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Abstract

Background: Target temperature management (TTM) is suggested to reduce brain damage in the presence of
global or local ischemia. Prompt TTM application may help to improve outcomes, but it is often hindered by
technical problems, mainly related to the portability of cooling devices and temperature monitoring systems.
Tympanic temperature (Ty,) measurement may represent a practical, non-invasive approach for core temperature
monitoring in emergency settings, but its accuracy under different TTM protocols is poorly characterized. The
present scoping review aimed to collect the available evidence about Ty, monitoring in TTM to describe the
technique diffusion in various TTM contexts and its accuracy in comparison with other body sites under different
cooling protocols and clinical conditions.

Methods: The scoping review was conducted following the guidelines of the Preferred Reporting Items for
Systematic Review and Meta-Analysis extension for scoping reviews (PRISMA-ScR). PubMed, Scopus, and Web of
Science electronic databases were systematically searched to identify studies conducted in the last 20 years, where
Ty, was measured in TTM context with specific focus on pre-hospital or in-hospital emergency settings.

Results: The systematic search identified 35 studies, 12 performing Ty, measurements during TTM in healthy
subjects, 17 in patients with acute cardiovascular events, and 6 in patients with acute neurological diseases. The
studies showed that Ty, was able to track temperature changes induced by either local or whole-body cooling
approaches in both pre-hospital and in-hospital settings. Direct comparisons to other core temperature measurements
from other body sites were available in 22 studies, which showed a faster and larger change of Ty, upon TTM compared
to other core temperature measurements. Direct brain temperature measurements were available only in 3 studies and
showed a good correlation between Ty, and brain temperature, although Ty, displayed a tendency to overestimate
cooling effects compared to brain temperature.
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brain temperature.

Conclusions: Ty, was capable to track temperature changes under a variety of TTM protocols and clinical conditions in
both pre-hospital and in-hospital settings. Due to the heterogeneity and paucity of comparative temperature data, future
studies are needed to fully elucidate the advantages of Ty, in emergency settings and its capability to track

Keywords: Target temperature management, Hypothermia, Ear canal, Tympanic membrane, Cooling devices,
Hearables, Cardiac arrest, Stroke, Physiological monitoring, Temperature

Background

Targeted temperature management (TTM), former
therapeutic hypothermia, is an intentional reduction of
core temperature to a selected and strictly controlled [1]
range of values, which is aimed to improve outcomes in
various clinical conditions, including cardiac arrest (CA),
traumatic brain injury, stroke, and myocardial infarction
[2—4]. By lowering brain temperature, TTM is thought
to mitigate brain damage due to global (i.e., CA) or local
(i.e., stroke) ischemia, through various mechanisms, in-
cluding a decrease of cerebral oxygen and glucose con-
sumption, and a reduction of ATP demand [5, 6].
Current guidelines and recent trials support the use of
TTM (in the range of 32-36 °C [2, 3]) in all CA patients
who remain in a state of coma after return of spontan-
eous circulation (ROSC) [2, 7-11]. The benefit of sys-
temic and selective TTM in stroke patients is supported
by recent trials and meta-analyses [12, 13]. Despite a
broad consensus on TTM benefits, the application of
pre-hospital TTM, for example in out-of-hospital CA, is
still controversial [14, 15]. Variable outcomes have been
reported [16-18], which may be partially due to limita-
tions in pre-hospital cooling procedures and/or accuracy
of temperature monitoring.

Since discrepancies between brain and systemic temper-
atures have been described, direct monitoring of brain
temperature would be desirable for optimal TTM [19].
However, brain temperature measurement techniques are
invasive and impractical in most cases and settings.
Among different sites for core temperature measurement
(e.g., ear canal, rectum, bladder, esophagus, and pulmon-
ary artery) [20], the ear canal (or tympanic membrane) has
been proposed as a surrogate measurement site during
TTM procedures, especially in pre-hospital and emer-
gency settings, thanks to its accessibility, minimal inva-
siveness, and fast response. The vasculature pattern of the
tympanic membrane is shared with the brain and medi-
ates a thermal equilibrium between the two sites [21-23],
which suggests the potential of tympanic temperature
(Ty) to reflect brain temperature. In addition, the vascu-
lature in the tympanic region is minimally influenced by
the thermoregulatory vasomotor response, which guaran-
tees adequate flow conditions [24]. In pre-hospital set-
tings, Tty has been shown—albeit with mixed results—to
be comparable to invasive temperature measurements at

hospital admission [20], providing that insulation from the
environment is ensured during measurement [25]. On the
other hand, Tr, measurement can only be performed if
the ear canal is not obstructed (e.g., by blood, cerumen,
snow) [20]. T, can be biased in situations during which
blood flow is absent or inadequate [23, 26], and/or it can
be affected by anatomical and vascular changes following
major ear surgery and large tympanic membrane perfora-
tions [27]. Tty accuracy under different TTM protocols
(e.g., local versus whole body), TTM phases (e.g., induc-
tion versus maintenance), and different pathophysiological
conditions need to be further clarified.

This scoping review aims to identify and to summarize
all the available evidence over the last 20 years about
Ty monitoring in the context of TTM from studies per-
formed either in patients with various acute disorders or
in healthy subjects. We describe the level of diffusion of
the techniques in various TTM contexts with a focus on
pre-hospital and in-hospital emergency settings. We pro-
vide indications on the accuracy of tympanic measure-
ments in comparison to other body sites under different
TTM phases, cooling protocols, and clinical conditions.

Methods

The scoping review was conducted following the guide-
lines of the Preferred Reporting Items for Systematic Re-
view and Meta-Analysis (PRISMA) extension for scoping
reviews (PRISMA-ScR) [28].

Eligibility criteria

The literature search was performed by two authors
(AM and MM) to identify studies, conducted in the last
20 years, that used Tr, during TTM approaches. The
search strategy is schematized by the inclusion criteria
in Table 1, categorized according to the broad
Population-Concept-Context (PCC) mnemonic, recom-
mended for scoping reviews [29, 30]. The scoping review
was focused on pre-hospital and in-hospital emergency
settings. We considered both studies testing TTM ap-
proaches in healthy subjects and studies where TTM
was performed in patients experiencing different emer-
gency conditions. Studies about accidental hypothermia,
drug-induced hypothermia, and perioperative and post-
operative hypothermia were excluded. The range of
TTM temperatures was set to 32-36 °C according to



Mase et al. Journal of Intensive Care (2021) 9:43

Page 3 of 18

Table 1 Inclusion criteria for the scoping review summarized according to the Population-Concept-Context (PCC) mnemonic,

recommended for scoping reviews [29, 30]

« Healthy adults (testing of target temperature management approaches).

- Patients undergoing target temperature approaches under emergency conditions, including cardiovascular

Population
and neurologic emergencies.
« Any gender.
Concept
Context

. Tympanic temperature measurement in the context of target temperature management.

- Testing of target temperature management approaches in healthy subjects; target temperature management

in patients in pre-hospital and in-hospital emergency settings.
- Original peer-reviewed research articles (any study design), published in English in the last 20 years.

TTM definition in [2, 3], while studies on normothermia
maintenance in patients with fever were not considered.
The search was restricted to articles published in English
in peer-reviewed journals. No restriction on study design
was posed. Abstracts presentations, conference proceed-
ings, and reviews were excluded.

Information sources, search strategy, and study selection
A systematic search was performed in PubMed, Scopus,
and ISI Web of Science electronic databases to identify
primary references from January 2000 to April 2020.
The following search strings were used: (“aural” OR
“tympanic” OR “epitympanic” OR “ear” OR “ear canal”
OR “in-ear” OR “ear-in” OR “earbud” OR “earpiece” OR
“earable”) AND (“temperature” OR “temperature monitor-
ing” OR “core temperature” OR “core body temperature”
OR “body temperature”) AND (“hypothermia” OR
“hypothermic” OR  “therapeutic hypothermia” OR
“hypothermic treatment” OR “target temperature manage-
ment” OR “TTM” OR “body cooling” OR “low
temperature” OR “low body temperature”). The database
search was followed by a review of the citations from eli-
gible studies. Studies were selected based on title and ab-
stract using the online platform Rayyan [31]. Selected
studies were read thoroughly to identify those suitable for
inclusion in the scoping review.

