7%
university of 59/,
groningen L

i

University Medical Center Groningen

University of Groningen

Opposite acute potassium and sodium shifts during transplantation of hypothermic machine
perfused donor livers

Burlage, Laura C; Hessels, Lara; van Rijn, Rianne; Matton, Alix P M; Fujiyoshi, Masato; van
den Berg, Aad P; Reyntjens, Koen; Meyer, Peter; de Boer, Marieke T; de Kleine, Ruben H J

Published in:
American Journal of Transplantation

DOI:
10.1111/ajt.15173

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2019

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):

Burlage, L. C., Hessels, L., van Rijn, R., Matton, A. P. M., Fujiyoshi, M., van den Berg, A. P., Reyntjens, K.,
Meyer, P., de Boer, M. T., de Kleine, R. H. J., Nijsten, M. W., & Porte, R. J. (2019). Opposite acute
potassium and sodium shifts during transplantation of hypothermic machine perfused donor livers.
American Journal of Transplantation, 19(4), 1061-1071. https://doi.org/10.1111/ajt.15173

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.


https://doi.org/10.1111/ajt.15173
https://research.rug.nl/en/publications/ed841f18-3d7a-4752-a421-42a0c2c7e55f
https://doi.org/10.1111/ajt.15173

AMERICAN SOCIETY OF ®
I-\.. | TRANSPLANTATION

COMPREHENSIVE

TRAINEE
CURRICULUM

COMPREHENSIVE TRAINEE CURRICULUM

WATCH 52 ONLINE LESSONS INCLUDING:

e Adult and Pediatric Liver e Cardiothoracic Transplant Surgery

o Adult Cardiac and Pulmonary e Adult and Pediatric Kidney

e Abdominal Transplant Surgery e Transplant Pharmacy
Solid organ transplantation is a Check out this brand new resource,
multidisciplinary field, leading to a meant to supplement the training
diverse community of professionals trainees and fellows receive at their
within the AST. As aresult, it is university or hospital.

often necessary for trainees to have
extensive knowledge of all areas of

: 0 members | $200 non-members
transplantation—not just their specialty. SS /S

AMERICAN SOCIETY OF
TRANSPLANTATION

AST



http://pubads.g.doubleclick.net/gampad/clk?id=4652408593&iu=/2215

Received: 10 June 2018

Revised: 8 October 2018

Accepted: 30 October 2018

DOI: 10.1111/ajt.15173

ORIGINAL ARTICLE

AJT

Opposite acute potassium and sodium shifts during
transplantation of hypothermic machine perfused donor livers

Laura C. Burlage'? | LaraHessels® | Rianne van Rijn*? | Alix P. M. Matton®? |

Masato Fujiyoshi' | Aad P.van den Berg* | Koen M.E.M. Reyntjens® | Peter Meyer® |
Marieke T. de Boer! | Ruben H.J. de Kleine! | Maarten W. Nijsten® | Robert J. Portel

!Section of HPB Surgery and Liver
Transplantation, Department of

Surgery, University of Groningen, University
Medical Center Groningen, Groningen, The
Netherlands

2Surgical Research Laboratory, Department
of Surgery, University of

Groningen, University Medical Center
Groningen, Groningen, The Netherlands

3Department of Critical Care, University
of Groningen, University Medical Center
Groningen, Groningen, The Netherlands

4Department of Gastroenterology

and Hepatology, University of
Groningen, University Medical Center
Groningen, Groningen, The Netherlands

Department of Anesthesiology, University
of Groningen, University Medical Center
Groningen, Groningen, The Netherlands

Correspondence
Robert J. Porte
Email: r.j.porte@umcg.nl

Liver transplantation is frequently associated with hyperkalemia, especially after
graft reperfusion. Dual hypothermic oxygenated machine perfusion (DHOPE) re-
duces ischemia/reperfusion injury and improves graft function, compared to conven-
tional static cold storage (SCS). We examined the effect of DHOPE on ex situ and
in vivo shifts of potassium and sodium. Potassium and sodium shifts were derived
from balance measurements in a preclinical study of livers that underwent DHOPE
(n = 6) or SCS alone (n =9), followed by ex situ normothermic reperfusion. Similar
measurements were performed in a clinical study of DHOPE-preserved livers (n = 10)
and control livers that were transplanted after SCS only (n = 9). During DHOPE, pre-
clinical and clinical livers released a mean of 17 + 2 and 34 + 6 mmol potassium and
took up 25 + 9 and 24 + 14 mmol sodium, respectively. After subsequent normother-
mic reperfusion, DHOPE-preserved livers took up a mean of 19 + 3 mmol potassium,
while controls released 8 = 5 mmol potassium. During liver transplantation, blood
potassium levels decreased upon reperfusion of DHOPE-preserved livers while lev-
els increased after reperfusion of SCS-preserved liver, delta potassium levels were
-0.77 £ 0.20 vs. +0.64 + 0.37 mmol/L, respectively (P =.002). While hyperkalemia is
generally anticipated during transplantation of SCS-preserved livers, reperfusion of
hypothermic machine perfused livers can lead to decreased blood potassium or even

hypokalemia in the recipient.
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donors and donation, liver transplantation/hepatology, organ perfusion and preservation,

translational research/science

Abbreviations: DCD, donation after circulatory death; DHOPE, dual hypothermic oxygenated machine perfusion; HMP, hypothermic machine perfusion; MAP, mean arterial pressure;
MELD, model of end stage liver disease; NMP, normothermic machine perfusion; SCS, static cold storage; UW, University of Wisconsin.
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1 | INTRODUCTION

