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Abstract

Objectives: The cognitive outcome of CPR is poor. This study aims to evaluate if enhancing blood flow to the brain and oxygen dissociation from the
hemoglobin improve cerebral O, transport during CPR in cardiac arrest swine.

Methods: Standard swine-CPR model of induced VF and recovery was treated with an auto-transfusion tourniquet (A-TT®; HemaShock® (HS)
Oneg HaKarmel Ltd. Israel) and ventilation with a novel mixture of 30% Oxygen, 5% CO,, and 65% Argon (COXAR™). Five swine received the study
treatment and 5 controls standard therapy. Animals were anesthetized, ventilated, and instrumented for blood draws and pressure measurements.
Five minutes of no-CPR arrest were followed by 10 min of mechanical CPR with and without COXAR-HS™ enhancement followed by defibrillation
and 45 min post ROSC follow-up.

Results: All 5 COXAR-HS™ animals were resuscitated successfully as opposed to 3 of the control animals. Systolic (p < 0.05), and diastolic
(p < 0.01) blood pressures, and coronary (p < 0.001) and cerebral (p < 0.05) perfusion pressures were higher in the COXAR-HS™ group after ROSC,
as well as cerebral flow and O, provided to the brain (p < 0.05). Blood pressure maintenance after ROSC required much higher doses of nore-
pinephrine in the 3 resuscitated control animals vs. the 5 COXAR-HS™ animals (p < 0.05). jugular vein PO, and SO, exceeded 50 mmHg and
50%, respectively with COXAR-HS™.

Conclusions: In this pilot experimental study, COXAR-HS™ was associated with higher diastolic blood pressure and coronary perfusion pressure
with lower need of vasopressors after ROSC without significant differences prior to ROSC. The higher P;,O, and S;,O» suggest enhanced O, pro-
vision to the brain mitochondria, while limb compression by the HS counteracts the vasodilatory effect of the CO,. Further studies are needed to
explore and validate the COXAR-HS™ effects on actual post-ROSC brain functionality.
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COXAR-HS™ for this combined modality. The rationale for using

Introduction COXAR-HS™ to treat cardiac arrest is as follows:

The physiological analysis of the cascade of brain survival outlined in a. Ventilation with elevated F,CO, induces cerebral and global
Part A led us to develop a new modality aimed at addressing some of vasodilation AND shifts to the right the O,-Hgb dissociation
the suboptimal elements of the current AHA protocol of CPR. This curve with higher O, delivery to the tissue per ml of blood flow-
modality consists of ventilation with a novel gas mixture of 30% ing through the tissue (Bohr Effect).’?*

Oz, 5% CO2 and 65% Argon together with prompt application of b. Use of A-TT™ counteracts the dilation effect of CO, on the
the Auto-transfusion Tourniquets (A-TT®; HemaShock®) on the peripheral blood vessels of the legs so that the vasodilation
swine legs soon after the onset of VF. We use the phrase is focused to the circulation of the brain and the core organs.
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The use of A-TT™ also increases venous return to the heart,
prevents “wasting” of the CPR cardiac output on perfusion
of the legs, increases cerebral blood flow and increases

peripheral resistance thereby elevating diastolic blood pres-
4,5-7

sure and coronary perfusion pressure.

Anesthesia Onset of VF
& by elect.
Intubation stimulation

Onset of
CPR by
Lucas

c. Ventilation with F|O, that is only mildly elevated (30%) to
maintain S0, > 90% without elevating P,O, to extreme
and potentially toxic levels.®® %!

d. Ventilation with 65% Argon counteracts the effects of the oxy-
gen free radicals on the brain tissues starting upon the onset
of care. In another study, 70% Argon was shown to improve
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Fig. 1 - Panel A, Experimental timeline (star = epinephrine administration if diastolic blood pressure was inferior to
30 mmHg). Panel B, Porcine HemaShock applied to all 4 limbs of a swine. The device is rolled up the leg by pulling the
straps which are then secured to the table. Note the white (bloodless) feet compared to the pink abdomen. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)



