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Abstract: Background: Extracorporeal hemadsorption eliminates proinflammatory mediators in
critically ill patients with hyperinflammation. The use of a pumpless extracorporeal hemadsorption
technique allows its early usage prior to organ failure and the need for an additional medical device.
In our animal model, we investigated the feasibility of pumpless extracorporeal hemadsorption over a
wide range of mean arterial pressures (MAP). Methods: An arteriovenous shunt between the femoral
artery and femoral vein was established in eight pigs. The hemadsorption devices were inserted into
the shunt circulation; four pigs received CytoSorb® and four Oxiris® hemadsorbers. Extracorporeal
blood flow was measured in a range between mean arterial pressures of 45-85 mmHg. Mean arterial
pressures were preset using intravenous infusions of noradrenaline, urapidil, or increased sedatives.
Results: Extracorporeal blood flows remained well above the minimum flows recommended by the
manufacturers throughout all MAP steps for both devices. Linear regression resulted in CytoSorb®
blood flow [mL/min] = 4.226 x MAP [mmHg] — 3.496 (R-square 0.8133) and Oxiris® blood flow
[mL/min] = 3.267 x MAP [mmHg] + 57.63 (R-square 0.8708), respectively. Conclusion: Arteriove-
nous pumpless extracorporeal hemadsorption resulted in sufficient blood flows through both the
CytoSorb® and Oxiris® devices over a wide range of mean arterial blood pressures and is likely an
intriguing therapeutic option in the early phase of septic shock or hyperinflammatory syndromes.

Keywords: blood purification; extracorporeal hemadsorption; cytokines; adsorption; animal model;
immunosorbents; septic shock; endotoxin; extracorporeal techniques in hemadsorption therapy;
arteriovenous extracorporeal hemadsorption technique

1. Background

Extracorporeal hemadsorption (HA) is a blood purification technique utilized in
critically ill patients [1]. Sorbent-containing cartridges eliminate cytokines, myoglobin,
bilirubin, toxins, and various drugs from the bloodstream [2,3]. It is often used in states
of septic shock with hyperinflammation to reduce proinflammatory mediators. Current
evidence supporting the use of extracorporeal HA techniques is not conclusive; however,
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the available data suggest that its use is safe and is most effective in the early phase of septic
shock, i.e., within the first 24 h of the dysregulated host response [4,5]. Hemadsorption
devices are usually integrated with an extracorporeal circuit such as continuous renal
replacement therapy (CRRT) or extracorporeal membrane oxygenation (ECMO). Thus,
the clinical application of HA often is postponed until the presence of organ failure, e.g.,
acute renal or lung failure, with the need for CRRT or ECMO therapy [6-8]. This is
usually performed in close collaboration with nephrologists. Recently, a new pumpless
extracorporeal hemadsorption technique (pEHAT) was described as an HA technique
independent of an additional medical device [9]. This pumpless arteriovenous use allows
hemadsorber therapy independent of a CRRT or ECMO therapy and could help to prevent
severe organ dysfunction. However, effective blood purification requires a constant blood
flow > 100 mL/min through the hemadsorber [10]. In pEHAT, blood flow is driven by
systemic mean atrial pressure (MAP). The aim of this animal study was to investigate the
feasibility and hemodynamic characteristics of two different hemadsorption systems over
a wide range of MAPs. Our study should be the basis for future research using pEHAT in a
clinical setting.

2. Methods
2.1. Animal Preparation

The study was approved by the responsible committee for animal research
(Regierungsprasidium Karlsruhe 35-9185.81/G-109/20). Eight pigs (48.3 &= 5.1 kg body
weight) were included.

After overnight fasting with free access to water, female domestic pigs were anaes-
thetized intramuscularly in combination with 7 mg/kg Azaperon (Stresnil®, Lilly, Bad Hom-
burg, Germany), 2.5 mg/kg S-Ketamin (Pfizer Pharma, Berlin, Germany), and 0.3 mg/kg
Midazolam (Midazolam, Hameln Pharma, Hameln, Germany).