Liver transplantation is frequently accompanied by acute hyper-
kalemia during reperfusion, which may lead to life-threatening ar-
rhythmia. Several factors are known to contribute to hyperkalemia
during liver transplantation, including the release of potassium rich
preservation solution, cell lysis during graft reperfusion, metabolic
acidosis, and massive transfusion of red blood cells.™ To counter-
act an anticipated acute rise of potassium after graft reperfusion,
anesthesiologists may take preventive measures, such as the ad-
ministration of glucose/insulin, bicarbonate, calcium, or measures
as hyperventilation.>¢

Recently, end-ischemic hypothermic (oxygenated) machine
perfusion of donor livers has been introduced into clinical practice
as a new method of organ preservation. Compared to SCS alone,
additional graft preservation via hypothermic (oxygenated) ma-
chine perfusion reduces ischemia/reperfusion injury of liver grafts
during transplantation.7'9 The perfusion fluid that is currently
used in Europe and the US for hypothermic machine perfusion is
Belzer's University of Wisconsin (UW) machine perfusion solu-
tion. Compared to UW cold storage solution, UW machine perfu-
sion solution contains more sodium (100 mmol/L vs. 29 mmol/L)
and less potassium (25 mmol/L vs. 125 mmol/L), although this is
still much higher than the potassium concentration in serum. In
our first clinical series of dual hypothermic oxygenated machine
perfusion (DHOPE) of donor livers we noted that, in contrast to
SCS-preserved livers, in vivo graft reperfusion did not result in
acute hyperkalemia and in fact was accompanied by hypokalemia
in three out of ten recipients.9 Little is known about cation (po-
tassium and sodium) shifts in the liver during ex situ machine per-
fusion or during reperfusion in the recipient. As ex situ machine
perfusion involves a closed circuit, this allows a direct calculation
of cation uptake (influx) or release (efflux) by the liver.

The aim of the current study is to determine the effect of DHOPE
on potassium and sodium shifts in human donor livers during ma-
chine perfusion and subsequent warm reperfusion in both a preclin-
ical ex situ reperfusion model as well as in patients.

2 | METHODS

2.1 | Study design

This study consisted of two parts: a preclinical study (part A)
using human liver grafts that were declined for transplantation
and a clinical study (part B) of patients who received a DHOPE-
preserved liver graft. In both preclinical and clinical study,
DHOPE-preserved liver grafts were compared with livers that
were preserved with SCS alone (controls). The anonymized data
analysis in both sub-studies was performed in accordance with
national guidelines and legislation. The preclinical study proto-
col was approved by the competent authority for organ dona-
tion in the Netherlands, the Dutch Transplantation Foundation

(NTS) and by the medical ethical committee of our institution

(University Medical Center Groningen, record METc protocol
2012.068). Ethical approval for the clinical study was obtained
from the same medical ethical committee (record METc protocol
2014.100). In addition, the study protocol of the clinical study
was published in an open access trial registry (www.trialregister.
nl; trial ID NTR4493).

2.2 | Organ procurement

All livers were procured according to a standard protocol by re-
gional organ procurement teams, using a rapid flush out with ice-
cold UW cold storage solution (Bridge-to-Life, Ltd., Northbrook,
IL) and subsequent SCS in the same fluid during transportation
to our center. The potassium concentration of UW cold storage
solution is 125 mmol/L, only slightly lower than the intracellular
concentration (140 mmol/L).*° This minimizes the passive release
of intracellular potassium into the extracellular milieu during
5CS.1112 |ikewise, the sodium concentration in UW cold storage
solution is 29 mmol/L, only slightly above the intracellular con-
centration (10 mmol/L),*° minimizing influx of sodium.

During the back table procedure, livers were prepared for ei-
ther machine perfusion in the preclinical (Part A) and clinical study
(Part B), or for direct transplantation (controls in clinical study).

2.3 | Dual hypothermic oxygenated machine
perfusion (DHOPE)

DHOPE was performed with 3 to 4L of UW machine perfusion
solution (potassium concentration 25 mmol/L and sodium con-
centration 100 mmol/L; Bridge-to-Life, Ltd.) using the Liver Assist
device (Organ Assist, Groningen, The Netherlands) according to
the manufacturer’s instructions. Before the start of DHOPE, liv-
ers were flushed during the back table procedure with 1L of UW
machine perfusion solution to flush out UW cold storage solution.
The perfusion fluid was oxygenated to obtain a pO, of approxi-
mately 80 kPa. During DHOPE, portal vein perfusion pressure was

set at 4 mmHg and mean arterial perfusion pressure at 25 mmHg.