RESUSCITATIONPLUS 19(2024) 100681 3

neurological outcome in pigs.'? In that study, Argon was
started only after ROSC was achieved, while during CPR
100% O, was used.

e. Minimize the use of vasoactive drugs — epinephrine — during
CPR and norepinephrine after ROSC. Both drugs constrict
blood vessels in the whole body, including the cerebral
circulation."®'*

In this context, the goal of the present study is to compare the
potential beneficial effects of the bundled therapy combining limb
constriction and ventilation with a gas mixture containing Argon,
CO; and O, vs standard cardiopulmonary resuscitation in a swine
model of cardiac arrest. We evaluated ROSC occurrence, hemody-
namics, gas exchanges and cerebral oxygen delivery and
consumption.

Methods

General

This investigation was approved by the Ecole Nationale Vétérinaire
d’Alfort (France) ethical review board, in compliance with national
and European regulations regarding animal use for research.

Animal preparation and surgical instrumentation

Domestic swine (35 kg) from a single source who underwent similar
pre-study husbandry and health evaluation were anesthetized with
zolazepam (10 mg/kg IM) and tiletamine (10 mg/kg IM; Zoletil©).

Methadone (0.75 mg/kg IM; Confortan©) was also administered for
analgesia. A catheter was then inserted in an ear vein in order to
induce anesthesia with propofol (5 mg/kg IV; Propovet®©). After endo-
tracheal intubation, anesthesia was further maintained with propofol
(10 mg/kg/h IV). Artificial mechanical ventilation was undertaken (tidal
volume = 6 ml/kg; positive end-expiratory pressure = 5 cmH,O; res-
piratory rate = 20 + 5 breaths/minute with aim to keep P,CO, at
40 + 4 mmHg; Monnal T60® respirator, Air Liquide, France).

A pressure gauge (Millar®, SPR-524, Houston, TX, USA) was
inserted into the cerebral cortex through a small-hole craniotomy to
monitor intracranial pressure (ICP). Carotid blood flow (CBF) was
monitored by a 3 mm blood flow probe (PS-Series Probes®, Tran-
sonic, NY, USA), placed around the internal carotid artery. At the
same time, several venous and arterial catheters were inserted using
the Seldinger technique under ultrasound guidance as follows: a
femoral artery catheter for blood pressure monitoring and arterial
blood sampling, a jugular vein catheter for blood gas sampling, a
9Fr femoral vein sheath (Arrow Medical Limited, Kington, United
Kingdom) for insertion of several catheters dedicated for drug and
fluid administration, right atrial pressure assessment and intra-
cardiac electric stimulation for cardiac arrest induction.

Experimental protocol

After verification of the depth of anesthesia, cardiac arrest (i.e. ven-
tricular fibrillation) was induced by the administration of alternating
current (A/C 10 V) for 1 s through the stimulation electrode. Cardiac
arrest was left untreated for a period of 5 min (“No Flow” period).
After this period, cardiopulmonary resuscitation (CPR) was started

Table 1 - P values of the group, time and group x time effects of the two-way analyses of variance (ANOVA) for the
different parameters measured before or after ROSC. When a group or group x time interaction effect was
observed, post-hoc p values were calculated using a Fisher’s PLSD test. Values of p less than 0.05 are marked in