Pigs were intubated and mechanically ventilated with a Primus™ ventilator (Drager-
werke, Liibeck, Germany) using an inspiratory oxygen concentration (F;O,) of 0.4 in a
volume-controlled modus. A tidal volume of 8 mL/kg bodyweight (bw), an inspira-
tion/expiration ratio of 1:2, and a PEEP of 5 cmH,O were provided. Anesthesia was
maintained by continuous infusion of 6 mg/kg/h S-Ketamin and 3.6 mg/kg/h Midazolam.
There was no use of neuromuscular blockers. Depth of anesthesia was regularly assessed
by absence of spontaneous breathing efforts and lack of muscle tone.

®

2.2. Instrumentation

An arterial catheter was inserted with ultrasound guidance (VScan®, GE Ultrasound,
Horten, Norway) into the left internal carotid artery to monitor systemic arterial pressure
and to draw arterial blood gas samples. A pulmonary arterial catheter was inserted via the
right external jugular vein to measure pulmonary arterial pressure (PAP), central venous
pressure (CVP), and continuous cardiac output (CCO) (Vigilance I1®, Edwards Lifesciences,
Irvine, CA, USA).

An arteriovenous shunt was established in eight pigs between the femoral artery
and femoral vein. In order to limit the risks of arterial ischemia while concomitantly
maintaining sufficient blood flow through the HA device, a small 10 Fr arterial cannula
(Bio-Medicus'", Medtronic, Minneapolis, MN, USA) was placed as the arterial line. The
distal extremity of the animals was monitored only macroscopically. A 14 French venous
cannula (Bio—MedicusTM, Medtronic, Minneapolis, MN, USA) was utilized for venous return
to allow the most unresisted outflow possible. All catheters were emplaced after skin
disinfection under sterile conditions. In all pigs, an extracorporeal HA device was inserted
into the shunt circulation with blood flowing from the femoral artery through the adsorber
into the femoral vein. The priming volume of the extracorporeal circuit and cartridge was
approximately 180-200 mL crystalloid solution.

The animals were randomly assigned to one of the following treatment groups
(n=4/group):
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8 pigs

Preparation and
baseline

measurements

arteriovenous shunt

1. CytoSorb® HA (CytoSorbents Inc., Monmouth Junction, NJ, USA).
2. Oxiris® HA (Baxter, Meyzieu, France).

CytoSorb® is a hemadsorption device and Oxiris® has a double-function mechanism:
hemadsorption and -perfusion. Both of them are useable in combination with hemodial-
ysis (HD) or continuous venovenous hemofiltration (CVVH). The CytoSorb® consists of
porous polymer beads and it has the largest surface area compared to other compara-
ble devices. Oxiris® has an AN69-based membrane [11], and the surface is treated with
polyethyleneimine and grafted with heparin. One advantage of using Oxiris® is a lower
risk of thrombogenicity by adsorbing antithrombin-III from the blood. The indication
for both methods is the removal of inflammatory cytokines, such as in severe sepsis and
septic shock.

Since mean arterial pressure (MAP) is one of the major determinants of blood flow
through the HA device, MAP was varied between 45 mmHg and 85 mmHg in incremental
steps of 10 mmHg every 20 min using continuous intravenous infusions of noradrenaline
or urapidil (Figure 1). Pre- and post-HA pressures, cardiac output (CO), and shunt blood
flows (Medicovation RealFlow, Gladbeck, Germany) were continuously recorded. During
the experimental setting, full anticoagulation was achieved by an intravenous bolus of
50 units/kg heparin, followed by 20 units/kg/h. At the end of the experimental protocol,
the pigs were euthanized with potassium chloride.

l 45 mmHg |
| 55 mmHg |
< | 65 mmHg |
o > EXITUS
CytoSorb® | 75 mmHg |
Randomisation
| 85 mmHg |
| 45 mmHg |
tpos | ssmmHg | —  EXITUS
I 65 mmHg |
| 75 mmHg |
l 85 mmHg I

Figure 1. Experimental timeline. After baseline preparation, an arteriovenous shunt was established
in eight pigs between the femoral artery and femoral vein. In all pigs, an extracorporeal HA device
was inserted into the shunt circulation with blood flowing from the femoral artery through the
adsorber into the femoral vein. The animals were randomly assigned to one of the two treatment
groups (n = 4/group). MAP was varied between 45 mmHg and 85 mmHg in incremental steps of
10 mmHg every 20 min using continuous intravenous infusions of noradrenaline or urapidil.