2.4 | Part A: preclinical study

The preclinical study consisted of a total of 15 human donor livers
that were declined for transplantation and offered to our center for
research after informed consent had been obtained from the relatives
of the donor. Livers were selected from a previous study based on the
type of preservation fluid used during organ procurement.*® Only liv-
ers preserved in UW cold storage solution were included in the cur-
rent study. Livers were divided into two groups: six livers underwent
2 hours of DHOPE prior to 6 hours of ex situ normothermic machine
perfusion (NMP) to assess liver graft viability and function, and 9 liv-
ers underwent 6 hours of NMP without prior perfusion with DHOPE.

NMP was performed using the same Liver Assist device, using a
solution based on packed red blood cells and plasma, as described

previously.***> Prior to NMP, all livers were flushed with 1L cold
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NaCl 0.9% solution, followed by 500 mL warm NaCl 0.9% solution
to flush out UW cold storage (control livers) or UW machine per-
fusion solution (DHOPE livers). Oxygenation resulted in a pO2 be-
tween 50 and 80k kPa. During NMP perfusion pressures were set
at 11 mmHg for the portal vein and a mean of 70 mmHg for the
hepatic artery.

2.5 | PartB: clinical study

The clinical study included 10 patients undergoing liver transplanta-
tion, who received a liver that underwent 2 hours of DHOPE prior to
implantation. Similar to the preclinical study, DHOPE was applied for
2 hours after conventional SCS. The control group consisted of nine
patients who underwent transplantation without DHOPE treatment
of the liver. They were matched for recipient age (+5 years), donor
warm ischemia time (x5 minutes), and MELD score (6-22 or 223).
Livers were selected from a previously published clinical study.’”
Only livers preserved in UW cold storage during the SCS phase were
included.

All liver grafts were implanted by using the piggy back tech-
nique without veno-venous bypass. Graft reperfusion was initi-
ated by restoration of portal venous flow. To avoid hyperkalemia
in the recipient, the first 400 mL of blood effluent from the liver
was discarded before systemic venous return was established in
both DHOPE and control livers. Subsequently the hepatic artery
anastomosis was constructed and arterial blood flow to the liver

was restored.

2.6 | Assessment of cation concentrations and shifts

During machine perfusion (either DHOPE or NMP), perfusate sam-
ples were collected at baseline (prior to connecting liver) and every
30 minutes thereafter. During transplantation, blood samples of
the recipient were collected from a nonheparinized arterial line:
(a) prior to the anhepatic phase (pre-anhepatic) and (b) during the
anhepatic phase, and (c) after portal and (d) arterial reperfusion.
Perfusate samples and blood samples were immediately processed
for determination of potassium and sodium concentrations, using an
ABL 800 point-of-care blood-gas analyzer (Radiometer Medical ApS,
Branshgj, Denmark). Hypokalemia was defined as a potassium con-
centration <3.5 mmol/L and hyperkalemia as >5.0 mmol/L. All forms
of potassium or sodium administration (eg, potassium chloride or so-
dium bicarbonate solution) during machine perfusion or during the
transplant procedure were recorded.

The hepatic uptake (positive shift or influx) or release (negative
shift or efflux) of potassium during ex situ machine perfusion was

calculated according to the following formula:

Potassium shift (mmOI) = ([K+]expected delta ™ [K+]observed delta) . Vperfusion

where the expected delta in serum potassium concentration was
defined as:

EXpe(:ted delta (mmOI/L) = K-*—administered /Vperfusion

AJT-L2

The observed rise or decrease in potassium concentration was

defined as:

Observed delta (mmol/L) =[K*],,,—[K"],

Here n and n + 1 denote two consecutive time points during machine
perfusion and V stands for volume of the perfusion fluid. For calculating

sodium shifts, similar formulae were used in which K" was replaced by Na*.

2.7 | Correlation between changes in cation
levels and postreperfusion markers of hepatic
viability and injury

In the preclinical study, changes in cation levels upon ‘ex situ reperfu-
sion’ (30 minutes after the start of NMP) were correlated with markers
of hepatic viability (cellular ATP) and injury (peak perfusate levels of ALT
and lactate). In the clinical study, changes in cation levels upon graft rep-
erfusion were correlated with postoperative peak levels of serum ALT

and lactate, and prothrombin time (PT) on postoperative day 1.

2.8 | Correlation between changes in cation
levels and postreperfusion syndrome

One of the more severe hemodynamic disturbances that can occur during
liver transplantation is postreperfusion syndrome (PRS). PRS is defined as
a drop in mean arterial pressure (MAP) of >30% of baseline values within
5 minutes after graft reperfusion that lasts for at least 1 minute.’® In the
clinical study, changes in cation levels were correlated with changes in

MAP and noradrenaline requirement after graft reperfusion.

2.9 | Statistical analysis

Continuous variables are presented as median with interquartile range
(IQR), or as mean + standard error (SE) as appropriate. Categorical
variables are presented as number and percentage. Group charac-
teristics were compared between groups using the Mann-Whitney
U-test for continuous variables or the Chi-square test for categori-
cal variables. Strength and direction of association between two
variables were determined by calculating the Spearman’s correlation
coefficient. Changes in cation levels were compared with a Student
t-test. A P value < .05 was considered significant. Statistical analyses
were performed with SPSS 23.0 (IBM, Chicago, IL).

