-hospital cardiac
arrests across 7 countries in Asia: The Pan Asian Resuscitation Outcomes Study
(PAROS), Resuscitation. 96 (2015) 100-108. doi:10.1016/j.resuscitation.2015.07.026.

The CARES Group, Cardiac Arrest Registry to Enhance Survival: Annual Report 2017,

Card. Arrest Regist. to Enhanc. Surviv. (2017) 26-27. https://mycares.net/ (accessed
November 22, 2018).

S.A. Bernard, T.W. Gray, M.D. Buist, B.M. Jones, W. Silvester, G. Gutteridge, K.
Smith, Treatment of Comatose Survivors of out-of-Hosptial Cardiac Arrest with
Induced Hypothermia, N. Engl. J. Med. 346 (2002) 557-563.

HACA Study Group, Mild therapeutic hypothermia to improve the neurologic outcome
after cardiac arrest., N Engl J Med. 346 (2002) 549-56. doi:10.1056/NEJM0a012689.

C.W. Callaway, M.W. Donnino, E.L. Fink, R.G. Geocadin, E. Golan, K.B. Kern, M.
Leary, W.J. Meurer, M.A. Peberdy, T.M. Thompson, J.L. Zimmerman, Part 8: Post-
cardiac arrest care: 2015 American Heart Association guidelines update for
cardiopulmonary resuscitation and emergency cardiovascular care, Circulation. 132
(2015) S465—-S482. doi:10.1161/CIR.0000000000000262.

J.P. Nolan, J. Soar, A. Cariou, T. Cronberg, V.R.M. Moulaert, C.D. Deakin, B.W.
Bottiger, H. Friberg, K. Sunde, C. Sandroni, European Resuscitation Council and
European Society of Intensive Care Medicine Guidelines for Post-resuscitation Care
2015, Resuscitation. 95 (2015) 202—-222. doi:10.1016/j.resuscitation.2015.07.018.

C.W. Callaway, J. Soar, M. Aibiki, B.W. Béttiger, S.C. Brooks, C.D. Deakin, M.W.
Donnino, S. Drajer, W. Kloeck, P.T. Morley, L.J. Morrison, R.W. Neumar, T.C.
Nicholson, J.P. Nolan, K. Okada, B.J. O'Neil, E.F. Paiva, M.J. Parr, T.-L. Wang, J.
Witt, 2015 International Consensus on Cardiopulmonary Resuscitation and
Emergency Cardiovascular Care Science With Treatment Recommendations Part 4:
Advanced Life Support, Circulation. 132 (2015) S84-S145.
doi:10.1161/CIR.0000000000000273.

R.W. Neumar, J.P. Nolan, C. Adrie, M. Aibiki, R.A. Berg, B.W. Bdéttiger, C. Callaway,

17



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

R.S.B. Clark, R.G. Geocadin, E.C. Jauch, K.B. Kern, I. Laurent, W.T. Longstreth, R.M.
Merchant, P. Morley, L.J. Morrison, V. Nadkarni, M.A. Peberdy, E.P. Rivers, A.
Rodriguez-nunez, F.W. Sellke, C. Spaulding, Post—cardiac arrest syndrome,
Circulation. 118 (2008) 2452—-2483. d0i:10.1161/CIRCULATIONAHA.108.190652.

K.H. Polderman, J. Varon, Cool hemodynamics - The intricate interplay between
therapeutic hypothermia and the post-cardiac arrest syndrome, Resuscitation. 85
(2014) 975-976. doi:10.1016/j.resuscitation.2014.06.002.

H.K. Eltzschig, T. Eckle, Ischemia and reperfusion-from mechanism to translation, Nat.
Med. 17 (2011) 1391-1401. doi:10.1038/nm.2507.

A. Gibson, P.J.D. Andrews, Therapeutic hypothermia, still “too cool to be true?,”
F1000Prime Rep. 5 (2013) 26. doi:10.12703/P5-26.