2.3. Data Analysis

Data were analyzed with repeated measures analysis of variance followed by post hoc
Bonferroni’s multiple comparison test using Prism 5 for Mac OS X (GraphPad Software,
San Diego, CA, USA). Changes were considered statistically significant when the two-sided
p-value was less than 0.05. All data are expressed as mean = standard deviation (SD).

3. Results

A total of eight pigs were instrumented to obtain four successful experiments in each
experimental group. In all animals the experimental protocol was completed without minor
or major complications.
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3.1. Systemic Hemodynamics

Hemodynamic parameters over the course of the experimental protocol are shown
in Table 1. Significant changes (p < 0.05) in heart rate were observed in pigs treated with
CytoSorb® hemadsorption at MAP 85 mmHg (vs. MAP 45, MAP 55, and MAP 65 mmHg,
respectively) in the form of a mild tachycardia (103 & 6.4 bpm). This was not observed
in pigs treated with the Oxiris® device. On the other hand, pigs treated with Oxiris® had
significant changes (p < 0.05) in PAP (baseline vs. MAP 45 and MAP 55; MAP 45 vs. MAP
65; MAP 55 and MAP 65 vs. MAP 85 mmHg, respectively) and CVP (MAP 45 vs. MAP
85 mmHg, respectively). The highest PAP value was 26 & 2.2 mmHg at MAP 85 mmHg.
Significant changes in PAP were not present during CytoSorb® treatment. Regardless of
the utilized device, cardiac index (CI) remained within normal values without significant
changes throughout the experimental protocol.

Table 1. Systemic hemodynamic parameters.

Baseline MAP45 MAP55 MAP65 MAP75 MAPS85 p-Value
HR (L/min)
CytoSorb® 92 +62 827+74 823 +44 84.3 +£4.1 915+75 103 £ 6.4 *0.0011
Oxiris® 95.8 +20.9 91.8 +19.9 929 £13.7 90.9 £9.3 86.1 £8.3 89.9 £18.6 0.73
CI (L/min/m?)
CytoSorb® 43+£02 37+08 37+08 39+08 41405 44405 *0.04
Oxiris® 44+1 46+07 42 +0.6 41+15 3.8+04 48409 0.41
PAP (mmHg)
CytoSorb® 24+23 199 +£53 248 +1.6 238+ 1.5 253 +15 26+22 0.03
Oxiris® 246+13 175£32 20.8 £2.0 21.7£11 233 £28 267 £1.1 * <0.0001
CVP (mmHg)
CytoSorb® 131+ 1.2 13.3 £29 155+2.6 148 £ 2.6 134 +12 134+ 05 0.45
Oxiris® 11.1£22 73 £1.7 9.7+21 109 + 4.1 10.7 £ 2.1 125+ 1.7 *0.03

HR = heart rate; MAP = mean arterial pressure; CI = cardiac index; PAP = pulmonary artery pressure;
CVP = central venous pressure. The p-value represents the overall probability of a type I error in the repeated
measures ANOVA; * p-values < 0.05 were considered significantly different. In Bonferroni multiple comparison
post hoc testing, no significant differences were found between the different MAP steps regarding CI or PAP for
the CytoSorb® device, respectively.

3.2. Hemadsorber Blood Flow

Absolute values of mean blood flows throughout the experiment are shown in Table 2.
Maximum blood flows were achieved at MAP of 85 mmHg with 360.7 &= 39.9 mL/min
for CytoSorb® and 326.6 + 14.1 mL/min for Oxiris®. Blood flows remained well above
the optimum flow recommended by the manufacturers of >100 mL/min. When directly
comparing the CytoSorb® and Oxiris® devices, there were no significant differences in
mean blood flow through the devices during all MAP steps of the experimental protocol.
Blood flows through the CytoSorb® and Oxiris® hemadsorber linearly increased with
increasing mean blood pressures. Considering the impact of MAP on changes in blood flow,
linear regression showed blood flow [mL/min] = 4.226 x MAP [mmHg] — 3.496 (R-square
0.8133) for CytoSorb® and blood flow [mL/min] = 3.267 x MAP [mmHg] + 57.63 (R-square
0.8708) for the Oxiris® hemadsorber, respectively (Figure 2). This emphasizes the linear
interdependence of MAP and hemadsorber blood flow for both devices.
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Table 2. Hemadsorber pressure and blood flow.