Data extraction

Two reviewers (MM and AM) independently extracted
the demographic and experimental data from the se-
lected studies. When disagreement occurred, they
reviewed the papers together to reach consensus. For
each study, the following relevant information was ex-
tracted and summarized: the characteristics of the inves-
tigated study population; TTM protocols (body cooling
modality, target temperature); the experimental and/or
clinical settings of application; the available temperature
measurements (presence and location of comparative/
reference temperature measurements in addition to the
tympanic one); and the main results of the studies in
terms of feasibility of the tympanic measurements and

comparability of T, with core temperature measure-
ments from other body sites.

Results

Selected studies

The database search identified a total of 725 relevant ref-
erences once duplicates were removed (Fig. 1). A total of
681 references were excluded after reading title and ab-
stract and 44 were retrieved for further evaluation. Of
these, 9 studies were excluded, because they did not ful-
fill the inclusion criteria. Following the selection process,
35 studies were included in the scoping review. Of these
studies, 12 measured T+, during tests of TTM protocols
in healthy subjects, 17 during TTM in patients with
acute cardiovascular events, and 6 during TTM in pa-
tients with acute neurological disorders. The studies are
described in the next paragraphs and summarized in Ta-
bles 2, 3, and 4.

Tympanic temperature measurement during testing of
TTM approaches in healthy subjects

The literature search identified 12 studies that moni-
tored T, to test the effects of TTM protocols in healthy
subjects. These studies are summarized in Table 2. In 10
studies [32-40, 42], TTM was achieved using surface
cooling garments, such as head and neck or chest and
thighs cooling devices. In the remaining two studies [41,
43], endovascular cold solutions were used. Comparative
core-temperature measurements were present in eight
studies [32—39], where rectal/intestinal sites were moni-
tored. Consistently among studies, T, showed more pro-
nounced changes than rectal [33-35] or intestinal
temperature [32]. During chest and thighs surface cooling,
the difference between tympanic and rectal temperature
was maximal during induction of hypothermia and de-
creased during its maintenance [36]. Compared to other
measurement sites, during head cooling T, temperature
showed lower variations than skin temperature [35] and
more reliable data than sublingual temperature measure-
ments [42]. Overall the studies showed that T, was useful
in the validation of novel cooling strategies in healthy sub-
jects, where T, was able to track temperature variations
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Fig. 1 Selection process for the studies included in the scoping review. The Preferred Reporting Iltems for Systemic Reviews and Meta-Analyses
(PRISMA-ScR) flow diagram depicts the number of records identified, included, and excluded, and the reasons for exclusion, through the different

phases of the scoping review

induced by local head and/or neck [32-35, 42] or chest
and tights cooling [36-39]. In addition, it was shown to
correlate with intracerebral blood flow velocity during
mild hypothermia induced by local cooling [39]. In four
studies focusing on TTM shivering thresholds [37, 38, 41,
43], Tty was able to identify the shivering threshold during
either local [37, 38] or endovascular cooling [41, 43].

Tympanic temperature measurement during TTM in acute
cardiovascular events

Seventeen studies were identified in which T, was mea-
sured during TTM in patients with acute cardiovascular
events. The studies are summarized in Table 3. Fifteen
studies [44-58] included patients with CA. TTM was
started in a pre-hospital setting in four studies [45, 46, 57,
58], while it was started at the emergency department in
the remaining eleven [44, 47-56]. Two studies [59, 60] in-
cluded patients with ST-segment elevation myocardial in-
farction undergoing percutaneous coronary interventions
and TTM was performed pre-reperfusion [59, 60]. In one
study, the procedure was started in the pre-hospital set-
ting [60]. In all the studies, target temperature was in the
range of mild hypothermia (33-34 °C), whereas the TTM
cooling procedures and protocols varied among the

studies, including (i) local cooling procedures [44—46, 48,
49, 58], (ii) whole body cooling [47, 57, 59, 60], and (iii) a
combination of the two [50-56]. Comparative core-
temperature measurements, including esophageal, rectal,
bladder, iliac, or pulmonary artery sites, were mostly avail-
able for the studies performed in hospital settings [44, 45,
47-51, 53-55], and provided indications of T+, accuracy
in relation to the TTM phases [50, 51]. During local cool-
ing procedures, such as trans-nasal cooling, the tympanic
site generally displayed a faster response than the rectal
and bladder ones [44, 46]. The tympanic site showed com-
parable cooling times with respect to the esophageal site
[49], although it showed larger temperature variations in
response to the cooling maneuvers [44, 49]. T, showed
larger bias compared to esophageal temperature during
head and especially head-neck cooling, where it underesti-
mated esophageal T with an average bias of -1.65 °C and
-3.06 °C (p=0.001), respectively [54]. During whole body
cooling, the tympanic site showed a low average bias
(0.021 °C) and high correlation (r = 0.95, p < 0.0001) com-
pared to the esophageal site [47]. Conversely, T, showed
the highest bias in comparison with pulmonary-artery
measurements [50, 51], resulting in the underestimation
of core temperature through the different TTM phases



Page 5 of 18

(2021) 9:43

Mase et al. Journal of Intensive Care

GPE il Y G > @dueusUeUW  IEq ‘sybiyl i
upjs ejulaylodAy snid buijood 7 UonRuUsAIRIU|
wie Jaddn SAIDY 7 UOIUSAISIU|  UORUIAIDIU| %09 DN
"7 UORURAII| Ul (U/D, #0 F #1 PUB 1s9yd ‘(OluedwA) Bujj00d A
"C uopudAIBIUL - JO 1l Buljood uesW) UIW €5 F 06 ‘ybiys Do SEPEULY G > sybiyy G F o¢ by
Ul ainpadoid Bujjood Ul pue | UORUIAIIUI Ul (U/D, 90  J|ed woly WYSM DUl 'S1oNPOo.d BISOYISaUY  :@dUrUSIUIRW BIULIBYI0dAY pue 1s9yD SN
243 1910 AL| ueyl senjeA  F G| JO 23Rl BUIjO0D UBSW) UIW €7 | d0BHNS 1POBDUI|[RI ‘UWIDY]-B-UON snid Buljood Ay i i [8€] 'le 1@
19ybIy pakeidsip | [e10ay T // Ul D, Se=11 aY) payoeas ALl -ups ueapy 13y  Ja1swowsyy ajdnodousy | | UOIUSAIDIU|  UOIUIAIDIU|  UORUSAIDIUI JETIEYY 4
%9¢ @leN
K
6 F 0¢ by
“( uonusnIRUY FOSBIN LN
(6£0°0 = d 'ulw /1) YOSBW Aq swn INOYUM JO (| uopuSAISIUY) 'z
Bulj00d jo uopdNPal 3yl pue (bnip UIIM ‘UOAI3SURPUO UO[USAIDIU|
40 Bul 0 yoes 1oy ‘€000 = d ‘uiw -2oe|d 10 ‘auoJidsng ‘auipuadaw %/ € DeW
9¢ Jo Kejop) aulpuadaw Ag pasnpul ul padey agoud Jea ‘azneb pue Aq uolssaiddns BusAlys A
awiil buljood jo uonebuojoid UO}0D YIIM papn|d0 [eued ‘(duedwAy) D, GE—€ 1L 8 F £¢ :9by
"7 UOIUSAIRIUL Ul D, €0F0LE a1 paidap AL "z uonusniul 183 /SN ‘S19NPOoId BIsayIsauy yg> Buljood g N
pue | UORUIAIIUL Ul D, Ul D, €0F0ZE PUe | UCIUSAIRIUI 1POBPUI|[BI WISy -B-UOK  2dUBUSIURW elLIDYIOdAY sybiyx i [/€] le 3@
ZOF0LE Sem | |e1dal auljaseg Ul D, 7OFS9E sem L] suyjaseg SUON P19y  “Ja1vwouiayl 3jdnodousy | snjd Buljood aAndy pUB 153U  UOIUIAIDIY| JETIEYY4
YOSOW
‘(9seyd 2dueuIUlRW 10 9oe|d  pue ‘suoaidsng ‘suipuadaw
Do G0 F €0— ‘Ul G0l 18 D, Ul padel agoud Jea ‘azneb pue Aqg uoissaiddns BulsAlys
70 F 90— 0O} sul|sseq 1e 3, UOHOD YliM Papn|o30 [eued ‘OedwAhy) D, Se-p€ <L %S PleN
€0 F 1'0— woy) | [eral pue (Y/De G0 F +7/1 4O 2181 BUIj00D 183 /SN 'S19NPOoUd eIsayIsauy yg > Hujj00d A
AL] UsaMIBg PaAISSqO sem ueaw) Ujw 8g JO dWil} Ue|paul 1POBPUI|[RA ‘WISY]-B-UOy  :@dUeUSIUlRU BlULUSYI0dAY sybiyy 8 F |€ by [og] "le 3@
1U3Ipelb Juspuadap-awn v e Ul D, GE=11 oY1 paydeal AL SUON P13y “Ja1vwowsyl ajdnodousy | sn|d Buljood aAndy pue 1s3yD TN JETIEYY4
‘AloAndadsa ‘uiw *191Je3Jay} 3SeIDU| MO|S B UIIM %001 Uepy
0C1 PUe 07 1e SanjeA 1samo|  ‘Buljood Jo ulw O Jaye (1000 > d Do ¥ 1L 921A3P Buljood) Bulj0od KegL
9ARDdSal Yl PAAAIYDR D, T'L F §'LE O D L0 F 99€ WOL) upys Auewin ‘Hquo pajy ueT3 uiw pEElY F ¢ @by [S€] ‘e
| [P1D2J PUR UPS peayaio4 SaN|eA [ewiuIW O paseadap ALl peayaiod 13y Ja1swowlayl 3jdnodowsy] 07| Yibua| UoIssas Buljood) pue peaH 0l :N uyaoy|
uiw
0S Ja1e (1000 > d "D, ¥0 F £€)
AL sanjea jewuiw Bujydeal ‘buljood o %51 D
ueyl JUaIxe Jamo| pue Jaybly  uiw g ulyim (9zoo =d D, 80 F Do ¥7 11 21A3p Buljood) A1l
e Aq AjaAidadsal paseainap  (0'GE 01 D, 70 F 9'GE Wol)) 5eaidap AueWISD ‘HQWID PaA ueT3 ulw Bulj0od F 7t @by €] e 1@
1 [PD21 pue ups DN uedyiubis Ing 1yBis e pamoys AL ups yosN P13y  Is1RWowlsy) s|dnodoulay] 6 Yibus| uoissas buijood) FREIN] LN uyaoy|
%09 @leN
6100 (1000 D, ¥ 11 921A8p Buljoo) A ey
=d "D, 690—) 95e2109p =d "D, £'1-) Buljood yoau Jsye VSN ‘dnoio Ui Bujjood -87) s¢ =by [ec] e ¥
19)|ews e pake|dsip | |e1d9y doip weoyubis e pakeidsip AL SUON [P109Y JeDYlESH ODA] ‘7 SNIUdD ‘| [Y| 061 Y1bus| UOISSas BuljooD) 329N 0l N J3zunwijey
yinow pue
‘SN =d) (1000 ‘ede} B3| 'sied y1oq %05 B[eN
1 [eunsaIul Ul 30U I (1000 > d) Bujj00d JO pud pue WeS  ‘uaulopge ul painseaw AL ‘Auewlan e -G 01 G| 1| Bulj00d A
> d) | djeds ul paAIasqo 9yl UDaMIDQ S2OUIDHIP JuedIubIs ‘wiesloy jnd ‘HOUID Uneig Ja1aWwouliay]  92IASp Buljoo) “ulu 09 pue U [/y-17] by [cg]
SeAM DUIRYIP 1URDIIUbDIS W pakeidsip AL| ‘sies y1og u ‘diess  jeunssu| 000€ OYd uneig ‘[ 1yl  0€ Syibus| uoissas Huljoo) pue peaH 0L:N e 3d Dibeg
Ajiqesedwo) sous sous |od01014 uonedo
synsai ulely L 940 L 240D 2DIA3p WL diuedwA] yoeoidde buijoo)y uonejndod Apms