M.D. Ginsberg, R. Busto, Combating hyperthermia in acute stroke: A significant
clinical concern, Stroke. 29 (1998) 529-534. d0i:10.1161/01.STR.29.2.529.

N. Nielsen, J. Wetterslev, T. Cronberg, D. Erlinge, Y. Gasche, C. Hassager, J. Horn, J.
Hovdenes, J. Kjaergaard, M. Kuiper, T. Pellis, P. Stammet, M. Wanscher, M.P. Wise,
A. Aneman, N. Al-Subaie, S. Boesgaard, J. Bro-Jeppesen, |. Brunetti, J.F. Bugge, C.D.
Hingston, N.P. Juffermans, M. Koopmans, L. Kgber, J. Langgrgen, G. Lilja, J.E.
Mgller, M. Rundgren, C. Rylander, O. Smid, C. Werer, P. Winkel, H. Friberg, Targeted
Temperature Management at 33°C versus 36°C after Cardiac Arrest, N. Engl. J. Med.
369 (2013) 2197-2206. doi:10.1056/NEJM0al1310519.

T. Fukuda, Targeted temperature management for adult out-of-hospital cardiac arrest:
Current concepts and clinical applications, J. Intensive Care. 4 (2016) 30.
doi:10.1186/s40560-016-0139-2.

D. Horburger, C. Testori, F. Sterz, H. Herkner, D. Krizanac, T. Uray, A. Schober, M.
Stockl, P. Stratil, C. Weiser, C. Wallmdiller, M. Holzer, Mild therapeutic hypothermia
improves outcomes compared with normothermia in cardiac-arrest patients-a
retrospective chart review, Crit. Care Med. 40 (2012) 2315-2319.
doi:10.1097/CCM.0b013e31825333cf.

M. Leary, A. V. Grossestreuer, S. lannacone, M. Gonzalez, F.S. Shofer, C. Povey, G.
Wendell, S.E. Archer, D.F. Gaieski, B.S. Abella, Pyrexia and neurologic outcomes
after therapeutic hypothermia for cardiac arrest, Resuscitation. 84 (2013) 1056—1061.
doi:10.1016/j.resuscitation.2012.11.003.

J. Bro-Jeppesen, C. Hassager, M. Wanscher, M. @stergaard, N. Nielsen, D. Erlinge,
H. Friberg, L. Kgber, J. Kjaergaard, Targeted temperature management at 33°C
versus 36°C and impact on systemic vascular resistance and myocardial function
after out-of-hospital cardiac arrest a sub-study of the target temperature management
trial, Circ. Cardiovasc. Interv. 7 (2014) 663—672.
doi:10.1161/CIRCINTERVENTIONS.114.001556.

K.H. Polderman, J. Varon, Interpreting the Results of the Targeted Temperature
Management Trial in Cardiac Arrest, Ther. Hypothermia Temp. Manag. 5 (2015) 73—
76. doi:10.1089/ther.2014.0031.

E. Kagawa, K. Dote, M. Kato, S. Sasaki, N. Oda, Y. Nakano, K. Miura, I. Inoue, Y.
Kihara, Do lower target temperatures or prolonged cooling provide improved
outcomes for comatose survivors of cardiac arrest treated with hypothermia?, J. Am.
Heart Assoc. 4 (2015) e002123. doi:10.1161/JAHA.115.002123.

18



[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

T@. Tamte, T. Draegni, A. Mangschau, D. Jacobsen, B. Auestad, K. Sunde, A
comparison of intravascular and surface cooling techniques in comatose cardiac
arrest survivors, Crit. Care Med. 39 (2011) 443-449.
doi:10.1097/CCM.0b013e318206b80f.