3 | RESULTS
3.1 | PartA: preclinical study

3.1.1 | Donor characteristics

Donor and preservation characteristics are shown in Table 1.
There were no significant differences between the two groups in
donor characteristics such as donor age, type of donor, or donor
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TABLE 1 Comparison of donor and preservation characteristics
of livers in the preclinical study (Part A)

DHOPE
(n=6) Control (n=9) P value
Donor characteristics
Age (y) 64 (57-70) 62 (52-64) .29
Sex (male) 3(50%) 6 (67%) .62
Type of donor .23
DCD 6 (100%) 6 (67%)
DBD 0 3 (33%)
Cause of death .57
Cardiovascular 2(33%) 1(11%)
Post anoxic 2 (33%) 4 (44%)
brain injury
Trauma 2 (33%) 4 (44%)
Reason rejected .35
for
transplantation
Age (DCD 5 (83%) 4 (44%)
>60y)
Expected 1(17%) 3(33%)
steatosis
High 0 1(11%)
transaminases
Unknown 0 1(11%)

Preservation characteristics

Cold ischemia 489 (452-513)

time (min)?

509 (409-660) .72

Time from 33(26-53)
withdrawal of life
support to cold

flush® (min)

43(38-79) A3

Time from
circulatory arrest
to cold flush®
(min)

15(13-23) 20 (16-23) 49

Data are presented as number (percentage) or median (interquartile
range).

DCD, donation after circulatory death; DBD, donation after brain death.
@Cold ischemia time was defined as the interval between start aortic cold
flush in the donor until the start of NMP or DHOPE.

PThe time interval between the discontinuation of mechanical ventilation
and the start of aortic cold flush in the donor (international donor warm
ischemia time).

‘The time interval between cardiac arrest and the start of aortic cold
flush in the donor.

warm ischemia time (in case of donation after circulatory death
[DCD]).

3.1.2 | Cation concentrations and shifts during end-
ischemic DHOPE

During the first 30 minutes of DHOPE, the mean perfusate potas-
sium level increased from 26.6 £ 0.8 to 33.4 + 1.9 mmol/L (P =.03)

and levels remained stable thereafter (Figure 1). The total hepatic
release of potassium during 2 hours of DHOPE was 17 = 2 mmol.

During the first 30 minutes of DHOPE, mean perfusate sodium
level remained stable (102+7 to 101+ 6 mmol/L) (P=.91) but
during the remainder of DHOPE, levels decreased from 102 + 7 to
94 + 6 mmol/L (P =.06) (Figure 2). The total hepatic uptake of so-
dium during 2 hours of DHOPE was 25 = 9 mmol.

3.1.3 | Cation concentrations, shifts and potassium-
related interventions during NMP

During NMP of the DHOPE-preserved livers, potassium levels in the
perfusion fluid decreased during the first 30 minutes from 3.5 + 0.3
to 1.2 £ 0.1 mmol/L (P =.001). In livers that underwent NMP with-
out prior DHOPE (controls), potassium levels increased during the
first 30 minutes from 4.6 + 0.4 to 9.0 + 1.8 mmol/L (P =.04). Both
groups showed stable perfusate potassium concentrations during
the remainder of the NMP (Figure 1).

During NMP of DHOPE-preserved livers, a total hepatic uptake
of 19 + 3 mmol of potassium was noted. In control (SCS alone) livers,
an opposite potassium shift was observed with a total hepatic re-
lease of 8 £ 5 mmol. All DHOPE-preserved livers required potassium
supplementation during NMP to maintain potassium concentrations
within an acceptable range, while in the control livers, only two
(13%) needed potassium supplementation (P < .001).

During NMP of the DHOPE-preserved livers, no changes in so-
dium perfusate levels were observed in the first 30 minutes of NMP
(151 £ 1 to 149 + 1 mmol/L, respectively; P=.78) and levels re-
mained to be stable thereafter. In livers that underwent NMP with-
out prior DHOPE (controls), sodium levels decreased during the first
30 minutes from 147 + 3 to 139 = 3 mmol/L (P =.02). Both groups
showed stable perfusate sodium concentrations during the remain-
der of the NMP (Figure 2).

During NMP of DHOPE-preserved livers, a total hepatic release
of 7 + 3 mmol of sodium was noted. In control (SCS alone) livers,
an opposite sodium shift was noted with a total hepatic uptake of
23 + 9 mmol of sodium.

