N

N

Improving post-cardiac arrest cerebral perfusion
pressure by elevating the head and thorax
Helene Duhem, Johanna Moore, Carolina Rojas-Salvador, Bayert Salverda,
Michael Lick, Paul Pepe, Jose Labarere, Guillaume Debaty, Keith Lurie

» To cite this version:

Helene Duhem, Johanna Moore, Carolina Rojas-Salvador, Bayert Salverda, Michael Lick, et al.. Im-
proving post-cardiac arrest cerebral perfusion pressure by elevating the head and thorax. Resuscita-
tion, 2021, 159, pp.45-53. 10.1016/j.resuscitation.2020.12.016 . hal-04805125

HAL Id: hal-04805125
https://hal.science/hal-04805125v1

Submitted on 29 Nov 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.science/hal-04805125v1
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0300957220306134
Manuscript_d5a33ce737530a1d95ff244192fd5fal

[\

[S—
SO0 N B~ W

11
12
13
14
15
16

17
18

19
20
21
22
23
24
25
26
27
28

Improving Post-Cardiac Arrest Cerebral Perfusion Pressure by Elevating the Head and
Thorax

Helene Duhem MD MS: University Grenoble Alps/CNRS/CHU de Grenoble Alpes/TIMC-
IMAG UMR 5525, Grenoble, France

Johanna C Moore MD MS: Department of Emergency Medicine, Hennepin Healthcare,
Minneapolis, MN, USA. Hennepin Healthcare Research Institute, Minneapolis, MN, USA.

Carolina Rojas-Salvador MD: Department of Emergency Medicine, University of Minnesota,
Minneapolis, MN, USA

Bayert Salverda BA: Hennepin Healthcare Research Institute, Minneapolis, MN, USA.
Michael Lick BA: Hennepin Healthcare Research Institute, Minneapolis, MN, USA.

Paul Pepe MD: Dallas County Fire Rescue, Dallas, TX, United States
Palm Beach County Fire Rescue, West Palm Beach, FL and Broward Sheriff’s Office, Fire
Rescue Department Fort Lauderdale, FL, United States

Jose Labarere MD PhD: University Grenoble Alps/CNRS/CHU de Grenoble Alpes/TIMC-
IMAG UMR 5525, Grenoble, France

Guillaume Debaty MD PhD: University Grenoble Alps/CNRS/CHU de Grenoble Alpes/TIMC-
IMAG UMR 5525, Grenoble, France

Keith G Lurie MD: Department of Emergency Medicine, University of Minnesota, and
Hennepin Healthcare Research Institute, Minneapolis, MN, USA.

© 2020 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0300957220306134
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0300957220306134

29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

ABSTRACT

Aim: The optimal head and thorax position after return of spontaneous circulation (ROSC)
following cardiac arrest (CA) is unknown. This study examined whether head and thorax
elevation post-ROSC is beneficial, in a porcine model.

Methods: Protocol A: 40kg anesthetized pigs were positioned flat, after 7.75 minutes of
untreated CA the heart and head were elevated 8 and 12 cm, respectively, above the horizontal
plane, automated active compression decompression (ACD) plus impedance threshold device
(ITD) CPR was started, and 2 minutes later the heart and head were elevated 10 and 22 cm,
respectively, over 2 minutes to the highest head up position (HUP). After 30 minutes of CPR
pigs were defibrillated and randomized 10 minutes later to four 5-minutes epochs of HUP or
flat position. Multiple physiological parameters were measured. In Protocol B, after 6 minutes
of untreated VF, pigs received 6 minutes of conventional CPR flat, and after ROSC were
randomized HUP versus Flat as in Protocol A. The primary endpoint was cerebral perfusion
pressure (CerPP). Multivariate analysis-of-variance (MANOVA) for repeated measures was
used. Data were reported as mean+ SD.

Results: In Protocol A, intracranial pressure (ICP) (mmHg) was significantly lower post-ROSC
with HUP (9.145.5) versus Flat (18.5£5.1) (p<0.001). Conversely, CerPP was higher with HUP
(62.5£19.9) versus Flat (53.2+19.1) (p=0.004), respectively. Protocol A and B results
comparing HUP versus Flat were similar.