M. Ng, A.S.L. Wong, H.C. Chew, N. Shahidah, P.P. Pek, J. Poh, C.T. Chin, T.S.J.
Chua, M.E.H. Ong, Pilot prospective study of therapeutic hypothermia for treatment of
post-cardiac arrest patients, Int. J. Cardiol. 173 (2014) 612—-613.
doi:10.1016/j.ijcard.2014.03.132.

G.W. Glover, R.M. Thomas, G. Vamvakas, N. Al-Subaie, J. Cranshaw, A. Walden,
M.P. Wise, M. Ostermann, E. Thomas-Jones, T. Cronberg, D. Erlinge, Y. Gasche, C.
Hassager, J. Horn, J. Kjaergaard, M. Kuiper, T. Pellis, P. Stammet, M. Wanscher, J.
Wetterslev, H. Friberg, N. Nielsen, Intravascular versus surface cooling for targeted
temperature management after out-of-hospital cardiac arrest - an analysis of the TTM
trial data, Crit. Care. 20 (2016) 381. doi:10.1186/s13054-016-1552-6.

K.H. Kim, S. Do Shin, K.J. Song, Y.S. Ro, Y.J. Kim, K.J. Hong, J. Jeong, J.H. Park,
T.H. Kim, S.Y. Kong, Cooling methods of targeted temperature management and
neurological recovery after out-of-hospital cardiac arrest: A nationwide multicenter
multi-level analysis, Resuscitation. 125 (2018) 56—65.
doi:10.1016/j.resuscitation.2018.01.043.

K. Kuboyama, P. Safar, A. Radovsky, S.A. Tisherman, S.W. Stezoski, H. Alexander,
Delay in cooling negates the beneficial effect of mild resuscitative cerebral
hypothermia after cardiac arrest in dogs: A prospective, randomized study, Crit. Care
Med. 21 (1993) 1348-1358. doi:10.1097/00003246-199309000-00019.

F. Colbourne, D. Corbett, Delayed postischemic hypothermia: a six month survival
study using behavioral and histological assessments of neuroprotection., J. Neurosci.
15 (1995) 7250-60. http://www.ncbi.nlm.nih.gov/pubmed/7472479.

B.S. Abella, D. Zhao, J. Alvarado, K. Hamann, T.L. Vanden Hoek, L.B. Becker, Intra-
arrest cooling improves outcomes in a murine cardiac arrest model, Circulation. 109
(2004) 2786—2791. d0i:10.1161/01.CIR.0000131940.19833.85.

Y. Garnier, D. Pfeiffer, A. Jensen, R. Berger, Effects of mild hypothermia on metabolic
disturbances in fetal hippocampal slices after oxygen/glucose deprivation depend on
depth and time delay of cooling., in: J. Soc. Gynecol. Investig., 2001: pp. 198-205.
http://www.ncbi.nlm.nih.gov/pubmed/11525894 (accessed November 22, 2018).

S. Sendelbach, M.O. Hearst, P.J. Johnson, B.T. Unger, M.R. Mooney, Effects of
variation in temperature management on cerebral performance category scores in
patients who received therapeutic hypothermia post cardiac arrest, Resuscitation. 83
(2012) 829-834. doi:10.1016/j.resuscitation.2011.12.026.

B. Wolff, K. Machill, D. Schumacher, I. Schulzki, D. Werner, Early achievement of mild
therapeutic hypothermia and the neurologic outcome after cardiac arrest, Int. J.
Cardiol. 133 (2009) 223-228. do0i:10.1016/j.ijcard.2007.12.039.

M.R. Mooney, B.T. Unger, L.L. Boland, M.N. Burke, K.Y. Kebed, K.J. Graham, T.D.
Henry, W.T. Katsiyiannis, P.A. Satterlee, S. Sendelbach, J.S. Hodges, W.M. Parham,
Therapeutic hypothermia after out-of-hospital cardiac arrest: Evaluation of a regional
system to increase access to cooling, Circulation. 124 (2011) 206—-214.
doi:10.1161/CIRCULATIONAHA.110.986257.