red.
. . . . ANOVA after ROSC in successfully resuscitated
ANOVA before ROSC in all animals in both groups (n=5 in both . _ . Y
" animals (n=3 and 5 in Control and HemaShock +
Control and HemaShock + COXAR groups, respectively .
COXAR groups, respectively)
If significant group or group
Parameters P values of the ANOVA before If significant group or group x time effect, x time effect, post-hoc P
ROSC (i.e., baseline and during post-hoc P values of group effect at each P values of the Mixed-effects values of group effect at
cardiop ary resuscitation) time-point model (REML) after ROSC each time-point
Group x Group x
time Time Group time Time | Group
interaction effect effect | Baseli CPR5' | CPRY' | CPR10" | CPR12' | interaction | effect | effect | CPR15' | CPR30' | CPR60"
Systolic blood pressure 0,0359 0,2152 | 0,1392 | 0,8368 | 0,2895 | 0,1095 | NA 0,0402 0,0121 0,0018 | 0,0787 | 0,0097 | 0,1138 | 0,6266
Diastolic blood pressure 0,8798 0,0038 | 0,8468 - - NA - 0,0344 0,0176 | 0,1559 | 0,0104 | 0,4011 | 0,9752
Pulsed blood pressure 0,0406 0,075 | 0,1178 | 0,06798 | 0,2443 | 0,1385 | NA 0,0721 [0,7335 0,0037 | 0,3267 -
Coronary perfusion pressure 0,8996 <0.0001 | 0,3257 - - NA - 0,0229 0,0008 | 0,0271 | 0,0072 | 0,1300 | 0,1486
Carotid blood flow 0,9085 0,0019 | 0,6458 - - NA - 0,8473 0,5991 | 0,0271 | 0,1011 | 0,0314 | 0,0871
Intracranial pressure at diastole 0,0044 0,5338 | 0,0121 | 0,3073 [ 0,0196 | 0,0069 | NA 0,0073 0,0506 0,4215 | 0,0432 | 0,043 | 0,0757 | 0,2166
Cerebral perfusion pressure 0,588 0,0001 | 0,9444 - - NA - 0,0152 0,0085 | 0,2747 | 0,0413 | 05275 | 0,9579
Cerebral delivery of 02 0,989 0,007 | 0,6674 - - NA NA 0,5896 0,7736 | 0,039 | 0,2572 | 0,0334 | 0,2116
Jugular Veinous blood pO2 0,2665 0,4752 | 0,6787 - - NA NA 0,2922 0,4307 | 0,0078 | 0,0138 | 0,0209 | 0,1762
Jugular Veinous blood SO2 0,554 0,1069 | 0,7758 - - NA NA 0,599 0,148 | 0,5028 -
Arterial blood pO2 0,0018 0,2346 | 0,0138 | 0,5620 | 0,0324 | NA | 0,0382 NA 0,3523 0,7547 | 0,3372 -
Arterial blood SO2 0,554 0,0469 | 0,7758 - - NA NA 0,2599 0,148 | 0,5028 -
Arterial blood base excess 0,0654 <0,0001 | 0,6764 - - NA NA 0,8341 0,0124 | 0,9712 -
Jugular veinous blood p50 0,0686 04119 | 0,473 - - NA NA 0,3869 0,7943 | 0,1736 -
Arterial blood pH 0,027 <0,0001 | 0,0228 | 0,2523 | 0,0345| NA | 0,0395 NA 0,3323 0,0009 | 0,0147 | 0,1074 | 0,0581 | 0,0551
Arterial blood pCO2 0,0188 0,0065 | 0,0551 [ 0,2624 | 0,0435 | NA | 0,1486 NA 0,429 0,008 | 0,0004 | 0,0528 | 0,0078 | 0,0012
Jugular veinous blood pH 0,0006 0,089 | 0,9754 | 0,0700 | 0,0608 | NA | 0,0727 NA 0,874 0,2058 | 0,1744 -
Jugular veinous blood pCO2 0,7825 0,4253 | 0,4911 - - NA NA 0,6121 0,1745 | 0,791 -
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by an automated cardiac massage (Lucas 3.0, Stryker®) and
resumption of artificial ventilation (tidal volume = 8 ml/kg; respiratory
rate = 10; I/E ratio = 1/5; end-expiratory pressure = 0). Respiratory
parameters were not modified throughout CPR and were the same
in both groups. Animals were divided into two experimental groups
starting at the onset of CPR, as illustrated in Fig. 1A. The animal allo-
cation was performed blindly, using a block randomization. However,
the study was not blinded due to the presence of the HemaShock®
system on the legs in the corresponding group.

Control group, with mechanical ventilation with F|O, = 100%
from the onset of CPR.