Conclusion: Post-ROSC head and thorax elevation in a porcine model of cardiac arrest resulted
in higher CerPP and lower ICP values, regardless of VF duration or CPR method.

TACUC Protocol Number: 19-09

KEYWORDS

Active compression-decompression CPR
Cardiac arrest

Cardiopulmonary Resuscitation
Return of spontaneous circulation
Advanced Cardiac Life Support
Cerebral perfusion pressure
Head Up CPR

Head and thorax elevation

Heart arrest

Impedance threshold device
Medical device

Patient positioning

Posture

Intracranial pressure
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INTRODUCTION

Elevation of the head and thorax (EHT) improves clinical outcomes in critically ill
patients with traumatic brain injury, heart failure, and respiratory distress' . EHT helps to drain
venous blood from the brain, lower intracranial pressure (ICP), and improve multiple essential
physiological processes including oxygenation, transpulmonary flow, and circulation®.

Recent pre-clinical and clinical data have shown that the combination of gravity-assisted
active compression decompression (ACD), cardiopulmonary resuscitation (CPR) with an
impedance threshold device (ITD) improves cerebral perfusion pressures and neurologically-
intact survival rates after cardiac arrest (CA), especially when using controlled sequential
EHT!%!'% This new approach does not work with conventional (C-) CPR, as forward flow is
too limited'*!>. However, when used with CPR techniques that augment circulation, EHT
harnesses gravity to enhance draining venous blood from the brain, lowers ICP, and improves
circulation to the brain, heart and other vital organs, and improves neurologically-intact survival
versus C-CPR in the Flat position.

While recent evidence supports a benefit of EHT during CPR, the optimal position after
return of spontaneous circulation (ROSC) remains unknown. Lower ICP and higher CerPP after
ROSC may decrease reperfusion injuries in the post arrest phase and thereby improve
outcome'®. Herein we tested the hypothesis that EHT after ROSC would increase cerebral
perfusion pressure and lower ICP relative to the flat position, regardless of the duration of

cardiac arrest or method of CPR.

METHODS
The study was approved by the Institutional Animal Care and Use Committee of the

Hennepin Healthcare Research Institute (HHRI). A certified and licensed HHRI veterinarian
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assured that animal care and the study protocol complied with the National Research Council

2011 Guidelines for the Care and Use of Laboratory Animals.

Study design and measurements

Study preparation and surgical techniques were performed as previously
described'""!>!7. Female Yorkshire farm pigs weighing ~40 kg were fasted overnight, received
intramuscular ketamine (1000 mg), and then 5% inhaled isoflurane. Animals were placed on a
customized elevation device (CED) CPR device as previously described!* and shown in
Supplemental Figure 1, capable of elevating the head and thorax to perform CPR as previously
described'?, and then intubated with a 7.5 mm cuffed endotracheal tube (ETT), connected to an
anesthesia machine (Narkomed, North American Drager) and ventilated with a tidal volume of
10 mL/kg. Isoflurane was continued until 3 minutes prior to induction of ventricular fibrillation
(VF). End tidal carbon dioxide (ETCO») and transcutaneous oxygen saturation (SO») were
measured with a CO2SMO Plus (Novametrix Systems). Respiratory rate and FiO» were titrated
to keep SOz > 92% and ETCO; between 37-43 mmHg. Intravenous (IV) access was then
obtained and pigs received normal saline during the preparatory phase to maintain a mean right
atrial pressure (RAP) between 7-10 mmHg. Animals received a 100 unit/kg bolus of
intravenous heparin every hour. Temperature was continuously measured via esophageal probe
and maintained between 37-38°C during the preparatory phase. Proximal airway pressure was
measured through the ETT with a differential pressure transducer (TSD160C, Biopac Systems,
Inc). RAP and aortic blood pressure (AoP) were measured using micromanometer-tipped
catheters (Mikro-Tip Transducer, Millar Instruments) placed using a femoral approach and
positioned in the right atrium and thoracic aorta at the level of the diaphragm, respectively.
Catheter placement was confirmed with fluoroscopy. An intracranial bolt was placed in a burr