K. Nagao, K. Kikushima, K. Watanabe, E. Tachibana, Y. Tominaga, K. Tada, M. Ishii,

19



[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

N. Chiba, A. Kasai, T. Soga, M. Matsuzaki, K. Nishikawa, Y. Tateda, H. Ikeda, T. Yagi,
Early Induction of Hypothermia During Cardiac Arrest Improves Neurological
Outcomes in Patients With Out-of-Hospital Cardiac Arrest Who Undergo Emergency
Cardiopulmonary Bypass and Percutaneous Coronary Intervention, Circ. J. 74 (2010)
77-85. doi:10.1253/circj.CJ-09-0502.

A. Uribarri, H. Bueno, A. Pérez-Castellanos, G. Loughlin, I. Sousa, A. Viana-Tejedor,
F. Ferndndez-Avilés, Impact of time to cooling initiation and time to target temperature
in patients treated with hypothermia after cardiac arrest, Eur. Hear. Journal. Acute
Cardiovasc. Care. 4 (2015) 365-372. doi:10.1177/2048872614557241.

B.K. Lee, KW. Jeung, Y.H. Jung, D.H. Lee, S.M. Lee, Y.S. Cho, T. Heo, J.G. Yun, Y.
[l Min, Relationship between timing of cooling and outcomes in adult comatose
cardiac arrest patients treated with targeted temperature management, Resuscitation.
113 (2017) 135-141. doi:10.1016/j.resuscitation.2016.12.002.

R.B. Schock, A. Janata, W.F. Peacock, N.S. Deal, S. Kalra, F. Sterz, Time to Cooling
Is Associated with Resuscitation Outcomes, Ther. Hypothermia Temp. Manag. 6
(2016) 208-217. doi:10.1089/ther.2016.0026.

Y.Y. Ng, Optimal use of emergency services, Singapore Fam. Physcian. 40 (2014) 8-
13. https://www.cfps.org.sg/publications/the-singapore-family-
physician/article/834_pdf (accessed December 8, 2018).

Singhealth Group, Hospital Overview, Singapore Gen. Hosp. (2018).
https://www.sgh.com.sg/about-us/corporate-profile/Pages/hospital-overview.aspx
(accessed December 8, 2018).

G.D. Perkins, I.G. Jacobs, V.M. Nadkarni, R.A. Berg, F. Bhanji, D. Biarent, L.L.
Bossaert, S.J. Brett, D. Chamberlain, A.R. de Caen, C.D. Deakin, J.C. Finn, J.T.
Grasner, M.F. Hazinski, T. lwami, R.W. Koster, S.H. Lim, M.H.M. Ma, B.F. McNally,
P.T. Morley, L.J. Morrison, K.G. Monsieurs, W. Montgomery, G. Nichol, K. Okada,
M.E.H. Ong, A.H. Travers, J.P. Nolan, R.P. Aikin, B.W. Béttiger, C.W. Callaway, M.K.
Castren, M.S. Eisenberg, M.E. Kleinman, D.A. Kloeck, W.G. Kloeck, M.E. Mancini,
R.W. Neumar, J.P. Ornato, E.F. Paiva, M.A. Peberdy, J. Soar, T. Rea, A.F. Sierra, D.
Stanton, D.A. Zideman, Cardiac Arrest and Cardiopulmonary Resuscitation Outcome
Reports: Update of the Utstein Resuscitation Registry Templates for Out-of-Hospital
Cardiac Arrest, Resuscitation. 96 (2015) 328—-340.
doi:10.1016/j.resuscitation.2014.11.002.

E. Edgren, U. Hedstrand, S. Kelsey, K. Sutton-Tyrrell, P. Safar, BRCTI Study Group,
Assessment of neurological prognosis in comatose survivors of cardiac arrest, Lancet.
343 (1994) 1055-1059. doi:10.1016/S0140-6736(94)90179-1.