's103(gns Ayajeay ul Juswsbeuew ainjeladus) 19b1ey Jo sayoeosdde Jualayip bunsal saipnis Z ajqeLl



Page 6 of 18

(2021) 9:43

Mase et al. Journal of Intensive Care

s1eak ‘A !snsIan “sA ‘aunjesadwal 39biey ‘fj puswainseaw ainjesdwal ‘g anjesadwal ‘f
‘ainjesadwsy djuedwAy 4Ly ‘papiodal Jou ‘YN ‘Dleyns winisaubew Osbpy s1ewowlay) dluedwA) paesul 1y ‘S1el Ueay ‘YH "3|qe|ieAe se ‘[aHuei] 0 ‘UOIRIASP piepuels F ueaw ‘(9) sabejusdiad ‘(N) slaquinu ase eleq

"UON|OS BUI[es JO SWIN|OA

“uoIsnyul lenba ue yo (,_yb  jo
UO[IN|OS SUI[eS JO UIW OE Jaye uoisnyur snid | _By-Bui g Jo Do
Do €0 F §'9€ "SA UOISNyUI YOSB Jo '9zneb pue UONOD  Snjog) YOSB SnouaABIUl  H~) UOIIN|OS
"UOISNJUl UOANJOS BUIes Ul O€ Jaue D, 70 F 9'9¢ sem ALy AQ pPapn(a20 |eued Jea SN 1P31Sa1 UORIPUOD sJebuly 9001 BN
JO UIW Og J3Ye D, €1F 9€E  "uoIsmyul FOSB 4G (0¥00 = d D, U] ‘s1Pnpold ABojoisaLsauy  * YD, §'Lx Aq L] aseaidsp pajelde| Aoy
“SA UOISNJUl YOSBIA JO UIW 0 0 F €0) PIOYSa1yl BULISAIYS a1 JO ERCITH 1POBPUI[BIN-0DA] 0} Y 7 4O I2194ied SNoUsA A Bujjood -g1] /7 @by [ev] e 3@
19YR D, /0 F 7EE Sem | UPS  uononpal wuedubls e pa1osiep AL upjs SUON  ‘J9ldWouwliay) 3|dnodowsy|  [es3udd BIA UOIshjul 31e10eT  Apog SJoym 6N emypem
(uIw 06)
D, 800 F L£9€ pue (Uiw 09) (UIW 06) Do £T0 F
Do LIOF TLIE 01D, CLI0OF  S8OE PUR (UIW 09) D, 620 T S8'9E
¥/£°9¢ Wouj paseasdap 1 ‘(1) U 01 D, 0£°0 F £6'9€ WOl 121X uedpiued
“(UIW 06) Do TL'0 F 0L9€ J9][euss e o3 paseadap AL (1) uj yoes Ul apow ssedAq
0} pue (Ujw 09) D, 0L'0 F (CICY (1) ‘6ulood Winwixew %Y Pt
0/9€ 01 D, ¥1'0 F 08'9€ WOL  06) D, €0 F 9/°9€ O} pue (Ul 09) (1) :sbumas ad1Aep buijood) Bujjood A1l
paseaidap 1 (1) uj -esuodsal D, 80 F 0£9€ 01 D, ¥€0 F LOLE vSn ‘dnoin ulw U F rRby  [er] eI
JOMO[S B POMOYS | [enbulgng  wioly paseaidap ALl ‘(1) uoipuod up - [enbuygns SUON aJedyleaH 0341 ‘7 snIuaD ‘I 14| 06 :YIbua| uoissas buljood pue peay 71N uosyef
duipuadaw
‘D 50 F 0°7) UONRUIGUIOD SIS ‘1e2 3y} Jano abepueq ‘aoe|d 10/pUe SUIPILIOISPaWXIP (o
1Yl pUe ‘0, SO F £0)  Ppaiyblam Ul padey aqoid ‘UOHOD YUm  ‘Bnip OU :pa1sal SUOIIPUOD  {~) UOIIN|OS
QUIPILIOIRPAWXIP ‘(7’| Jo doip) -eale PapPN|I20 [eURD JBS ‘puBRy| ‘ploysaiyy BulaAlys sJabuly 9001 PeN
sulpuadaw Aq pasnpul pjoysaiyl Gl Wwolj “2U| ‘s1onpoid ABojoISayIsauy 331 JO Uoned|RUIP! pa1e1de| A
Buuanys Y Jo uonoNPa1 (1000 L depns IpOBPUI[eR ‘WYL -e-UOW Ny, c-L Aq L A Buijood v F pz ey [1p] e s
N > d) wedyubis sy padaep ALl ups ueapy SUON  U91WouWlIay) 9|dNodoWIRY |  3SeaJd9P 0} UOISNjul 3e10e]  APOg S|OYAA 0l ‘N seyjnoQ
"2Insodxe buljood Jo pus Buljood %05 DeW
pue auljaseq ussmiaq (10000 > d) SN wodson a9 1 sieg Do 61 4O 1 UBIqUIE yau  Agl <@by  [op] 4191S0)
YN Do EEF0 JO 32UDIRYIP B pamoys “L| SUON SUON  -POOMIBYS “YOOOSE SNIUSD ‘| 1] 1e uopedljdde 221A9( pue aoe4 0L N pue swepy
-duoudsng
10/puUe UoJ13suepuo
1o/pue auipuadaw
Aqg uolssaiddns BulsAlys
‘(OluedwAy) D, §1E UL %t B[N
D 70 (10070 > d) A1auie [eigaIdd yss Hujj00d A
FO/E SBM | [BIDAI J)IYM D, J|PPIW Y} JO AIDO[PA MO} UBaW :9dueUSIURW BluIBY10dAY sybiyy 8 F zg by [6€] e 1@
€0 F 69¢ sem “L| aulsseq 1y 3Y1 Yum parejaLiod sabueyd AL SUON |e103Y 4N sn|d Buljood aAdy pue 1say>) 8l N  poowyep
suizewoldio|yd Jo %0C 9.
‘Quipuadaw Ag uoissaiddns Bulj00d ALl
BuLaAIys ‘yog U uswiopge F 0§ @by
(je29l) O, pue SN
Ajiqesedwo) Aupiqiseaq sous sous |od01014 uonedxo
synsai ulely L J9Yi0 L 240D 2IA3p WL diuedwA] yoeoidde buijoo)y uonejndod Apms