hole in the skull to measure ICP with a micromanometer-tipped catheter. It was positioned
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approximately 5 mm into cerebral cortex. To measure regional cerebral oximetry (rSO.)
paediatric rSO> probes (SenSmart 8004CB, Nonin Medical, MN) were placed along a line
between the lateral canthus of each eye and the medial portion of the bottom of the ear. For
these analyses, rSO> values were used from the one of two probes that showed the greatest
change in rSO> pre-arrest to the end of the untreated VF period. Arterial blood gases (ABQG)
and reference blood samples were analyzed using a Gem Premier 3000 device (Instrumentation
Laboratory, Lexington, MA). Surface -electrocardiograms, ETCO,, ICP, RAP, AoP,
intrathoracic pressure were continuously monitored and recorded (BioPac MP150; BioPac

Systems Inc) and then stored and analyzed using the BioPac Acgknowledge 4.2 software.

Experimental protocols
Protocol A:

The study protocol is shown in Figure 1a. VF was induced via direct current from a
pacing wire placed in the right ventricle as previously described!"!2. After 7.75 minutes the
CED was raised completely flat to the lowest elevation position. After 8 minutes of untreated
VF, ACD CPR was performed with an automatic piston device (Caztek Engineering, St. Paul,
MN)!. An ITD (ResQPOD-16, ZOLL Medical) was attached to the endotracheal tube at the
initiation of CPR. Manual positive pressure ventilation was delivered with a tidal volume of 10
mL/kg and a 30:2 compression:ventilation ratio, without oxygen to simulate basic life support
(BLS)'*!8 and to prime the cardio-cerebral circuit. After 2 minutes of BLS ACD+ITD CPR in
the lowest CED position, ACD+ITD CPR (rate: 100/minute; depth 22% antero-postero
diameter; decompression force ~10 kg) was performed continuously with a 10:1
compression/ventilation ratio and the head and thorax were progressively elevated at a rate of
6 cm/minute over 2 minutes to the highest level of the CED was achieved, as previously

described'* (as shown in Supplemental Figure 1). After 30 minutes of CPR in this highest CED
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position, 0.25 or 0.5 mg of epinephrine was administered intravenously if the decompression
phase arterial blood pressure was 20-30 mmHg, or <20 mmHg, respectively. IV amiodarone
(25 mg) was administered at that time. Animals were then defibrillated with up to three 200 J
biphasic shocks (X-series, ZOLL Medical). After ROSC, animals received isoflurane (1.0%).
The head and thorax were maintained at the highest CED level for 10 minutes before
randomization into one of the following sequences for 5-minutes epochs: Flat, head up at
highest CED position (HUP), Flat, HUP (group 1) or HUP, Flat, HUP, Flat (group 2). Pigs
completing the protocol were included in the study. They were then euthanized with an

intravenous injection of KCI.

Protocol B:

As outlined in Figure 1b, after 6 minutes of untreated VF, automated C-CPR was
performed in the supine and flat position, as previously described'* (and shown in Supplemental
Figure 1), at 100 compressions per minute, a depth of 22% of the antero-postero-diameter, full
passive chest recoil, and a 50% duty cycle. Manual positive pressure ventilation was performed
with room air with a 30:2 compression: ventilation ratio. After 6 minutes of CPR, epinephrine
and/or amiodarone were administered similarly to protocol A as well as defibrillation. If ROSC
was not achieved, additional CPR was performed using ACD+ITD and pigs were defibrillated
again. After ROSC, animals received isoflurane as in Protocol A. The head and thorax were
maintained flat for 10 minutes before randomization to one of two 5-minutes epoch sequences:
Flat, HUP, Flat, HUP (group 1) or HUP, Flat, HUP, Flat (group 2) as in Protocol A. At the end
of the protocol pigs were euthanized with intravenous KCIl. As such, the post-ROSC

interventions for Protocols A and B were the same.
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Statistical analysis

Mean CerPP was the primary study endpoint. Secondary outcomes included mean AoP,
RAP, ICP, coronary perfusion pressure (CorPP), EtCO, and rSO,. AoP, RAP, ICP, airway
pressures, heart rate, SpO> and rSO> were measured and then averaged during the last minute
of each 5-minutes epoch. CorPP was calculated as decompression phase, or diastolic, AoP
minus RAP. CerPP was calculated as mean aortic pressure (MAP) minus ICP.