K.N. Sawyer, M.C. Kurz, Deconstructing the “Time to Target Temperature” interval:
Emphasis on timing rather than depth, Resuscitation. 113 (2017) A4-A5.
doi:10.1016/j.resuscitation.2017.01.010.

S.M. Perman, J.H. Ellenberg, A. V Grossestreuer, D.F. Gaieski, M. Leary, B.S. Abella,
B.G. Carr, Shorter time to target temperature is associated with poor neurologic
outcome in post-arrest patients treated with targeted temperature management,
Resuscitation. 88 (2015) 114-119. doi:10.1016/j.resuscitation.2014.10.018.

D. Howes, W. Ohley, P. Dorian, C. Klock, R. Freedman, R. Schock, D. Krizanac, M.
Holzer, Rapid induction of therapeutic hypothermia using convective-immersion
surface cooling: Safety, efficacy and outcomes, Resuscitation. 81 (2010) 388-392.
doi:10.1016/j.resuscitation.2009.12.025.

20



[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

C.J. White, V.L. Marcheselli, A. Janata, A. Schratter, W. Weihs, K. Bayegan, R. V
Milani, N.G. Bazan, Lipid Mediators as Novel Biomarkers and Surrogate Indicators of
Neurologic Recovery after Cardiac Arrest in a Hypothermic Swine Model | Circulation,
Circulation. 114 (2006) 1203.
https://www.ahajournals.org/doi/abs/10.1161/circ.114.suppl_18.ii_1203 (accessed
November 24, 2018).

S. Laver, C. Farrow, D. Turner, J. Nolan, Mode of death after admission to an
intensive care unit following cardiac arrest, Intensive Care Med. 30 (2004) 2126—-2128.
doi:10.1007/s00134-004-2425-z.

I. Harukuni, A. Bhardwaj, Mechanisms of brain injury after global cerebral ischemia,
Neurol. Clin. 24 (2006) 1-21. doi:10.1016/j.ncl.2005.10.004.

S. Pundik, K. Xu, S. Sundararajan, Reperfusion brain injury: Focus on cellular
bioenergetics, Neurology. 79 (2012) S44-S51. doi:10.1212/WNL.0b013e3182695a14.

T.L. Hoffman, J.C. LaManna, S. Pundik, W.R. Selman, T.S. Whittingham, R.A.
Ratcheson, W.D. Lust, Early reversal of acidosis and metabolic recovery following
ischemia, J. Neurosurg. 81 (1994) 567-573. d0i:10.3171/jns.1994.81.4.0567.

D.L. Carden, D.N. Granger, Pathophysiology of ischaemia-reperfusion injury, J.
Pathol. 190 (2000) 255-266. doi:10.1002/(SICI)1096-9896(200002)190:3<255::AID-
PATH526>3.0.CO;2-6.

H.K. Eltzschig, C.D. Collard, Vascular ischaemia and reperfusion injury, Br. Med. Bull.
70 (2004) 71-86. doi:10.1093/bmb/Idh025.

J. Aronowski, R. Strong, J.C. Grotta, Reperfusion injury: Demonstration of brain
damage produced by reperfusion after transient focal ischemia in rats, J. Cereb.
Blood Flow Metab. 17 (1997) 1048—-1056. doi:10.1097/00004647-199710000-00006.

H.L. Sinclair, P.J. Andrews, Bench-to-bedside review: Hypothermia in traumatic brain
injury, Crit. Care. 14 (2010) 204. doi:10.1186/cc8220.

L. Belayev, R.S. Freitas, S.J. Marcell, N.G. Bazan, Lipid Mediators, in: L.R. Caplan, J.
Biller, M.C. Leary, E.H. Lo, A.J. Thomas, M. Yenari, J.H.B.T. Zhang (Eds.), Prim.
Cerebrovasc. Dis., 2nd ed., Academic Press, San Diego, 2017: pp. 256—260.
doi:10.1016/B978-0-12-803058-5.00052-7.