(panuiuod) “s1algns Ayijeay ul Juswsbeuew ainesaduwal 19biel Jo saydeoidde Juaiayip buisal saipnis Z ajqel



Page 7 of 18

(2021) 9:43

Mase et al. Journal of Intensive Care

%t9 ©eN
All6
'65] ¥£ 96y
'3JeD plepuels Y1 N
HleJililep} Hleililop}
‘(1oppe|q) %96 ©eN
Isppe|q Do VE 1L Als6
YN = d) uw (ovz Ul (0rZ ‘S1) 09 10 ‘leuisnie Aueunan Buljood  ‘gg] £/ 9By (8v] 'le 39
'0/) 081 '19buoj sem | | Jappe|q sem uopuaAIRUL Ul | | dluedwiAy ‘SNOUSA ‘Uneig ‘uedSOWLBY | 303U pue peay 91 N ISsUp|
31 Yoeal 01 awly buijood ay | 31 Yoeal 03 awll} buijood ay | djeas |esuaD unelg ‘1 1y a3 UORUSAIDIU|  UOIUSAIDIU| VOHO  -lwiydeH
(10000>d ‘960 “(UN) Do €€ 1L
=l) | Jappe|q pue (L0000>d ‘560 ‘sped Ja1em pue
=J) |eabeydoss Yum UoeaIod uoIsnyul auljes
Juesyiubis ybly e pue (3, 080 F Auewz 'UAjly yapm plo> Aqg buijood %08 2[eW
Do LT00) L [ea9beydoss 01 10adsau Do {09°€€ 1appe|q 10 (000r0Id uedsowIay L Apog A g1z by L] 11
Uam seiq [jews e pakeidsip ALl ‘oeee} ovEE sem ALl WL Buung SUON  'leabeydos] uneig ‘L1l a3l =loym 3S0OY-1sod OL:N VOHO ladseq
‘dnoib
(Ul (91¥ *€81)167) [0AUOD B}
SA (UIW (GG L “18) ZOL) uonusAIIUl
‘dnolb jo1uod ayy SU3 Ul (£0°0=d) Jauoys '9JeD plepuels %8/ PN
Ul (L/¥ 2/ 1) #87 "SA UORUSAIDIUI Ajpuediubis sem | | oluedwiAy ;0nuUoD) K 49 :2by
SY) Ul UIW (S1E H71) GS1 Sem 3y} yoeal 03 awly buijood ‘(2100 10l N
11 2J02 3y} ydeas 01 awil Hbuljood SUJ "UIW 97 Ul D, €] Sem el pue djuedwAl) ;jonuod
(100>d) [0UOD Ul D, 60 F D, BUIN00D BYL "D, 60FS G€) [013U0D Do ¥ELL %CL PeN
§'GE 'SA UOUDAIRIUI U] D, €| F|'GE SA (D §'LFCHE) UORUSAIDIUI JejnoseAenul ‘Buljood |eseu K 99 :2by
SeM UOISSIWIPE 1B (JejndseAenjul Ul (1000>d) Jusiagip Apuedyiubis 10 Jappe|q -sueJ1 15alle-eiiul €6 N o] e 3@
JO 'Jappe|q 1o ‘[e1dal) | 210D sem |eALe [eydsoy e AL SUON 10 '|e109y NN Hd :UOIUSAIDIU|  UOIUSAIIU| VYOHO uaJise)
%L/ 9eN
A
0l ¥ 08 #by
"3JeD plepuels €1N
HeJililep} HleJililop}
‘(jeabeydosa) %001 ©/en
Do V€ 1L A
‘Buljo0d y3U pue G| F g9 by
'SIe3 31 Ul 3] 01 SNpP SUONeLIeA |esbukieyd peay 1salle-enul 6N [s] ‘e 1@
N 3|geipaidun pakeidsip AL -oseN  |eabeydos] YN LY a3 /Hd UORUSAIDIU|  UOIUSAIDIU| VOHO  Aemejjed
'suaned Jo 961 Ul paydesl
Sem pue Ul ($87 ‘0CL) 081 Sem
11 2102 3y yoeal 03 awy buijood
3yl (1000=d 'y/D, (Z'L 'S0) 60)
[BID21 O ISppPE|q J0) UBY) (U/D,
(0 '6°0) ¥'1) |euare 1o [eabeydosa '53d JO 9499 Ul ‘(lesbeydosa
1oy asuodsal 121sej B YUM  paydeal Sem pue ulw (S/ 1| ‘59g) |e1021 1o pue djuedwAy) %9/ DeW
U/De (SL:2°0) L'L Sem (je1dal Jo 09 Sem | | dluedwAy ay3 yoeal ‘Jappe|q 1o Auewlan Do €€ 1L K6/
‘19ppe|q ‘ensuie ‘jeabeydoss) seus 01 sl Buljood syl 'Y/, (0°€ 9'L) ‘|elslie Jo 'HQWD uneig ‘000t ‘Buijood [eseu '€9) 1£ by [v] 'le1d
210D |[eIBA0 JO 3181 BUI00D BY| €77 JO 9181 BUIjood e pake(dsip AL| SUON ‘|eabeydosy oid uedsoulayl ‘I 1Yl DI /a3 -SUBs DSOY-1SOd $8 N v yosng
Aunqesedwo) L e O TH SIS DINP yoeoudde
s)nsaJ urepy WL 13410 WL 10> W1 dwedwAk]  bumas buijoo> uonejndod Abojoyied Apms

SIUDAS Je|NDSEAOIPJED 91NDP Ul Juswsbeuew ainjeladus) 19biey buiuiopad ssipnis € ajqel