We estimated that a sample size of 6 pigs would achieve 80% power to detect a mean
difference of 10 mmHg with an estimated standard deviation of 2 in CerPP between the HUP
and Flat ACD+ITD groups, with a significance level (alpha) of 0.05, using a two-sided t-test.

Data are expressed as mean + standard deviation. We fit multivariate analysis-of-
variance (MANOV A) with the repeated measures appearing as dependent variables and study
group and head position entered as main effects. A first-order interaction involving time and
head position was assessed for statistical significance. A paired t-test was also performed to
compare the first two 5-minutes epoch interventions and the second 5-minutes intervention. All
statistical tests were two-sided, and a p-value of <0.05 was required to reject the null hypothesis.
P-values for all secondary outcomes were adjusted for multiple comparisons using the
Bonferroni method. Statistical analysis was performed using the SPSS software (SPSS

Statistics, Version 24.0. Armonk, NY: IBM Corp).

RESULTS
Protocol A
ROSC was achieved in 7 out of 9 pigs. After 29 minutes of CPR, the mean CerPP and

CorPP were 36.2+24.4 and 25.3+29.6 mmHg for all 9 pigs. Arterial pH and lactates levels were
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7.1£0.1 and 7.5+1.4 mmol/L. One pig had multiple broken ribs and a pneumothorax and did
not achieve ROSC and one had refractory VF without ROSC. Additionally, one pig was
profoundly hypotensive post-ROSC and died half way through the HUP/flat protocol.

Hemodynamic variables, arterial blood gas and serum lactate values for the 6 pigs that
survived the entire protocol are shown in Table 1. After 29 minutes of ACD+ITD HUP CPR
the mean CorPP and CerPP of the 6 survivors were 40.6+20.5 mmHg and 50.5+15.6 mmHg,
respectively. Arterial pH values were 7.1£0.1 and lactate levels were 6.9+1.9 mmol/L.

rSO» values were measured continuously in all 9 pigs. Prior to VF induction the mean
rSO; values were 73.9+3.1%. These values decreased to 57.8+4.4% just prior to CPR. Over 30
minutes of CPR rSO; increased to a maximal level of 63.1£5.8% and were 59.1+6.4% just prior
to defibrillation.

After 29 minutes of CPR, rSO> values were 61.8+£5.1% in the 6/9 pigs with a sustained
ROSC versus 53.7£5.2% in the 3/9 pigs without ROSC or sustained ROSC. Arterial lactate and
pH values were 7.1+0.1 and 6.9+1.9mmol/L in the 6/9 pigs with a sustained ROSC versus
7.240.2 and 7.4+0.1mmol/L in the 3/9 pigs without ROSC or sustained ROSC, respectively.

Key post-ROSC outcomes are shown in Figures 3-5 and Table 1. For all 4 epochs
studied, ICP during HUP was 9.1+5.5mmHg and 18.6+5.1lmmHg Flat (p<0.001). CerPP was
62.5+19.9mmHg HUP and 53.2+19.1mmHg Flat (p=0.004). As demonstrated in Figure 2, a
representative pressure tracing from one animal, changes in body position resulted in rapid
changes in ICP, RAP, CerPP, and rSO> and no change in AoP. Randomization order did not
alter the changes observed in the different positions. With a MANOVA, no significant first-
order interaction involving time and head position was observed for CerPP (P=0.46). CerPP
was 9.3+7.0 mmHg higher with HUP versus Flat corresponding to a 17.4% higher CerPP levels
(p=0.004, Supplementary Table 2) and did not differ according to time of measurement

(P=0.96) (Figures 3 and 4 and Table 1). ICP values were 9.5+1.8 mmHg lower with HUP
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(P<0.001, Supplementary Table 2). Arterial lactate, rSO>, RAP and pH and transcutaneous
Sa0> values were not significantly altered by the position of the head and thorax post-ROSC
when comparing values across all 4 epochs.