S. Scolletta, F.S. Taccone, P. Nordberg, K. Donadello, J.L. Vincent, M. Castren, Intra-
arrest hypothermia during cardiac arrest: A systematic review, Crit. Care. 16 (2012)
R41. doi:10.1186/cc11235.

F. Kim, G. Nichol, C. Maynard, A. Hallstrom, P.J. Kudenchuk, T. Rea, M.K. Copass, D.
Carlbom, S. Deem, W.T. Longstreth, M. Olsufka, L.A. Cobb, Effect of Prehospital
Induction of Mild Hypothermia on Survival and Neurological Status Among Adults
With Cardiac Arrest: A Randomized Clinical Trial, JAMA. 311 (2014) 45-52.
doi:10.1001/jama.2013.282173.

S.A. Bernard, K. Smith, P. Cameron, K. Masci, D.M. Taylor, D. James, A.-M. Kelly, W.
Silvester, Induction of therapeutic hypothermia by paramedics after resuscitation from
out-of-hospital ventricular fibrillation cardiac arrest: a randomized controlled trial.,
Circulation. 122 (2010) 737-742. doi:10.1161/CIRCULATIONAHA.109.906859.

G. Debaty, M. Maignan, D. Savary, F. xavier Koch, S. Ruckly, M. Durand, J. Picard, C.
Escallier, R. Chouquer, C. Santre, C. Minet, D. Guergour, L. Hammer, H. Bouvaist, L.

21



[58]

[59]

[60]

[61]

[62]

[63]

Belle, C. Adrie, J.F. Payen, F. Carpentier, P.Y. Gueugniaud, V. Danel, J.F. Timsit,
Impact of intra-arrest therapeutic hypothermia in outcomes of prehospital cardiac
arrest: a randomized controlled trial, Intensive Care Med. 40 (2014) 1832-1842.
doi:10.1007/s00134-014-3519-x.

M. Castrén, P. Nordberg, L. Svensson, F. Taccone, J.L. Vincent, D. Desruelles, F.
Eichwede, P. Mols, T. Schwab, M. Vergnion, C. Storm, A. Pesenti, J. Pachl, F.
Guérisse, T. Elste, M. Roessler, H. Fritz, P. Durnez, H.J. Busch, B. Inderbitzen, D.
Barbut, Intra-arrest transnasal evaporative cooling: A randomized, prehospital,
multicenter study (PRINCE: Pre-ROSC IntraNasal cooling effectiveness), Circulation.
122 (2010) 729-736. doi:10.1161/CIRCULATIONAHA.109.931691.

D. Yannopoulos, M. Zviman, V. Castro, A. Kolandaivelu, R. Ranjan, R.F. Wilson, H.R.
Halperin, Intra-cardiopulmonary resuscitation hypothermia with and without volume
loading in an ischemic model of cardiac arrest, Circulation. 120 (2009) 1426—-1435.
doi:10.1161/CIRCULATIONAHA.109.848424.

N.A. Paradis, G.B. Martin, E.P. Rivers, M.G. Goetting, T.J. Appleton, M. Feingold,
R.M. Nowak, Coronary Perfusion Pressure and the Return of Spontaneous Circulation
in Human Cardiopulmonary Resuscitation, JAMA J. Am. Med. Assoc. 263 (1990)
1106. doi:10.1001/jama.1990.03440080084029.

M. Haugk, C. Testori, F. Sterz, M. Uranitsch, M. Holzer, W. Behringer, H. Herkner,
Relationship between time to target temperature and outcome in patients treated with
therapeutic hypothermia after cardiac arrest, Crit. Care. 15 (2011) R101.
doi:10.1186/cc10116.

S.F. Morrison, K. Nakamura, Central neural pathways for thermoregulation., Front.
Biosci. (Landmark Ed. 16 (2011) 74-104.
http://www.ncbi.nlm.nih.gov/pubmed/21196160 (accessed November 24, 2018).