Page 8 of 18

(2021) 9:43

Mase et al. Journal of Intensive Care

SEM | 210D ‘[eALIR JSYR UIW O UIW O IS4l 3Y} Ul Ulw/D, 90°0 4O 19ppPeI[g ‘00FIALL 1919UIoWIBy} DSOY-sod Jo -aud €GN Aurew)  [€6] e 1@
18 UlW/D, Z0'0 Aq paddolp | 2100 doip e pamoys AL uonusaiRIl Ul SUON 10 ‘|e1oay J03SIUIRY | a3 UORUSAIDIU|  UOIUSAISIU| ') epaye]
%L P_eN
A (59
'8Y) /G PbY
6¢ ‘N
(0. 07
< L 9pisino)
:dnoib
Jswiwing
“(AIN) Do 7E> 1L %0/ ©eN
‘syuaied Jawiwuns (¥
¥C pue sum  10g) 09 Pby
(1000 ((£96-€'5€) D, 9€) dnOIB JaWIWINS “uolssjwpe Gz ur buijood 19N
= d) dnoib 1swwins ul (£'9¢-56¢€) SA ((9'GE FE) Do 61E) I2IUIM 1e AJUO ySN SAISPAUL 1O 2DBUNS (D6 01
Do TOE "SA JRWUIM Ul (6'GE '8FE) ul (100'0=d) Jamoy Apuesyubis [eabeydoss  ‘uabiaxg yono1ybI Ag elwsyiodAy s | 9pIsino) (¢S] e 3
Do £GE SEM UOISSIUIPR 1B | 210D sem uojssjwpe [eydsoy e ALy SUON  JO Isppe|g dw21010 ‘L 1Y a3 opnadessyl piy - dnolb 1Sauipy VD 1neans
“(aseyd Buiwiemal)
9//°0 pue ‘(3seyd asueusiulew)
1190 ‘(3seyd uononpul) G180 "abepueq
‘(|[B49A0) 098°0 SeM UONR[21I0D YUM PaISA0D ‘(Jappe|q)
9y ‘(aseyd bulwiemal) D, 79'| ‘9eid ul padey Do €€ 1L
F 680— pue ‘(seyd aoueuSIURW) ‘wexa 2/dodsoio ‘sped
Do 6271 F 7L'L— ‘(dseyd uomdnpul)  -ainpadoid sjoym ayy ybnoiyy | SE 1916 pauasul fysn Bulj00d [eUIIXD %1/ DN
Do EGL F LL'L— (I]BI9A0) D, /L A19ue Areuownd palewinsaispun Aseuownd ‘leAoygaq ‘salaS 00F pue uolsnjul A
F €0'L— :sem A1due Areuownd 11 Inq ‘Bujood aujjes pjod Aqg 10 'J9ppe|q 9qoid 131auowlIsy} auljes pjod A9 07 F 05 by [19]
031 pasedwod A jo (SeIg Ayl padnpul sabuelp sy pasdesn Ay SUON ‘e103Yy J03S|UIRY | a3 buijood HsOY-1s0d 12N VOHO ‘|e 38 ulys
‘(|leabeydosa)
YSEMLE Do €€ 111
Areuow|nd ay1 03 pasedwod uiw ‘uolIsnjul
{g'c7— '59—} 8¢— Jo uopedppue 9115 Apeals buunp Aiaue auljes pjod
ue yum paydeas sem || diuedwAl  se |jam se Buljood buunp | Aioue SNOUSARIIUI PUR
3y] “(eseyd Buijood) D iF0— 80—} Areuow|nd ayi parewnsaispun 10 'Kiane 3N ‘2480 s121941ed bujjood %08 D[eN
90— PUE (||pJ2A0) D, {€0— 80—} Ajjernueisgns pue Ajsnonuinuod Areuowind  -yieaH 04| ‘wuay] Je|ndseAelIul IO A (88
90- 21om | Aisue Areuownd g buijood Aq padnpul "I9ppPe|q  -B-UOJ\ ‘I919WOoWIay} ‘sped Bujjood Aq ‘c) €9 by [05] "le 1@
01 pasedwiod ALy joseig oyl sebueyd aineiadwsy payen ALy SuoN  ‘|eabeydosy Jo3sIuIRY | a3 buljood HSOY-1s0d 0z N VOHO  DJeuezuy
‘(lesbeydosa
pue djuedwAl) %t/ PN
Do V€ 1L A
“(SN=d) |0u0D Ul “(SN=d) j0u0D ‘Buljood-a0eUNs €| F ¢9 :=9by
UIW 69| | "SA UOIIUSAIDIUI Ul UIW 7°/01 "SA UOIIUAIRIUI pJepuels ;ouod) /€N
Ul Ul /48 sem || |eabeydosa Ul ulW 7'/ sem || dluedwiAy ‘(lesbeydosa ;jonuoD)
3y3 yoeal 01 swi buijood ay| 3y1 yoeal 01 swi buijood ay| pue djuedwAy) 998 e
(SN = d "D, ¥060) [013U0D (100>d D, 5€6'0) Do 7€ 1L A
‘SA (Do 8F7171) UOIUSAIDIUI Ul [01IUOD "SA UORUSAIRIUL Ul (D, G/°1) uolssiwpe ‘Buljood [eseu 7| F $9 :=2by
1u1a41p Apuedyiubis 1ou sem anoy  dolp uabie| Apuediyiubis e pamoys PP -eiul DSOY-Isod /SN l6v] e 1@
154y 33 ul doup | [esbeydos3 AL Inoy BuIj0od 1511} BY1 U| SuoN  |esbeydos3 N AQ 1D UORUSAIDIU|  (UOIUSAIDIU| VOHO weys|
Annqeredwod L e O TH SIS DINP yoeoudde
s)nsaJ urepy WL 13410 WL 10> W1 dwedwAk]  bumas buijoo> uonejndod Abojoyied Apms

(panuIUOD) SIUSAS JB|NDSBAOIPIED 91NDP Ul JudWsbeuew ainjeladus) 19biey bujwiopad ssipnis € ajqel



Page 9 of 18

(2021) 9:43

Mase et al. Journal of Intensive Care

Do VE> L L1 F 19 B0V
NLL or N
[eudsoy-ur snid ;jonuod)
‘s3uaed JO 945/ | Ul paydeal uolsnyul aujjes 958 D_W
sem || dluedwAl ay] “uiw P|OD SNOULARIIUI A
961 F gk Ul (1000>d D, 1 Ag Buljood> gl F 1920y
FLYEOLGL F TOE WOY) D, 80 F Hd DSOy-1sod 0¥ ‘N (L8] e 3
YN 1 Aq paddoup AL ‘uonuaaziul Ul SUON SUON N a3 /Hd UORUSAIDIU|  UOIUSAIDIU| VOHO 23|NYS
‘24D pIepURIS
;jonuUoD) %1/ W
‘(dluedwiAy) A
Do €L 8L F €9 by
‘uolsnjul GE N
SNOUaARIIUI ;jonuod)
plojjeiskid %/8 ©eN
‘(Do §°9€) |0AUOD PpIO> pue 123ue|q A
SA (D, 91°GE) UORUSAISIUI U Aqg Buljood Apoq G| F GG =9by
WLL Buunp 000 = d) seoualayip YN ‘I219Woulayl 3|oym HSOY-1s0d 7N [99]
N uedyIubls pa1dsIap A SUON SUON 1DeIOd-UON DI /A3 UONUSAIDIU|  UONUSAIIU| VYOHO ‘le 19 oy
‘(K1ane
Kreuownd)
Do L FEELL
‘ss2l11eW
pajood-aid
Kisre “uolssiupe Aq Buijood Apoq %t/ DeN
(D6 09E-6'76) Do £'G€ Areuowind 1e Auo tysn pue peay snid A9
JO 3N|eA B PIMOYS puUe UoIsSILpe 1o lsppe|q  ‘uabiax3 ‘yonoybn Hujj00d Apoq '76) 86 =2by [ss] ‘e ¥
N 18 AJUO painseaw sem AL QuoN ‘|eabeydos] dwa1010 ‘L 1Y NDI/g3  92BHNS DSOY-150d /TN YOHO IuRZ
‘(jeabeydosa)
Do €€ 1L
‘Alessadau YN :eep
(100°0=d) 7 uonuarIRY| J1 Bujood  diydeibowsg
Ul D, (S8 L= /TH} 90— "SA | Je|NJSPAOPUS  "BUOU :[0J3U0D
uonuRAIRIU| Ul (100'0=d) D, {1'L— |euonippy 9N
‘TT-} 591 — Jo seiq e pakedsip (2) Bulood T
AL| '] Jesbeydoss 01 10adsal Y VSN U 39U YUM IO () UOIUSAIDIUI
S 1POBPUI BN ‘ULIS) noyum bujjood SN
|eabeydoss sy 1e D, 7 pue s ‘Bulj00d Jo Y € 15l lenbn( pue  -e-UOK ISIDUWOWIDYY peay JSOyY-1sod i 7S] e 3@
Jsenbnl ayr1e D, ¢ sem doip | ay1 Ul D, ¢ Jo doup e pamoys AL SuoN  |eabeydos] s|dnodouway a3 UORUSAIDIU|  UOIUSAISIU| VD  J9||epuep
%9 ©eN
'21ed A (8L
(1000 >d "D €1 F LPESA D, T'L piepuels :jouod  y9) 7/ Pby
T 67 U ozl pue (o0 =d D, ‘leuaew dluedwAy SSN
UL F L'VE SA D, V'L F L'€€) UIW OF buiddeim anisaype Do TE 1L lonuod
(€00=d "D, 0L F £€GE 'SA D, 1€ |O1IUOD "SA UONUSAIRIUI Ul ISMO Y3m uonensul ‘Buljood Apog %/ e
'L F §PE) Ul 07| 18 [0JIUOD 'SA Apuesyiubis sem AL| “aseainsp ‘A||eJo1e)ig painseaw aloym snid bul A(18
UORUSAISIUL Ul JdMO] AQUeDIUDIS  J9MOIS B AQ PIMOJ|0) ‘|eAlle 19)je AL} ueder ‘usipinoD -|00> |eabukieyd '79) 7/ ©by (VDHO
Aunqesedwo) L e O TH SIS DINP yoeoudde
s)nsaJ urepy WL 13410 WL 10> W1 dwedwAk]  bumas buijoo> uonejndod Abojoyied Apms