Outcomes were generally similar when data for the first two 5-minutes epoch
interventions were analysed separately, although differences between interventions were not
always statistically significant. Each time the head and thorax were elevated, RAP and ICP
decreased, and CerPP increased, as shown in Figure 4. More specifically, for the first two 5-
minute epoch interventions, CerPP increased with HUP 7.4+7.3 mmHg (a relative 14% change)
(p=0.07), and ICP decreased 9.9+1.8 mmHg (a relative 52% decrease) (p<0.001). However,
RAP values were significantly higher in the first two interventions (HUP/Flat) versus the
second HUP/Flat sequence (P=0.029), suggesting a real decrease in RAP over time. These
changes were reproducible, both in terms of the rate and magnitude of change when comparing
HUP versus Flat. In addition, rSO> values were higher with HUP versus Flat in 5/6 pigs (for
the last pig, values were equal) during epochs 1 and 2 (uncorrected p=0.032) but lost statistical
significance with the Bonferonni correction. Two pigs with a sustained ROSC and low SO»
values throughout the experiment had severe lung injuries on necropsy.

Epinephrine was administered intravenously during the post-ROSC phase when the
MAP was less than 55 mmHg. In the 6 pigs with a sustained ROSC that completed the protocol,
epinephrine was required in 2/6 pigs to achieve ROSC and 3/6 for at least some portion of the
post-ROSC period. The average dose of epinephrine used post-ROSC was 0.11£0.06
ug/kg/min. Use of epinephrine did not impact the changes in ICP, RAP, CerPP, MAP or rSO»

observed with a change in body position post-ROSC (data in Supplement).

Protocol B
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Protocol B results, shown in Table 1 and Figures 3 and 5, were generally similar to those
observed in Protocol A. ROSC was achieved in a total of 5/6 pigs after 6 minutes of untreated
VF and 6 minutes of standard CPR. Additional CPR with ACD+ITD was used in 1/6 pigs to
achieve ROSC after defibrillation following C-CPR failed. All 6 pigs were used in the post-
ROSC study. Epinephrine was required in 4/6 pigs to achieve ROSC and 1/6 for at least some
portion of the post-ROSC period. The dose of epinephrine used post-ROSC was 0.05
ug/kg/min. Use of epinephrine did not impact the changes in ICP, RAP, CerPP, MAP or rSO»
observed with a change in body position post-ROSC (data in Supplement). Cerebral rSO> was
not measured in Protocol B due to lack of available functional sensors.

The CerPP, CorPP, and other key hemodynamic variables after 6 minutes of standard
CPR and prior to defibrillation are shown in Table 1. After 6 minutes of CPR, the mean CorPP
and CerPP were 19.3+3.1 mmHg and 17.3+4.1 mmHg, respectively

Key outcomes are shown in Figures 3 — 5 and Table 1. For all 4 epochs studied ICP
values during HUP were 11.0+4.3 and 19.7£3.0 Flat (p<0.001) and CerPP was 80.4+7.3 HUP
and 68.0+6.2 Flat (p=0.001). In MANOV A, no significant first-order interaction involving time
and head position was observed for CerPP (p=0.18). CerPP was 12.5£5.9mmHg higher with
HUP versus Flat, corresponding to 18.3% higher CerPP levels (p<0.001, Supplementary table
3) but did not differ according to time (P=0.96) (Figure 3 — 5 and Table 1). ICP values were
8.7£2.3mmHg lower with HUP (p<0.001)