Baseline MAP45 MAP55 MAP65 MAP75 MAPS85 p-Value
Blood Flow
(mL/min)
CytoSorb® 0 1942 +335 22294326 26574222 31254316 360.7 £39.9 <0.0001
Oxiris® 0 202.8 +16.8 2374+237 2665+245 3164+95 3267+ 14.1 <0.0001
Pre-Hemadsorber
Pressure (mmHg)
CytoSorb® 0 374 +1.7 443 +2.6 50 + 2.4 58.1 +£3.9 653 +5 <0.0001
Oxiris® 0 36.7 £ 34 434+26 49.7 £ 3.5 56.7 £+ 3.8 61.8 +4.0 <0.0001
Post-
Hemadsorber
Pressure (mmHg)
CytoSorb® 0 145+ 3.7 189+ 1.8 189+ 0.6 20+ 14 2242 <0.0001
Oxiris® 0 11.8+17 128 £ 2.4 158 +3.2 153+ 3.8 18.8 +4.8 <0.0001

The p-value represents the overall probability of a type I error in the repeated measures ANOVA. There were
significant differences in the repeated measures ANOVA (p < 0.0001) between the different MAP steps in all three
parameters for both devices, respectively.

Al 8]

Cytosorb® Oxiris®

500+ 400+
= 1 =i =
g 4o £ 3001
IS £ y = 3.267*MAP [mmHg] + 57.63
< 3004 — - (R-square 0.8708)
g "y = 4.226-MAP [mmHg] - 3.496 g 2004
o 2004 (R-square 0.8133) T
g 3
2 100 2 109

G Ll L] L L L} C LJ Ll L L L}
40 50 60 70 80 90 40 50 60 70 80 90
Mean Arterial Pressure (MAP) in mmHg Mean Arterial Pressure (MAP) in mmHg

Figure 2. Blood flow through the CytoSorb® (A) or Oxiris® hemadsorber (B). Mean blood flow
through both devices linearly increased with stepwise increases in mean arterial pressure. Each figure
depicts mean blood flow values £ SD, as well as the linear regression line and their 95% confidence
band of the best-fit line (scattered lines).

3.3. Pre- and Post-Hemadsorber Pressure

Absolute values of mean pre- and post-hemadsorber pressures throughout the experi-
ment are shown in Table 2. Pre-absorber pressures significantly differed between all experi-
mental steps (p < 0.0001). Linear regression of mean arterial pressure and pre-hemadsorber
pressure resulted in pre-hemadsorber pressure [mmHg] = 0.6942 x MAP [mmHg] + 5.896
(R-square 0.9184) for CytoSorb® and pre-hemadsorber pressure [mmHg] = 0.6342 x MAP
[mmHg] + 8.413 (R-square 0.9978) for the Oxiris® hemadsorber, respectively (Figure 3).
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Figure 3. Pre-hemadsorber pressures for the CytoSorb® (A) and Oxiris® (B) devices. Mean pre-
hemadsorber pressures linearly increased with stepwise increases in mean arterial pressure. Each
figure depicts mean pre-hemadsorber pressure &= SD, as well as the linear regression line and their
95% confidence band of the best-fit line (scattered lines).

Post-CytoSorb® hemadsorber pressures also showed significant differences (p < 0.05)
between the experimental steps, comparing an MAP of 45 mmHg to MAPs of 75 or
85 mmHg, respectively. Post-Oxiris® hemadsorber pressures significantly differed be-
tween MAPs of 45 mmHg or 55 mmHg to an MAP of 85 mmHg. Nevertheless, post-
hemadsorber pressures did not exceed maximum values of 22 + 2 mmHg for the CytoSorb®
or 18.8 = 4.8 mmHg for the Oxiris® device.