3.1.4 | Correlation between changes in cation
levels and postreperfusion markers of hepatic
viability and injury

After 2 hours of NMP, cellular ATP levels were significantly higher
in DHOPE-preserved livers compared to control livers, 88 (50-137)
pumol/g vs 36 (21-57) pmol/g, respectively (P =.03). The change in
potassium levels upon ex situ reperfusion correlated negatively with
ATP levels after 2 hours of NMP (P <.001). In other words, an in-
crease in potassium levels upon ex situ reperfusion correlated with
low ATP levels (Table 2). In contrast, changes in sodium levels cor-
related positively with ATP levels after 2 hours of NMP (P =.048).
Moreover, high potassium levels upon ex situ reperfusion strongly
predicted high peak ALT levels (P <.001) and peak lactate levels
(P <.001) (Table 2).
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FIGURE 1 Mean potassium levels in

NMP

perfusion fluid during DHOPE and NMP 40
of preclinical livers. At baseline (time point
zero), samples of the perfusion fluid were
taken before the liver was connected

to the perfusion device (Liver Assist).
Potassium levels increased significantly
during the first 30 minutes of DHOPE

(*P =.03) and stabilized thereafter. During
ex situ NMP of DHOPE-preserved livers,
potassium levels decreased significantly
during the first 30 minutes (**P = .001)
and stabilized thereafter. In contrast,
during ex situ NMP of control livers,
potassium levels increased significantly

354

30

Potassium (mmol/L)

251

© DHOPE
® Control
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during the first 30 minutes (***P = .04) and 20 T
stabilized thereafter. Note the different Y- 0 1
scales for DHOPE and NMP

FIGURE 2 Mean sodium levels in
perfusion fluid during DHOPE and NMP
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2

Time (hours)

o

3 4
Time (hours)

NMP

1
of preclinical livers. At baseline (time 120
point zero), samples of the perfusion
fluid were taken before the liver was
connected to the perfusion device (Liver
Assist). Sodium levels remained stable
during the first 30 minutes of DHOPE, but
levels significantly decreased thereafter
(*P =.06). During ex situ NMP of DHOPE-
preserved livers, no changes in sodium
perfusate levels were observed in the first
30 minutes of NMP and levels remained
to be stable thereafter. In contrast, during
ex situ NMP of control livers, sodium
levels significantly decreased during the

110{

C
100

Sodium (mmol/L)
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first 30 minutes (**P = .02) and stabilized
thereafter. Note the different Y-scales for
DHOPE and NMP

0 1

3.2 | Part B: clinical study

3.2.1 | Patient and donor characteristics

Patient, donor, and surgical characteristics are shown in Table 3.
There were no significant differences in baseline characteristics
or surgical variables between the groups. Most importantly, pre-
operative serum potassium and sodium concentrations, as well as
intra-operative blood loss and transfusion of packed red blood

cells did not differ between the two groups.

3.2.2 | Cation concentrations and shifts during end-
ischemic DHOPE

During the first 30 minutes of DHOPE, the potassium perfusate
level increased from 25.2 + 0.6 to 33.8 + 2.3 mmol/L (P =.003), and
levels remained stable thereafter (Figure 3). The total hepatic potas-

sium release during 2 hours of DHOPE was 34 + 6 mmol.

2
Time (hours)

130

0 1 3 4
Time (hours)

During the first 30 minutes of DHOPE, sodium levels slightly
decreased from 107 + 3 to 103 * 2, yet this decrease did not reach
significance (P =.22), and sodium levels remained stable thereafter
(Figure 4). However, despite absence of a significant drop in sodium
levels, the total (calculated) hepatic sodium uptake during 2 hours of
DHOPE was still 24 + 14 mmol.

3.2.3 | Cation concentrations during in vivo
reperfusion and potassium-related interventions

After in vivo graft reperfusion, blood potassium levels decreased
from 4.7+0.2 to 3.9 +0.3 mmol/L (P=.003) in recipients of a
DHOPE-preserved liver. In recipients of a control (SCS alone) liver,
blood potassium levels increased from 4.4 + 0.1 to 5.0 + 0.4 mmol/L
(P =.15; Figure 3). During OLT, three (30%) recipients of a DHOPE-
preserved liver required potassium supplementation, while no such
supplementation was given to recipients of a control liver (P = .12).
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TABLE 2 Correlation between changes in cation levels and
postreperfusion markers of hepatic viability and injury in the
preclinical study

A Potassium (mmol/L) A Sodium (mmol/L)

Reperfusion levels r, P value r, P value
Cellular ATP -0.85 <.001 0.58 .048
Peak ALT 0.81 <.001 -0.61 .02

Peak lactate 0.92 <.001 -0.72 .008

Both DHOPE and control livers were included in a bivariate analysis to
correlate changes in potassium and sodium levels upon "ex situ reperfu-
sion" (30 minutes after the start of NMP) with levels of cellular energy
marker ATP and perfusate peak levels of ALT and lactate. Data are pre-
sented as Spearman’s correlation coefficient (r,).

ATP, adenosine triphosphate; ALT, alanine aminotransferase; NMP, nor-
mothermic machine perfusion.

After in vivo graft reperfusion, blood sodium levels slightly
increased in recipients of a DHOPE-treated liver (135+1 to
137 + 1 mmol/L, P=.04), whereas levels slightly decreased in

control (SCS alone) recipients from 138 + 2 to 137 + 2 mmol/L, yet
this did not reach significance (P = .23; Figure 4).