C. Sasson, M.A.M. Rogers, J. Dahl, A.L. Kellermann, Predictors of survival from out-
of-hospital cardiac arrest a systematic review and meta-analysis, Circ. Cardiovasc.
Qual. Outcomes. 3 (2010) 63-81. doi:10.1161/CIRCOUTCOMES.109.889576.

22



ACKNOWLEDGEMENTS

We would like to thank and acknowledge the contributions from all the physicians
and nurses from the following departments:
e Department of Emergency Medicine, Singapore General Hospital
e Intensive Care Unit, Department of Respiratory and Critical Care Medicine,
Singapore General Hospital
e Coronary Care Unit, Department of Cardiology, National Heart Centre

Singapore

FUNDING SOURCE
This study was supported by grants from Department of Clinical Research,
Singapore General Hospital (DCR/P08/2009) and Singapore General Hospital

research grant (SRG#11/2010).

CONFLICT OF INTEREST

A/Prof Ong has licensing agreement and patent filing (Application no: 13/047,348)
with ZOLL Medical Corporation for a study titled ‘Method of predicting acute
cardiopulmonary events and survivability of a patient’. He is also scientific advisor to
Global Healthcare, a start-up which produces the Carboncool® suit. No further

conflict of interests for other authors.

23



TABLES AND FIGURES

Figure Legends:

Figure 1: Application of the surface cooling device on a model
Figure 2: Distribution of study participants

Figure 3: Aggregate cooling curves of core temperatures over time

Figure 4: Interrupted time series graph through the entire study period

24



Table 1: Baseline characteristics of study

Characteristics (%) Intervention Control p-value
n =40 n =384
Median age (IQR), years 63.0 (58, 69) 63.0 (47, 73) 0.514
Male 30 (75.0) 60 (71.4) 0.830
Race Chinese 26 (65.0) 65 (77.4)
Malay 5(12.5) 10 (11.9)
Indian 7 (17.5) 5 (6.0) 0.320
Eurasian 1(2.5) 1(1.2)
Others 2 (5.0) 3(3.6)
Past medical Diabetes mellitus 12 (30.0) 21 (25.0) 0.664
history 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
Cergbrovascular 1(2.5) 5 (6.0) 0.663
accident
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
N.o previous medical 3(7.5) 14 (16.7) 0.263
history
Type of arrest Out of hospital 33 (82.5) 83 (98.8) <0.001
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
VF 12 (30.0) 20 (23.8)
VT 1(2.5) 0(1.0)
PEA 15 (37.5) 23 (27.4) 0.050
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 14 (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

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

"n=79, participants were excluded due to missing data
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Table 2: Cooling and clinical outcomes between intervention and control periods

outcomes Intervention Control p-value
n =40 n =384

Median ROSC to TT, minutes (IQR) 119 (65, 250)? 482 (356, 596)° <0.001

Median ROSC to TTM, minutes (IQR) 30 (6, 49) 2 292 (191, 384)° <0.001

Median TTM to TT, minutes (IQR) 73 (40, 150)2 142 (75, 262)° 0.014

Cooling before 4 hours 15 (68.2)2 0 (0.0)° <0.001

Overcooling <33°C 112 (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

(CPCIOPC 1 or 2) (%) 7 (17.5) 18 (21.4) 0.811

ROSC- Return of Spontaneous Circulation; TT-Target Temperature; IQR- Interquartile Range; TTM-
Targeted Temperature Management; CPC - cerebral performance category; OPC - overall
performance category

% n=22, b; n=39, ¢ n=21, 9; n=37, participants were excluded due to missing data

26



Figure 1: Application of the surface cooling device on a model
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Figure 2: Distribution of study participants
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Figure 3: Aggregate cooling curves of core temperatures over time
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Figure 4: Interrupted time series graph through the entire study period
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