(panuIUOD) SIUSAS JB|NDSBAOIPIED 91NDP Ul JudWsbeuew ainjeladus) 19biey bujwiopad ssipnis € ajqel



Page 10 of 18

(2021) 9:43

Mase et al. Journal of Intensive Care

‘WL ‘Danjesadwial ‘f ‘uoidiejul eIPJEDOAW UONRASIS-1S ‘WILS ‘Uoiie|nd
‘quesiyiubis Jou ‘s ‘paniodal Jou ‘YN aS1awowlayl duedwAl pasesyul ‘g Y/

SNSIAA “sA ‘sieak ‘A ‘ainjesadwal duedwAy AL ‘ainjesadwal 106ie) ‘1) ‘Auswainseaw ainjesadwal

snoauejuods JO UINIAJ ‘DSOY ‘JUSIDIS0D UoIIe[21I0d “ ‘jendsoy-aid ‘Hd ‘uondiejul [eipiedoAw ‘Jpy ‘salle deipied [eydsoy Jo INo ‘YOHO
N a1ed> aAIsuLul ‘NDf Quswnedap Adusbisws ‘g7 ‘el J91ayied ‘7D ‘sauie delpied ‘i) "uonedljgnd [eulbLo ay) 01 199dsal YUM PIsIanI

uoniuysp seiq w ‘9|qe|ieAe se ‘[abues] ueipaw ‘(96ues djuenbisiul) ueipaw ‘sueIpaW ‘{[eAla]ul 2USPIUOD %S} Ueaw '+S1UWD316. JO S1IWI| JO UOIIRIASP pJepuels F Ueaw ‘ueaw ‘(%) sabeluadiad ‘(N) siaquinu e eleq

"218D plepuess

;jonuoD) %18 21eW
NIEIEIS) A
Bullood) D, € 1L L F §§ 96y
‘Buljood S N
Buljood le|ndseAopud ;jonuod)
(100 JendseAopus 1D Aq pamoj|o4 %6/ 9eN
> d) BuIjo0d Hd J91e D, 90 F §'GE puunp ‘sped adeuns A
01D, G0 F L'9E JO dUl|aseq P WOy PIONIEN pue auljes pjod 0l F 85 =6y
Do 90 F Do ¥PE Sem uoisnyadal 95eaJ03p JuedyIubIS e pakeidsip 1919438 VSN ‘uabliax3 ‘Yano| AQ Bulj0od Hd /¥ N [09] e ¥®
1e | J919y1ed buljood ay| AL} ‘dnoif uonusaszIul BY1 U] Buljood QuoN  -ybI7 dwa1o10 ‘1Y 1D/ Hd :UONUSAISIU|  UOIUSAIRIU| IW3LS 1103S9]
EJlcs) 9698 31N
pJepuUels ;|0U0D) (A
‘uolsnjadail '0€) 66 2BV
210J9q 65 ‘N
Buljood (4919Y38D BUIj00D) ;jonuod)
1ejnoseropud Do GES 1L %6/ B1eW
Buunp “uoIsnyul aul|es K6/
“(UN Do L0 F 09€ Sem Josuas plod> Aq Buijood  z¢g) /G Pby
=d) D, 90 F /€ sem uoisnpadal pue 3ul|dseq 1e AJuo painseaw 1919438 uolsnyadas-aid 19N [6S] e @
1e | J339y1ed Buljood 3yl sem AL ‘dnoib uonuasAiRIul Byl Ul pujjood SUON UN Eb) :UONUSAISIU|  UOIUSAIRIU| IW3LS abuljig
%¥8 OeN
A(99
‘) 85 90y
‘2JeD plepuels SZN
‘Buljood ;0nuUoD Hleililop}
Ag paiaye 10u sem “L| ‘syusied YN L 959 D_W
omy U (100’ 0>d) buljood peay ‘de> ejuayrodAy K(1L
Jaye (G ‘9°¢€) Do e O3 (€9€ AQ Buljood  zg) 79 by
'8%€) D, §'G€ Wioy paddoip Ay peay 5SOy-1sod 07 ‘N (851 "le 1@
4N UOIUSAIRIUL U SUON SUON N Hd UORUSAIDIU|  UOIUSAIDIU| VOHO wi0ls
(WLL [endsoy
-Ul) 24D plepuels
HleJililep} %C/ DN
‘OluedwAy) K
Aunqesedwo) Aunaiseay o TH o DINP yoeoudde
S} nsaJ ulepy WL 13410 WL 10> W1 dwedwAk]  bumas buijoo> uonejndod Abojoyied Apms

(panuIUOD) SIUSAS JB|NDSEAOIPIED 91NDP Ul JudWsbeuew ainjeladus) 19biey bujwiopad ssipnis € ajqel



Page 11 of 18

(2021) 9:43

Mase et al. Journal of Intensive Care

(SLL)

8¢ :SSS
%LL ®eN
Aol
F 0/ Pby
95 N
‘24ed ;|0Juo0D
“(dUIPSeq SA 1000 = piepuels (SLL)
d "D, §'5€) Y 9 4oye panaiyoe ‘oluod 8'GC 'SSS
sem L] 353m0| 34 (2000 ‘PoLsw %L, BN
=d D, #/9¢ 01 auljaseq VSN Ale pad104, A9l
ALy 1e D, 8'9¢ Wolj) buljood IR Aqg Buljood F 69 :9by
pue | |e123J U9IMID] PIAISSCO Jo 4 | Joye Apuedylubis ‘0006 [9POW ‘4 9 1oy paljdde  Apog-sjoym /1N [79] *Je 3@
SeM UOIE[31I0D Buo.s v paseainap AL] uesw dy]  SUON |e109Y 3101 ‘L1 ns 9DIA9P :UONUSAIDIU| UOIUSAIDIU| UOHUIAIRIU|  HDI'S| pieebsiswwe)y
U 6L F 8y 1oye D, SL'0 +
S0~ L Joppe|q JO pue ‘ulw /|
F 617 19Ye D, 7T0 F 9€'0— Sem ‘Buljood adeuns Apogq  “paisanbai
1 Ulelq JO 35eaID3P [eulixeul -3|0yM pue 3|0ZIuleIaW 1 Buljood
3yl (000 =d) D, 510 F 10 uaydouiwelade 2oe4ns
81'0— Aq L Jeppe|q pue (1000 (9oepns O uonensiuiwpe D, 08 Apog-sjoym TELF
>d) D, 70 F ¢€0~- Aq paonpai Ul 9l F /¢ Jsye [e21J0> 3yl SN ‘[BIIPSN < 1 2102 Apog [eul 10 usnbasans 67 ‘SSHIN
sem | uleiq ‘Buljood JO U D, 6L'L F 6/ L— JO 9sea1d3p MO[SQ WD SYHWS Buijood yo y | 19ye D, 1'/€ Vo %EL BN
L JoYy ‘| uteiq ueyy (100> d) wnwixew e yum ‘(Loo'o > d) €<) '9qoud ‘007 SLL < 1 2103 Apog § :sbnig  ¢) Bujood As1
J1omoy Apuedyiubis sem Buljood D, 61'L F 69'L— Ag padnpau urelq 1/dDl IeIuouayy Do L'LE < L 210D yo3u T g =by HYS
Buunp pue sujaseq e L] sem “L| ‘6uljood Jo y | ;BYy  SUON ‘Ioppelg Joysiwisyl - NDIN Apoq Ji paijdde ad1neQ pue peaH LL:IN - 'HDI'SI [€9] "le 32 1j0d
(Y74
-G/9) §¥L S
SHIN [[B49A0
Buljood 940G P
[esbupeyd d)
-0seN F 96 :2by
< 0L N
(1000 >d D, L0 F S/E SA (9oepns [SIMVEVNEX ]| i
Do 270 F L'/E) SUIISSE] 18 UIAD | [P21140D 2} ‘D, UonUIAIRIUI
ulelq ueyl 1amoy Apybis sem Al MOJ2q WD $) uolsnjul 9609 R_N
(5000 = d) buljood |eabukieyd 'SaN|eA a1njosqe £<) aqoud ‘Y | JO) Ulwi/7 09 JO S1eJ  3ulles pjod A
-0seu Ag Buljood ulelq JuIa4p Ayblis yim utelq 1/dD| 7 UonuaAIdul  Ag Buljood  / F G9 @by
PS1eWISSISA0 INQ ‘UOISNYUl  113G|e ‘UoISnjul pjod Buunp ‘lesbeydoss ulw Apoq 0L :N
p|od Ag padnpul ssbueyd | ulelq Jo sabueyd aAeal pue ‘|e1d3l F €€ 10} Y/ ¥ Jo 2.l Moy SJOUM L B HYS
1 Uleig Yim [|om paiejiod ALy 031 Apejiwis paoeal AL auoN "1appe|g UN NDIN UOISNyU| :| UOIUSAIDIU|  UOIUSAIIU|  UORUSAIRIU|  ‘HD| ‘S| [29] *le 3@ 1j0d
“(Kiaue Areuownd ulelg
10 ‘|esbeydoss [e1dal ‘Iappe|q) SEMLE /9 F
S31IS 210D 1€ (UIW G| 1B D), ‘(PapPN|PX Areuownd /92 ‘SSHIN
SE0F €7049) D, 90 F L'l Aq SI91INO OMY) UIW G| 1o %0% 2eN
pue Uleiq ay1 18 (Ul G| 18 D, Ulyum D, 6€°0 F S90 Jo doup ‘lesbeydosa Buljood K/1
¥C0 F €50 4Q) Do ¥0 F ¥'L Aq e yum ‘uononput buunp 10 '|e3d31 Y L dojuiw/g esbuueyd ¥ oG by HDI [19] e 39
paseainap | ‘uoponpul buung D, 7 F ¢’ Aq paseansp AL suoN 1o isppelg N NDIN 08 JO S1eJ UONRASIUIUIPY -0seN ASLIN ‘SIlgL 199YD-noqy
Aypgqeredwod Ajiqiseay saus 0201044 uonesxo
= bl WL Qs IA9p WL .
synsai uleyy  JBY0 W1 210D JjuedwA)] Huneg yoeoidde buijooy uonejndod aseasiq Apms