Outcomes were similar when the data for the first two 5-minutes epoch interventions
were analyse separately. Each time the head and thorax were elevated RAP and ICP decreased
and CerPP increased, as shown in Figure 5. More specifically, for the first two 5-minutes epoch
interventions, CerPP increased with HUP 15.3+6.2mmHg (a relative 23.4% increase) (p=0.003)
and ICP decreased 8.3+2.4mmHg (a relative 41% decrease) (p<0.01). In contrast to Protocol A

results, there were no differences in RAP depending on the time of intervention.
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DISCUSSION

The primary goal of this study was to use an animal model of cardiac arrest to determine
if elevation of the head and thorax after ROSC would be of hemodynamic benefit when
compared with the conventional approach of leaving the body in the flat horizontal plane. Using
arandomized controlled study design, we demonstrated that each time the head and thorax were
elevated 22 and 8 cm, respectively, CerPP increased and ICP decreased, with two different
methods of CPR and two different durations of untreated VF. MAP, on average, remained
constant with the gradual change in position. These new findings are supportive of a modest
elevation the head and thorax after ROSC to lower ICP and improve CerPP, as long as the MAP
is stable. The findings were similar for ACD+ITD CPR in the HUP position during resuscitation
for 29 minutes prior to defibrillation and for C-CPR in the flat position for a shorter duration of
VF and CPR. The overall observations are similar to what has been reported for the routine
treatment of traumatic brain injury'®.

These investigations build upon recent studies demonstrating that controlled sequential
elevation of the head and thorax during ACD+ITD CPR was synergistic, with near
normalization of CerPP values after prolonged CPR and a 6-fold increase in neurologically-
intact survival in animals'?. The natural question that arose from those studies was, should the
head and heart remain elevated post ROSC? Our results demonstrate that CerPP increased by
nearly 20% after ROSC after 30 minutes of ACD+ITD HUP CPR by maintaining HUP versus
lowering the pigs to a flat position. The impact of gravity was profound, immediate,
reproducible, and may be of significant clinical benefit. Each time the head and thorax were
elevated 22cm and 8 cm, respectively, from the horizontal plane, ICP decreased on average 10-
mmHg. In the setting of potential brain injury, a 10-mmHg reduction in ICP may be clinically

relevant?®. Improving cerebral perfusion in the early phase of ROSC may be of critical
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importance to limit reperfusion injuries. This is supported by the observations from
experimental models suggesting that heart and brain injuries occur during the reperfusion phase
of cardiac arrest or within the few hours following resuscitation.'8

This study was not designed to compare ACD+ITD CPR HUP versus C-CPR flat.
However, it is noteworthy that after 8 minutes of untreated VF and 29 minutes of ACD+ITD
HUP CPR the CerPP was markedly higher than after 6 minutes of untreated VF and 6 minutes
of C-CPR, consistently with previous reports'>?!. Overall, post-ROSC hemodynamic values
were higher both HUP and flat after C-CPR with the shorter VF and CPR times versus
ACD+ITD HUP CPR. In contrast to the ACD+ITD HUP CPR group, there was no change in
RAP with a change in body position post-ROSC in the C-CPR group.

Although no adverse effects of HUP were observed in this study, there is a theoretical
harm associated with HUP in the setting of significant hypotension, especially if the head is
elevated too rapidly or too high. In patients with traumatic brain injury, 30° HUP is routinely
used in the intensive care unit as it provides significant clinical benefit and improves clinical
outcomes, but only when the MAP with HUP is adequate to pump blood ‘uphill’'°.

This study has some limitations. First brain blood flow was not directly measured, nor
were short term or long-term clinical outcomes. However, prior studies on head and thorax
elevation during CPR have shown a close relationship between blood flow, CerPP and coronary
perfusion pressure!!" 22, This linear relationship might be explained by the impairment of
cerebral blood flow autoregulation observed in patients after cardiac arrest** . Second, our study
was powered to test the primary hypothesis but some of the differences in the secondary

endpoints did not achieve statistical significance.