4. Discussion

Hemoperfusion involves the passage of blood through a hemofilter in which mediators
are adsorbed to a membrane surface or through a sorbent-containing cartridge. Adsorption
is mostly utilized in combination with hemodialysis (HD) or extracorporeal membrane
oxygenation (ECMO). Our data indicate that both the CytoSorb® and the Oxiris® systems
can be used as independent therapeutic entities via a femorofemoral arteriovenous shunt.
Shunt circulation resulted in sufficient blood flows through both devices over a wide range
of mean arterial blood pressures from 45 to 85 mmHg. Lowest blood flow at an MAP of
45 mmHg was 194 + 34 mL/min for the CytoSorb® system and 203 + 17 mL/min for the
Oxiris® system, well above the minimum flows recommended by the manufacturers of
>100-150 mL/min [12,13]. We found a linear regression between blood flow through both
devices and MAP. Pre-absorber pressures increased in linear regression with increasing
MAP. The experiments further suggest that pEHAT is safe as none of the animals suffered
from major or minor complications.

The predominant indication for hemadsorption in critical care is the removal of proin-
flammatory cytokines during septic shock and hyperinflammation. A case series showed
that the combination of continuous renal replacement therapy (CRRT) and HA was associ-
ated with rapid hemodynamic stabilization and decrease in serum lactate [6]. In a study of
twenty patients with refractory septic shock, early hemadsorption within twelve hours after
the start of shock therapy significantly reduced noradrenalin, improved lactate clearance,
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and led to shock reversal in 65% of the patients [14]. A retrospective analysis of 116 patients
found a significantly decreased observed versus expected 28-day all-cause mortality [6].
Initiation of therapy within 24 h of septic shock might be the key, as hemadsorption did not
reduce mortality or lower plasma IL-6 levels in the presence of multiple organ failure [4].
This was further emphasized in a case series showing that hemodynamic stabilization and a
reduction in blood lactate levels was more pronounced in patients in whom therapy started
within 24 h after sepsis diagnosis. A poor response was observed in patients with delayed
therapy [5]. These findings may be related to the fact that antigenic stimulation of naive
CD8+ T cells commits them to an instructive developmental program that does not require
further antigenic stimulation and does not cease until memory CD8+ T cell formation [15].

The decisive asset of hemadsorption via an arteriovenous shunt is that it offers the
flexibility to achieve early initiation of hemadsorption without the need for additional
devices. In addition, it might be also used for the removal of different toxins, e.g., bilirubin,
bile acids, free hemoglobin, myoglobin, drugs, etc. [16].

We observed adequate blood flows through both HA devices over a wide range
of MAPs, which we believe are representative for clinical practice. Even at a very low
MAP of 45 mmHg, the measured blood flows were above the minimum recommended
flow rates and higher than what is usually achieved during CRRT. Moreover, the utilized
setup is easily clinically applicable. Placement of an arteriovenous shunt was utilized for
many years in extracorporeal lung assist devices (avECLA) in patients with severe acute
respiratory distress [17-19]. A similar arteriovenous setup using smaller cannulas was
chosen and could be safely and rapidly established by intensivists.

Nevertheless, we only utilized healthy animals, and future investigations are neces-
sary in order to address the effectivity of cytokine elimination in man as well as clinical
applicability of extracorporeal HA.

Furthermore, blood coagulation factors should be closely monitored during antico-
agulation, as well as blood flow to the extremities, e.g., with additional pulse oximetry,
especially if the experiment is conducted in sepsis and transferred to humans.

5. Conclusions

Pumpless extracorporeal hemadsorption technique is feasible and sufficient blood
flow through the HA could be maintained even with low blood pressures mimicking
septic shock. Future studies should evaluate if an early hemadsorption of proinflammatory
cytokines with pEHAT may prevent a further organ dysfunction during septic shock with
a hyperinflammatory response syndrome.
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Abbreviations

Cco Cardiac output

CRRT  Continuous renal replacement therapy
CVVH Continuous veno-venous hemofiltration

cvp Central venous pressure

ECMO  Extracorporeal membrane oxygenation
HA Extracorporeal hemadsorption

HD Hemodialysis

HP Hemoperfusion

MAP Mean atrial pressure

PAP Pulmonary arterial pressure

PEI Polyethyleneimine
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