3.2.4 | Correlation between changes in cation
levels and postreperfusion markers of hepatic
viability and injury

Increased potassium levels (mmol/L) upon portal reperfusion
significantly correlated with higher peak serum ALT levels after
transplantation (P = .001). There was no significant correlation be-
tween postreperfusion serum potassium levels and lactate levels

and postoperative prothrombin times (Table 4).

3.2.5 | Correlation between changes in cation
levels and postreperfusion syndrome

In vivo reperfusion of DHOPE-preseved livers or control liv-
ers, resulted in minimal changes in median MAP (Figure 5).

Postreperfusion syndrome occurred in zero out of 10 patients in

TABLE 3 Comparison of donor and recipient characteristics of transplanted livers (Part B)

DHOPE (n = 10)

Donor characteristics

Age (y) 53 (47-57)
Sex (male) 5(50%)
Type of donor
DCD 10 (100%)
DBD 0
Cause of death
Cerebrovascular accident 3 (30%)
Post anoxic brain injury 3 (30%)
Trauma 4 (40%)
Recipient characteristics
Age (y) 57 (54-62)
Sex (male) 6 (60%)
MELD score 16 (15-22)

Preservation characteristics

Cold ischemia time (min)? 311 (282-357)

Time from withdrawal of life support to cold flush 27 (23-43)
(min)®
Time from circulatory arrest to cold flush (min)© 15(13-17)

Surgical variables

Estimated blood loss (mL)

Preoperative serum [K'] (mmol/L) 4.3(4.1-4.7)
Preoperative serum [Na*] (mmol/L) 137 (133-141)
RBC transfusion (unit) 3(1.5-7.5)

Data are presented as median (interquartile range) or numbers (percentages).

3600 (1763-4875)

Control (n=9) P value
55 (50-57) .90
5(57%) 46
1.00
9 (100%)
0
.73
5(56%)
2(22%)
2(22%)
57 (53-62) 12
4 (44%) 1.00
22 (17-25) 12
430 (424-487) <.001
36 (29-55) 46
17 (15-19) 41
2700 (2200-6600) 91
3.9 (3.9-4.7) .78
137 (134-141) .28
3(0.5-8.5) .86

DCD, donation after circulatory death, DBD, donation after brain death, MELD score, Model for End-Stage Liver Disease score, RBC, Red Blood Cell.
2Cold ischemia time was defined as the interval between start of aortic cold flush until start of DHOPE or in-vivo graft reperfusion.
"The time interval between the discontinuation of mechanical ventilation and the start of aortic cold flush in the donor (international donor warm

ischemia time).

“The time interval between cardiac arrest and the start of aortic cold flush in the donor.
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FIGURE 3 Mean potassium levels in perfusion fluid during DHOPE and

in recipient blood samples during subsequent orthotopic

liver transplantation (OLT). At baseline (time point zero), samples of the perfusion fluid were taken before the liver was connected to

the perfusion device (Liver Assist). Potassium levels in the perfusion fluid increased significantly during the first 30 minutes of DHOPE

(*P < .001), and stabilized thereafter. During OLT of DHOPE-preserved livers, blood potassium levels decreased significantly after
reperfusion (**P = .003). Moreover, at the time of graft reperfusion, blood potassium levels were significantly lower in DHOPE patients when
compared to potassium levels at that time point in control patients (***P = .03). Note the different Y-scales for DHOPE and NMP
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FIGURE 4 Mean sodium levels in perfusion fluid during DHOPE and in recipient blood samples during subsequent orthotopic liver
transplantation (OLT). At baseline (time point zero), samples of the perfusion fluid were taken before the liver was connected to the
perfusion device (Liver Assist). Sodium levels in the perfusion fluid slightly decreased, during the first 30 minutes of DHOPE as well as during
the remainder of DHOPE, yet not significantly. During OLT of DHOPE-preserved livers, blood sodium levels increased significantly after
reperfusion (*P = .04). During OLT of control livers, blood sodium levels slightly decreased after reperfusion, yet not significantly. Note the

different Y-scales for DHOPE and NMP

the DHOPE group and in one out of seven in the control group

of reperfusion were missing in two (out of nine) patients in the

(P = .44). Changes in MAP upon reperfusion did not correlate with control group.

changes in potassium and sodium levels (Table 4). Unfortunately,

recordings of the MAP and noradrenaline dose around the time

During in vivo reperfusion of DHOPE-preserved livers, median

noradrenaline requirement increased from 0.16 (0.14-0.29) ug/kg/min
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TABLE 4 Correlation between changes in cation levels and
postreperfusion syndrome

A Potassium

(mmol/L) A Sodium (mmol/L)
Reperfusion levels r, Pvalue r, P value
Peak ALT 0.74 .001 -0.38 A1
Peak lactate 0.29 .27 -0.27 .26
PT (POD 1) 0.34 .18 -0.24 .33
A MAP -0.23 40 0.25 .33
A Noradrenaline dose  0.62 .01 -0.62 .008

Both DHOPE and control livers were included in a bivariate analysis to
correlate changes in potassium and sodium levels upon graft reperfusion
with peak levels of ALT and lactate, and the PT value on postoperative
day 1. Changes in cation levels were also correlated with changes in
mean arterial pressure (A MAP) and changes in noradrenaline dose (A
noradrenaline dose) upon reperfusion. Data are presented as Spearman’s
correlation coefficient (r ).