S95easIp D160j0INaU INde Ul Juswabeuew ainjesadwal 19biey buiwlopsd saipnis ¢ ajqeLl



Page 12 of 18

(2021) 9:43

Mase et al. Journal of Intensive Care

sieak ‘A ‘Ainfur urelq dnewnely ‘g ‘ainesadwal diuedwiAy 4Ly quawsbeuew ainjesadwa) 1964e3 ‘W Auswainseaw ainjesadwial ‘wL

‘ejuaylodAy onnadesayy ‘Hy ‘aanjesadwial ‘f Qiun 9x041s ‘NS 21035 (SSS) 9|eIS 9Y0I1S URIARUIPURDS ‘SSS ‘beylioway plouydeieqns ‘Hys ‘ojeAnde usboujwseld adA1-anssn JueUIqUIOdaI ‘Yqil {paliodal Jou ‘YN ‘91eds
9%041S Yi|eSH JO S2IN1IISU| [BUOIEN ‘SSHIN 1UN 21D SAISUSIUIOINSU “NIJN ‘9X041S dIWYIs! ‘S/ ‘aunssaid |elueideiul ‘¢D) ‘dbeiowsey [eigaladeiul ‘HDj a1awowlay) diuedwAl palesyul ‘[ 1Y) ‘lewolewsey |e1gaiad ‘HD
sjuaned 9 ul Ajuo uondaroidoinau 1oy pawiopad sem elwiaylodAH, d|gejieae se ‘[abuel] Jo (3Bues 3j1ueNbISIUI) UBIPOIW ‘UOIIRIASP PJepuUelS F UeaW ‘(%) sabejuadiad ‘(N) silequinu ale eleq

(1000 >d D, T¥ “uey “Bulj00d
F £'L1) paienodun ueyl (O, £ (100 B yum Buijood jeuonippy ulolb
F 1'6) P2ISA0D 21oM sBa| pue > d) BulISAIYS JO 9duauNd20  diy 90} SN ‘[esIpay “Ul0Jb 10 ‘SaPjUe ‘SISUM UO 10 ‘sapjue %62 DeN
SULIB 9} USYM UOIIUDAIDIUI 9U1 YIM pa1eidosse oyl 1e POOMIBYS sdeim pajesnies-joyodje Jo 'SISUM ALl [99] 0002
QY1 BuLNp 210w paseaidap Ajpuedyiubis sem uaipelb  adeuns Y 000§ /|OyoD[e JO J21eM |00D Yum 1O ‘Buljood F /590y 191 ‘HD udiyepp pue
waipelb | 201 - AL ay| 1 901 - AL} pasealnul uy upjs SUON  SNIUSD ‘| 1Y NDIN pabuods adeuns Apog  Apog |0y /N ‘HYS Japueaa-puns
TeL-vl
"MeIS UOISNjuUl Pjod Jaye “BulIBAIYS (aybram §'S [SSHIN
UlW 9| F 7G payoeal sem Bupuanaid Joy auosdsng Apog FRINREIEIN
(D £0 F ¥5€) “LL painseaw /auipiyed sbrug By/1w sz D, Ael
159MO| 3Y] (50070 > d) D, URIS JUSUIIRDI) Y d-M JSYe ) UoIsnjul F /9 by
€0 F 9’| JO WNWixew e Aq Ulw || F /| pUB19SUO  3UIjes pjod (Vdu
Do L0 F L'/ JO BUIRSEQ woydwiAs saye uw oz - Aqg Buijood SVIINEREY! [59]
dN B woy paseaidsp AL auoN SUON dN YN F €21 Joj uonensiuiwpy  Apog sjoym 6) 0L N Sl ‘le 19 Jewjjoy
Aypgqeredwod Ajiqiseay saus 0201044 uonesxo
i - W1 ous ISP L .
synsai uleyy  JBY0 W1 210D JjuedwA)] Huneg yoeoidde buijooy uonejndod aseasiq Apms

(panuiuo)) sasessip d160j0INauU aInde Ul uswabeuew ainjesadwal 19b1e) bujwlopsd saipnis ¢ ajqel



Mase et al. Journal of Intensive Care (2021) 9:43

(overall bias of — 0.6 °C [50] and - 1.03 °C [51]) and in a
shorter cooling-time duration [51]. In pre-hospital set-
tings, T, was capable of tracking the effects of prompt
post-ROSC application of TTM by cold saline infusion
[57] or by a hypothermia cap [58] in CA patients, as well
as the effects of cold saline and surface pads in patients
with acute myocardial infarction [60]. However, tympanic
measurements showed to be biased by external factors,
such as variations in the environmental temperature [52]
or the presence of snow/ice in the ear canal [45]. In the
in-hospital setting, tympanic measurements were able to
track temperature changes associated with nasal/
pharyngeal or head/neck cooling [44, 48, 49, 53], cold sa-
line infusion [47, 57], or a combination of local and whole
body cooling [50, 51, 53-56]. In patients with acute myo-
cardial infarction [59, 60], the tympanic site was used to
complement catheter tip measurements, when the latter
were not available.

Tympanic temperature measurement during TTM in acute
neurological disorders

Six studies tracked T, during TTM in patients with
acute neurological disorders, which included ischemic or
hemorrhagic stroke, subarachnoid hemorrhage, and
cerebral hematoma after traumatic brain injury. The
studies are summarized in Table 4. TTM protocols were
applied in-hospital in all the retrieved studies. In three
studies [61-63], patients were intubated and deeply se-
dated. TTM protocols differed among the studies in
terms of cooling devices, target temperature measure-
ment sites, starting temperature, and target temperature
(mostly mild hypothermia). The applied cooling tech-
niques included (i) whole body cooling by intravenous
injection of cold saline solutions [62, 65] and (ii) local
body cooling by nasopharyngeal [61, 62] or head/neck
cooling devices [63], body surface wraps/sponges [66],
and/or the “forced air” method [64]. In most of the stud-
ies, comparative core measurements were available for the
bladder, rectal, and esophageal sites [61-63, 67], and in
one study also for the pulmonary artery [61]. T, showed
a larger drop compared to other core-temperature meas-
urement sites during pharyngeal cooling [61], while it
showed strong correlation with rectal temperature during
surface cooling by “forced air” method [64]. In three stud-
ies [61-63], brain temperature measurements from a
probe inserted below the cortical surface were available.
Ty correlated well with brain temperature during whole
body cooling induced by intravenous cold saline solution
in stroke patients, although it displayed lower values
already at baseline with a bias of - 0.4 °C [62]. During
nasopharyngeal cooling [61, 62] or head and neck cooling
[63], Ty overestimated brain cooling, showing a more
marked decrease (drop in the first hour of cooling ranging
from -1.69 to -2.2 °C at the tympanum vs. —0.32 to —-1.4
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°C at the brain), while other core-temperature measure-
ment sites underestimated brain cooling, displaying a
lower decrease (temperature drop ranging from - 0.18 °C
to - 1.1°C) [61, 63].