COXAR™ + HemaShock® (“COXAR-HS™”) group, with
mechanical ventilation with a gas mixture containing 30% of O,
5% of CO, and 65% of Argon. In this group, limb constriction was
applied with the HemaShock® system (Fig. 1B). The HemaShock®
was applied to the 4 legs during the no-flow period and limb constric-
tion was completed before the onset of CPR. Exposure to COXAR™
was started at the onset of CPR by connecting a tube from the cal-
ibrated gas cylinder to the mechanical ventilator inlet. Two teams
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applied the HS, one on the forelegs and one on the hindlegs. The
HS application and securing took 2—-2.5 min.

After 10 min of CPR, electric shocks (200-270 J) were adminis-
tered every 2 min in both groups until recovery of spontaneous car-
diac activity (ROSC). ROSC was defined as the onset of sinus
rhythm and systolic blood pressure sustainably above 60 mmHg
without mechanical chest compression. Epinephrine was adminis-
tered (10 pg/kg IV) every 4 min until ROSC. In the absence of ROSC
after 30 min of CPR or in case of lung hemorrhage, resuscitation fail-
ure was considered, and cardiac massage was discontinued. In the
presence of ROSC, resuscitated animals were monitored to assess
hemodynamic stability during the post-ROSC period until 60 min
after the end of cardiac arrest. After ROSC, mechanical ventilation
parameters were set as follows: tidal volume = 6 ml/kg; positive
end-expiratory pressure = 5 cmH,0; respiratory rate = 20 + 5 breaths
per minute. In the Control group, F,O, was adjusted to target nor-
moxia. In the COXAR™ + HemaShock® group, limb constriction
and ventilation with COXAR™ gas continued until the end of the
experiment. Norepinephrine was given IV to maintain mean arterial

-- COXAR+Hemashock
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Fig. 2 - Hemodynamic parameters (Systolic, diastolic, pulsed blood, and coronary perfusion pressure). EPI,
epinephrine, CPR, resumption, ROSC, resumption of spontaneous circulation; *p < 0.05; **p < 0.01; ***p < 0.001; N=5
in both groups from Baseline to CPR12; N = 3 and 5 in Control and COXAR + HemaShock group from CPR15 to CPR60
(only animals achieving ROSC). All values are represented as mean + SD.
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pressure above 75 mmHg after ROSC and the total amount of nore-
pinephrine was recorded.

Investigational parameters

Hemodynamic parameters were recorded using a dedicated soft-
ware for signal analysis (Notocord Systems, Croissy-sur-Seine,
France). For each investigated parameter, average values were ana-
lyzed; in all animals at baseline and 5, 9 and 12 min after the onset of
CPR. The “CPR 12 min” time point demonstrates the effect of epi-
nephrine (first administration at CPR10’). Since CPR 15 min, param-
eters were only analyzed and represented for animals achieving
ROSC.

Blood gases and blood lactate were analyzed using a dedicated
analyzer (Cobas, Roche Diagnostics, Switzerland). Samples were
withdrawn from arterial, right atrial and jugular vein at baseline and
5, 10, 15, 30 and 60 min after cardiac arrest. Again, those values
were analyzed in all animals at baseline and 5 and 10 min of CPR,
but only in animals achieving ROSC at 15, 30 and 60 min.

Statistical analysis

Data were expressed as mean + SD. A two-way analysis of variance
(ANOVA) was performed for the parameters measured at baseline
and during CPR (Graphpad Prism®). Another ANOVA was per-
formed for the parameters measured after ROSC in resuscitated ani-
mals. In both cases, a PLSD Fisher test was used when a significant
time and group x time interaction was observed. All exact p values
are shown in Supplemental material. Statistical significance was con-
sidered as p < 0.05 but p values below 0.01 or 0.001 are indicated
when applicable. As this was designed as a preliminary and explora-
tory study, we only included 5 animals in each group (total n=10). All
p values are shown in Table 1.

Results

Five animals were included in each experimental group. Fig. 2 illus-
trates the hemodynamic parameters of the pigs at baseline, during
CPR and after ROSC for the COXAR-HS™ group and for the Control
group. Systolic, diastolic, pulse pressure and coronary perfusion
pressure (CoPP) were not significantly different between the groups
during CPR, but after ROSC the pressures were significantly higher
in the COXAR-HS™ vs Control groups, respectively. After the defib-
rillation attempts started at CPR12’, sustained ROSC was obtained
in 5/5 and 3/5 animals in COXAR-HS™ vs Control groups, respec-
tively. The 5 COXAR-HS™ resuscitated swine required very small
doses of norepinephrine (NE) to maintain their mean blood pressure
above 70 mmHg after ROSC. The three converted control animals
required much higher doses of NE (Fig. 3).