ALT, alanine aminotransferase; MAP, mean arterial pressure; PT, pro-
thrombin time; POD, postoperative day.
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to 0.24 (0.23-0.48) pg/kg/min (P =.02). In controls, median nor-
adrenaline requirement increased from 0.14 (0.14-0.29) (ug/kg/min)
to 0.27 (0.23-0.38) (ug/kg/min) upon reperfusion, although did this
not reach significance (P=.08) (Figure 5). Interestingly, increased
potassium levels and decreased sodium levels upon reperfusion
significantly correlated with increased noradrenaline requirement
(Table 4).

4 | DISCUSSION

In contrast to transplantation of conventional, SCS-preserved livers,
which is accompanied by a risk of acute hyperkalemia, transplanta-
tion of livers that underwent hypothermic oxygenated machine per-
fusion was associated with a decrease in recipient blood potassium
levels after graft reperfusion. These findings have clinical conse-
quences for the perioperative management of liver transplant recipi-
ents as anesthesiologists and surgeons should anticipate a possible

need for potassium administration to maintain normokalemia upon
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FIGURE 5 Changes inintraoperative hemodynamics upon reperfusion. No significant changes in mean arterial pressure (MAP) were
noted after reperfusion of both DHOPE and control livers (A) while noradrenaline requirements increased in both groups (B). Increased
noradrenaline dose upon reperfusion significantly correlated with increased potassium levels (C) and decreased sodium levels (D); P = .01

and P = 0.008, respectively
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graft reperfusion of a liver graft that underwent hypothermic oxy-
genated machine perfusion.

To our knowledge, this is the first study in which potassium and
sodium shifts after reperfusion of DHOPE-preserved livers were
examined. We observed hepatic potassium release during DHOPE
and hepatic potassium uptake after warm reperfusion of DHOPE-
preserved livers. Hepatic uptake of potassium uponwarmreperfusion
occurred both ex situ during NMP and in vivo during transplantation.
In contrast, control livers that underwent only conventional SCS
showed potassium release during warm reperfusion. Hepatic cation
shifts during DHOPE and subsequent warm reperfusion or during
SCS and warm reperfusion are summarized in Figure 6.

Physiologically, the liver serves as a buffer for enteral potas-
sium loads. Cellular potassium uptake requires active transport
by the ATP-dependent Na*/K'-ATPase.*'” Low temperatures
(8-12 degrees Celsius) during DHOPE are likely to impair optimal
function of Na*/K*-ATPase, thereby facilitating passive potassium
release.’® The total mean hepatic release of potassium during
DHOPE varied from 17 mmol in preclinical livers to 34 mmol

clinical livers (Figure 5). Also, as a consequence of impaired Na*/

Donor

°
I E
Extracellular milieu: UW SCS solution: 1 E
K*] 3.5 - 5.5 mmol/L [K*] 125 mmol/L i
[Na*]135 - 145 mmol/L [Na*] 29 mmol/L

Hypothermic Machine Perfusion

25 - 24 mmol

P ——

@17 34 mmol

‘,\J,.,

Static Cold Storage

p7—p7 @7

UW MP solution:
[K*] 25 mmol/L
[Na*] 100 mmol/L

AJT

K*-ATPase during DHOPE, the total mean hepatic sodium uptake
was 25 to 29 mmol in preclinical and clinical livers, respectively.
Moreover, in line with previously published data, cellular ATP lev-
els were significantly higher in DHOPE preserved livers compared
to controls upon ex situ reperfusion.'® Furthermore, this study
showed that high ATP levels upon reperfusion significantly cor-
related with decreased potassium. This underlines the potential
role of the ATP dependent hepatic potassium uptake in DHOPE-
preserved livers. Moreover, in both our preclinical and clinical
study, increased potassium levels correlated with high peak ALT
levels upon reperfusion. In other words, a decrease in potassium
levels upon reperfusion might therefore be an interesting “early
prediction” marker of good liver function. However, future studies
are necessary to confirm this.

A decrease in blood potassium levels, as observed after reper-
fusion of DHOPE-preserved liver grafts, is a remarkable and oth-
erwise rarely observed phenomenon in patients undergoing liver
transplantation. One previous study reported a slight decrease in
potassium levels after reperfusion of UW-preserved liver grafts

compared to histidine-tryptophan-ketoglutarate solution in adult

Recipient

Recipient

FIGURE 6 Overview of potassium and sodium shifts during organ preservation and subsequent warm reperfusion. This cartoon
summarizes cation shifts during hypothermic machine perfusion in both preclinical and clinical livers, and during subsequent warm
reperfusion in the preclinical study. During static cold storage (SCS), donor livers were preserved in a high potassium and low sodium
preservation solution, containing 125 mmol/L potassium and 29 mmol/L sodium. During warm reperfusion of SCS-preserved livers, a
mean total hepatic potassium release of 8 mmol and a mean total hepatic sodium uptake of 23 mmol was observed. During hypothermic