Try displayed capability to track temperature changes
induced by either local or whole cooling. In addition,
when used in combination with skin temperature, it
depicted the risk of shivering during surface cooling [66].

Discussion

The main findings of the present scoping review,
aimed at assessing the diffusion, feasibility, and accur-
acy of Tr, monitoring during TTM, are: (i) Tr, was
capable to track temperature changes induced by a
variety of TTM approaches, including local or whole
body cooling, in both pre-hospital and in-hospital set-
tings and under different clinical conditions; (ii) Tty
may have selective advantages for TTM in pre-
hospital settings, where it is often the sole
temperature measurement available; and (iii) limited
evidence is available about T, accuracy in relation to
reliable core body and brain sites.

Feasibility and performance of Ty, monitoring in
emergency and critical care

The evidence provided by the 35 identified studies gen-
erally supported the capability of Trp, to follow
temperature changes induced by either local or whole-
body cooling strategies. The most common application
fields for T, were the testing of novel cooling strategies
in healthy subjects and the monitoring of TTM in pa-
tients with acute cardiovascular events, while applica-
tions in patients with acute neurological disorders were
sparser. In patients with acute cardiac disease, T, moni-
toring was applied in both pre-hospital and in-hospital
emergency settings. In the former setting, tympanic
monitoring was mostly used as the sole temperature
measurement, which may indicate a selective advantage
of Ty in this condition. Thanks to its reduced invasive-
ness and easy application, ear probe measurements may
allow prompt TTM initiation [68]. In comparison,
esophageal temperature probes usually require an intu-
bated patient and rectal temperature measurements may
be not easily accessible [68]. However, factors limiting
Ty reliability should be properly considered for an ap-
propriate use of the technique. Tr, measurements may
be influenced by alterations in the blood flow to the
brain, as demonstrated for instance by tilting maneuvers
[23]. Therefore, Tr, measurements in CA patients
should be considered reliable only after the patient has
regained a stable spontaneous circulation. Moreover,
pre-hospital studies showed T, measurements to be af-
fected by external factors, such as variations in the envir-
onmental temperature or the presence of snow/ice in
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the ear canal [45]. Consistently, previous studies pointed
out the necessity of performing T, measurements in a
clean and dry ear canal and the importance of properly
insulating the tympanic probe, especially when operating
in settings exposed to environmental factors (e.g., cold,
wind) [25, 69].

Comparison of the tympanic site versus other core-
temperature measurement sites

In emergency and critical care settings, alternative core-
temperature measurement sites are available to track
temperature; thus, the performance and eventual advan-
tages of Tty in comparison to other measures need to be
evaluated. Tympanic measurements were combined with
other measurements in 30 studies [32—39, 41-55, 59—64,
66], of which 22 studies [32-39, 44, 46-54, 61-64] pro-
vided a direct comparison with temperatures measured
at different core or brain sites. These studies presented
heterogeneity in terms of studied population, cooling
protocols and devices, tympanic thermometer type
(IRTTs or thermistor/thermocouple thermometers), and
comparative/reference sites. All these variability factors
hindered the calculation of an overall figure of merit for
tympanic measurement site. As an additional limitation,
rectal temperature was mostly used as comparator
among studies. The rectal site has known limitations
and a slow response in dynamic conditions [20, 70-72],
which is mainly attributed to the buffering influence and
heat-sink effect of rectal tissue and stool in the rectum
(73, 74].

The comparison of Ty, with the most reliable core sites
(i.e., esophageal, jugular, and pulmonary artery sites),
available from studies in emergency and critical care set-
tings, showed that T, performance depended on the
cooling protocols and reference site considered. Com-
pared to esophageal temperature, T, showed compar-
able cooling times during intranasal cooling [49], and
low bias and high correlation during cold saline infusion
[47]. A larger bias with esophageal temperature was ob-
served during head and neck cooling [54]. Compared to
the pulmonary artery, the tympanic site showed the
highest bias during cold saline infusion [50, 51]. Al-
though the pulmonary artery temperature is usually con-
sidered as the gold standard core-temperature to guide
clinical mild hypothermia [75, 76], previous studies have
shown that the temperature of the pulmonary artery
blood may reflect less well brain temperature when
hypothermia is induced or reversed, during either select-
ive head cooling or rapid intravascular cooling [77, 78].
Instead, esophageal temperature responds rapidly to
changes in the temperature of the blood perfusing the
heart and great vessels [77, 79] and it showed a better
relationship with brain temperature when inducing
hypothermia and at early TTM, in either selective head
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or whole-body cooling [77]. The better agreement of T,
with the esophageal than with the pulmonary artery
temperature may thus suggest the reliability of T, to
track brain temperature. The capability of Tt to reflect
brain temperature is supported by the assumption that
the tympanic membrane is supplied by vasculature from
the same sources that supply the brain (i.e., branches of
the basilar and internal carotid arteries, which join anas-
tomoses with branches of the external carotid artery in
the region around and within the tympanic membrane
[21, 22, 80]), which guarantees thermal equilibrium be-
tween the two sites [23]. However, although T, is cur-
rently the most commonly used non-invasive method
for brain temperature estimation [81], being the sole
anatomical structure close to the brain that is accessible
without surgery [82, 83], concerns remain on its accur-
acy, mainly due to measurement errors, measuring de-
vices, and/or real temperature differences between the
ears [80]. In the specific setting of TTM, the present re-
view revealed a gap of evidence in the literature about
the capability of Ty, to reflect brain temperature. We
identified only three studies in acute neurological pa-
tients [61-63], which provided comparative direct brain
temperature measurements at a single subcortex site.
The studies displayed heterogeneity in terms of patient
characteristics and underlying disorders, cooling proce-
dures, and target temperature. The results showed a
high correlation between Trp, and brain temperature
during whole body cooling. Nonetheless, T, generally
overestimated brain cooling in either whole body [61,
62] or local body cooling [62], with more severe over-
estimation during head and neck cooling [63]. Of note,
other sites for core-temperature measurements generally
underestimated cooling effects [61]. Although these re-
sults may suggest the potential of Ty, to track brain
temperature with similar performance to other more in-
vasive distal measurement sites, the larger response of
Try, may result in an overestimation of cooling effects
through different TTM phases and thus in a shorter
cooling-time duration [51], with the risk for patients to
stay outside the ideal temperature range during TTM in-
duction and steady state.

Future perspectives

Simultaneous measurements at different brain and core
temperature sites according to well-defined protocols
should be performed during both local and whole-body
cooling procedures. The characterization of the spatio-
temporal temperature patterns under various TTM ap-
proaches by a continuous temperature acquisition
through the different TTM phases is desirable. In experi-
mental studies, brain temperature should be monitored
at multiple sites, since a single site may not reflect
temperature across the brain, especially in the presence
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of head cooling and marked temperature gradients [84—
86]. The systematic assessment of bias and correlation
between Ty and brain or other core-temperature meas-
urement sites and the comparison with therapeutic out-
come may allow to define sharp recommendation and
safe target ranges for T, under different TTM applica-
tions. T, performance may be improved with proper re-
calibration of target temperature values, as T, often led
to an underestimation of core temperature even at base-
line but showed a moderate to high correlation with
esophageal temperature. Finally, clinical, experimental,
and industrial research should synergistically concur to
develop wearable temperature trackers [80], able to over-
come the limitations of current tympanic thermometers
[25, 66, 69, 80, 87] and to grant fix probe positioning
and protection from external environmental conditions
[80]. These developments may improve temperature
monitoring and allow early TTM extension under logis-
tically challenging critical conditions.

Conclusions

The results of the present scoping review provided evidence
about the capability of T, to track temperature changes in-
duced by either local or whole-body cooling in both pre-
hospital and in-hospital TTM applications. However, there
is a paucity of studies performing a systematic comparison
of Tr, performance with reliable core and
brain temperature measurement sites, which hinders a
thorough evaluation of T, advantages in emergency set-
tings and of the capability of Ty, to track brain
temperature. Future experimental and clinical studies
should bridge this gap of evidence by providing reliable de-
vices and dedicated temperature ranges for safe application
of Tty in TTM and by clarifying the relationship between
Tty and brain temperature. Thanks to its easy use and re-
duced invasiveness, T, may have selective advantage in
pre-hospital settings, when practical limitations may hinder
temperature acquisition from more invasive sites.
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