Fig. 4 illustrates the changes in the cerebral oxygen transport
variables. Baseline parameters were similar for both groups. During
CPR, intracranial pressure was significantly higher in the COXAR-
HS™ group. This is rather expected by the known CO.-induced cra-
nial vasodilation.? Importantly, this difference disappeared after
ROSC. During CPR, carotid blood flow and cerebral perfusion pres-
sure were similar in the COXAR-HS™ group as in Control. However,
post ROSC, carotid blood flow, cerebral perfusion pressure and O,
delivery were significantly higher in the COXAR-HS™ group, resulting
in a much higher jugular vein PO, and SO,.

Fig. 5 illustrates the changes in the systemic oxygenation during
the study. In Control conditions, PaO2 during CPR was high, as

Norepinephrine
(mg)
30+
20+
10-
0_

COXAR+Hemashock

Control

Fig. 3 - Total dose of norepinephrine, expressed in mg,
administered in animals achieving resumption of
spontaneous circulation after resuscitation (n = 5 and
3 in Control and COXAR + HemaShock groups,
respectively).

expected with FiO, = 1.0. In the COXAR-HS™ group, PaO, group
was lower and around 100 mmHg. This PO, provides SO, of at least
90% which is sufficient for metabolic use without causing O, toxicity.®
Arterial base excess was similar in both COXAR-HS™ and Control
groups, but arterial lactate levels tended to be lower by about
1.5 mmol/l in the COXAR-HS™ group (NS) after ROSC. Jugular vein
P50 values were higher after ROSC in the COXAR-HS™ group.
Venous PO,/F|0, values were higher in the COXAR-HS™ group.

Fig. 6 illustrates the changes in blood gases during the study.
Arterial pH was lower in the COXAR-HS™ group than in the Control
group. The difference is explained by the respiratory acidosis caused
by the higher F|\CO, which clearly elevates P,CO,. Jugular venous
pH is also lower in the COXAR-HS™ group, but the difference in
the jugular PCO, is very small.

Table 1 shows the p values of the group, time and group x time
effects of the two-way analyses of variance (ANOVA) for the different
parameters measured before or after ROSC. When a group or
group x time interaction effect was observed, post-hoc p values
were calculated using a Fisher's PLSD test.

Discussion

The combined data from this study clearly show beneficial effects of
COXAR-HS™ during CPR and particularly after ROSC when com-
pared to control. Oxygen transport to the brain was most significant,
particularly after ROSC. The higher cerebral perfusion pressure and
carotid blood flow resulted in higher delivery and utilization of O, by
the brain. The higher ROSC rate (100% vs. 60%) in the COXAR-
HS™ group and the substantially lower need for norepinephrine after
ROSC are global indicators of the better outcome in the COXAR-
HS™ group. The fact that this was achieved with a much lower
FiO, of 0.3 vs. 1.0 is also important, given the known toxicity of
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Fig. 4 - Parameters demonstrating cerebral O, transport. CPR, resumption, ROSC, resumption of spontaneous
circulation; *p < 0.05; **p < 0.01; N = 5 in both groups from Baseline to CPR12; N = 3 and 5 in Control and
COXAR + HemaShock group from CPR15 to CPR60' (only animals achieving ROSC). All values are represented as

mean + SD.
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hyperoxia. The PaO, was around 100 mmHg and arterial O, satura-
tion was above 90% in the COXAR-HS™. In addition, we did not
observe any negative effect of high Argon levels which is in agree-

ment with observations in

another study by Fumagalli et al.'?