oxygenated machine perfusion, a mean total hepatic potassium release of 17 mmol in the preclinical and 34 mmol in the clinical study was
noted. Simultaneously, a total hepatic sodium uptake of 25 mmol was noted during hypothermic machine perfusion in the preclinical study
and of 24 mmol in the clinical study. Opposite cation shifts were observed during subsequent warm reperfusion of liver grafts. During
reperfusion of DHOPE-preserved livers, a total hepatic potassium uptake of 19 mmol and a total hepatic sodium release of 7 mmol was
noted, whereas reperfusion of a SCS-preserved livers was associated with a total hepatic release of 8 mmol potassium and a total hepatic
uptake of 23 mmol of sodium. These differences in cation shifts explains the risk of a postreperfusion systemic hyperkalemia in recipients
of a conventional SCS-preserved liver and a decrease in blood potassium levels in recipients of a DHOPE-preserved liver. UW, University of
Wisconsin; SCS solution, static cold storage solution; MP solution, machine perfusion solution
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living donor liver transplantations.’” It must be noted that, due to
logistical differences between postmortal and living donor liver
transplantations, cold ischemia times (mean 66 minutes) in this
study were substantially shorter than cold ischemia times in our
study groups. In pediatric liver transplantation, hypokalemia after
graft reperfusion is more commonly seen. The underlying mech-
anism has yet to be elucidated.?° Both living donor and pediatric
liver transplant procedures can, however, not be compared with
our patient group.

The first clinical series of oxygenated hypothermic machine
perfusion did not report potassium or sodium concentrations.?!
However, Guarrera et al published the first clinical series of trans-
plantation of nonoxygenated hypothermic machine perfused (HMP)
liver grafts.7 These authors used a perfusion solution with the
same potassium content as Belzer-UW machine perfusion solution
(25 mmol/L). Changes in potassium levels during the first 30 min-
utes of HMP were not reported, but potassium levels were stable at
approximately 30 mmol/L during the remainder of HMP. This level
of potassium is comparable to the potassium levels in the perfusion
fluid during DHOPE in our preclinical and clinical studies. Altogether,
this suggests that similar shifts in potassium have occurred in the
liver machine perfusions described by Guarrera et al, although the
authors have not specifically noted this in their publication.”

While DHOPE and NMP constitute closed systems that are well
suited to measure cation shifts, this was not possible during reperfu-
sion in vivo. Nevertheless, the preclinical and clinical studies collec-
tively point into the same direction and provide an explanation for
the observed decrease in blood potassium levels in recipients of a
DHOPE-preserved liver.

As hypothermic oxygenated machine perfusion, eg, DHOPE and
HOPE, are entering the clinical arena as a method to reduce ischemia-
reperfusion injury in liver transplantation, it is of utmost importance
that transplant anesthesiologists anticipate a decrease rather than
an increase in blood potassium concentration after graft reperfu-
sion. Current preemptive anti-hyperkalemic measures, such as the
use of glucose/insulin and sodium bicarbonate, might aggravate the
decrease in blood potassium concentrations after reperfusion of
DHOPE-preserved livers. In our study, potassium supplementation
was required more frequently during transplantation of a DHOPE-
preserved liver, compared to transplantation of a conventional SCS
preserved liver. Modified perioperative management is thus appro-
priate during transplantation of a liver that underwent hypothermic
oxygenated machine perfusion.

Another clinical challenge that anesthesiologists may encoun-
ter during graft reperfusion is hemodynamic instability. While the
exact pathophysiology of this postreperfusion syndrome (PRS) is
not clearly understood, it has been correlated with high potassium
levels and increased ischemia-reperfusion injury.?? In this study we
did not observe PRS in the DHOPE group. In the control group, one
out of seven (14%) patients demonstrated PRS, which is in the lower
range of the reported incidence of PRS during OLT (varying between
12% and 77%).2% In our study, median MAPs remained stable in both

groups with adequate increase in the noradrenaline dose. We did,
however, observe that increased noradrenaline requirements upon
reperfusion correlated with increased potassium levels and de-
creased sodium levels. It has to be noted that data on MAP and ino-
tropic doses were not complete in two out of nine control patients.

The decrease instead of increase in blood potassium concen-
tration after reperfusion of a DHOPE-preserved liver graft may
actually be helpful in patients with concomitant renal insuffi-
ciency. Many patients with end-stage liver disease also have some
degree of renal failure, making them more prone for difficult to
control hyperkalemia. The increase in blood potassium concentra-
tions after reperfusion of a SCS-preserved liver graft may cause
cardiovascular instability due to arrhythmias in these patients
and this problem should be less frequent after reperfusion of a
DHOPE-preserved liver.

In conclusion, while hyperkalemia is generally anticipated
during transplantation of a SCS-preserved liver, reperfusion of a
DHOPE-preserved liver is associated with potassium uptake by
the liver, which can lead to a decrease in blood potassium con-
centrations or even hypokalemia. Anesthesiologists and surgical
teams should be prepared for this opposite shift in potassium
during transplantation.
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