CONCLUSION



319

320

321

322

323

324

325

The results from this animal study demonstrate that head and thorax elevation post-
ROSC significantly increased CerPP and lowers ICP, regardless of the method of CPR. These
preclinical data are a first step towards implementation of a new and simple post-resuscitation
intervention that may be synergistic with other head and thorax elevation manoeuvres during

CPR to improve neurological survival, by decreasing the likelihood of brain injury.
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Table 1: Haemodynamic measurements at baseline, at the end of CPR and in the post-ROSC

period for the two study protocols. Values are mean (standard deviation). P values are

comparing HUP vs Flat during post-ROSC for the whole experiment. All secondary outcome’s

P values are adjusted for multiple comparisons using the Bonferroni method.

Protocol A All Interventions

At baseline After 29min Flat HUP P

of CPR

Intrathoracic pressure 2.0 (0.2) 2.4 (1.3) 1.8 (0.6) 1.5 (0.3) .99
Mean arterial pressure 82.4 (8.9) 59.4 (17.2) 71.8 (15.2) 71.6 (15.6) .99
Mean right atrial 7.4 (1.8) 41.0 (10.2) 74 (2.0) 46 (1.3) 54
pressure
Intracranial pressure 16.5 (0.9) 8.9 (3.8) 18.6 (5.1) 9.1 (5.5) <.001
Cerebral perfusion
oressure 65.9 (8.4) 50.5 (15.6) 53.2 (19.1) 62.5 (19.9)  .004
GO iU 66.9 (9.2) 40.6 (20.5) 58.9 (14.7) 60.5 (15.1) 99
pressure
Cerebral oximetry 74.8 (3.3) 61.8 (5.1) 61.0 (10.6) 63.2 (8.9) .99
End-tidal CO2 39.4 (3.0) 34.3 (10.9) 22.9 (6.1) 20.4 (3.4) .99
Oxygen saturation 95.6 (1.4) 82.2 (10.0) 73.0 (26.9) 73.9 (28.5) 99
Heart rate 92.3 (12.1 100.0 (0.0) 148.4 (28.0) 148.4 (16.3) .99
Arterial pH 7.46 (0.03 7.10 (0.08) 7.09 (0.13) 7.09 (0.14) 99
Arterial lactate 0.9 (03) ( ) ( ) ( ) 99
Protocol B All Interventions

At baseline After 6min of Flat HUP P

CPR

Intrathoracic pressure 1.9 (0.2) -0.8 (0.4) 1.8 (0.4) 1.4 (0.7) .99
Mean arterial pressure 84.7 (7.8) 427 (6.9) 87.7 (8.4) 91.4 (10.4) 56
PAIEET e i) 2117 10.0 (1.5) 30.8 (7.0) 76 (2.3) 71 (2.6) 99
pressure
Intracranial pressure 19.1 (1.9) 25.3 (4.3) 19.7  (3.0) 11.0 (4.3) <.001
Cerebral perfusion
oressure 65.6 (9.5) 17.3 (4.1) 68.0 (6.2) 80.4 (7.3) <.001
Coronary perfusion
Orossure 66.0 (8.0) 19.3 (3.1) 722 (8.2 75.7 (11.1) 56
End-tidal CO2 37.6 (1.7) 4.6 (3.2) 358 (7.5) 31.4 (8.9) 99
Heart rate 110.5 (19.6) 100.0 (0.0) 150.5 (32.6) 154.0 (35.2) 99
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Figure Legends

Figure 1
Figure 1a: Study outline for protocol A

Figure 1b: Study outline for protocol B

Figure 2
Representative haemodynamic tracings post-ROSC. ITP: Intrathoracic pressure, AoP: Aortic
pressure, RAP: Right atrial pressure, ICP: Intracranial pressure, CerPP: Cerebral perfusion

pressure.

Figure 3
Main haemodynamic parameters and cerebral oximetry of HUP versus Flat for the whole post-

ROSC period.

Figure 4
Main haemodynamic parameters and cerebral oximetry during the post-ROSC period in

Protocol A. (median, 25/75% percentiles, min/max) [mmHg].

Figure 5
Main haemodynamic parameters and cerebral oximetry during the post-ROSC period in

Protocol B. (median, 25/75% percentiles, min/max) [mmHg].
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