The fact that P;,O, was much higher in the COXAR-HS™ group is
most significant in our view. Following the physiological analysis of
Part A, we can safely conclude that the PO, at the end of the cere-
bral capillaries was also high, which means that the diffusion gradient
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Fig. 5 - Parameters demonstrating global gas exchange. CPR, resumption, ROSC, resumption of spontaneous
circulation; *p < 0.05; N = 5 in both groups from Baseline to CPR12; N = 3 and 5 in Control and COXAR + HemaShock
group from CPR15 to CPR60’ (only animals achieving ROSC). All values are represented as mean + SD.

from the capillary to the most distant and distal mitochondria is suf-
ficient to deliver the O, needed for the mitochondria to generate ATP
at a normal rate. We think that the high PjvO, results from the com-
bined effects of the high cerebral perfusion pressure and blood flow
together with the fact that each ml of blood transfers more oxygen to
the tissue at normal or high PO.. This is a direct result of the shift to
the right of the O,-Hgb dissociation curve as seen from the higher
P50. The shift of the dissociation curve is caused by the lower pH
and the higher PCO,. The similar BE in the two groups and the ten-
dency for lower lactate levels in the COXAR-HS™ group indicate that
the greater acidosis is essentially respiratory in nature, caused by the
high F,CO..

We identified two parameters that may have negative effects on
the brain health in the COXAR-HS™ group. One is the higher
intracranial pressure, and the other is the increased acidemia of
the blood. However, the increased ICP by 5 mmHg was small relative
to the substantially higher systolic and mean arterial pressures. As
such, the higher ICP, which was expected from the known effects
of hypercarbia on the brain blood vessels, did neither interfere with
the carotid blood flow nor cerebral perfusion pressure. The effects
of low pH at about 7.1 on the brain are not known. Respiratory aci-
dosis (e.g. during exacerbation of COPD) or metabolic acidosis
(e.g. in diabetes keto-acidosis) do alter mentation acutely but are
reversible when the acidemia is corrected.

The other potentially important observation in this study is the
higher coronary perfusion pressure with COXAR-HS™ (Fig. B3). This
tendency was apparent but not significant during CPR (+10 mmHg

after epinephrine administration at CPR 12 min) and more so after
ROSC. One would expect a higher effect on CoPP in humans since
the blood volume of the 4 limbs of a domestic pig is only about 16%
of the total blood volume which is significantly less than the 24% legs
blood volume of humans.

Study limitations

This study population of 5 + 5 animals is small since it was intended as
a pilot exploratory evaluation of this new method. This limits the statis-
tical analysis to illumination of only very substantial difference. Also,
the fact that 2 of the control animals failed ROSC further reduced
the group size and statistical analysis. Clearly more animals should
be studied in the future. Another limitation is the duration of post-
ROSC follow up. As such, we were not able to evaluate the physical
and cognitive recovery of the pigs, nor the procedure of getting the ani-
mals off COXAR-HS™. This should also be addressed in subsequent
study(ies). An inevitable limitation is the use of swine for this study.
The pig’s 4 legs only contain approximately 16% of the body mass
and blood volume, whereas human’s 2 legs contain 24%. A related
issue is the time it takes to apply and secure HemaShock® on the
swine — 2—2.5 min by two teams as opposed to 20 s or less on each
leg of an adult person. As such, this study should only be considered
as a pilot study, according to the low number of animals. In addition,
it will be important to evaluate the effect of HomaShock® and COXAR™
on further neurological recovery after cardiac arrest.
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Fig. 6 - Parameters demonstrating blood acid-base balance. CPR, resumption, ROSC, resumption of spontaneous
circulation; *p < 0.05; **p < 0.01; N = 5 in both groups from Baseline to CPR12; N = 3 and 5 in Control and
COXAR + HemaShock group from CPR15 to CPR60' (only animals achieving ROSC). All values are represented as

mean + SD.

Conclusions

In this pilot experimental study, COXAR-HS™ was associated with
higher diastolic blood pressures and coronary perfusion pressures
with lower need of vasopressors after ROSC without significant dif-
ferences prior to ROSC. COXAR-HS™ also increased elevated O,
transport to the brain as indicated by the higher PjvO,. Further stud-
ies are needed to explore and validate the COXAR-HS™ effects on
actual post-ROSC brain functionality.
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