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ABSTRACT Introduction: Ex-vivo normothermic limb perfusion (EVNLP) has been proven to preserve limb viability
better than standard cold storage. Perfusates containing packed red blood cells (pRBC) improve outcomes when
compared to acellular perfusates. Limitations of pRBC-based perfusion include limited availability, need for cross
match, mechanical hemolysis, and activation of pro-inflammatory proteins. Hemoglobin-based oxygen carrier (HBOC)-
201 (Hemopure) is a solution of polymerized bovine hemoglobin, characterized by low immunogenicity, no risk of
hemolytic reaction, and enhanced convective and diffusive oxygen delivery. This is a preliminary study on the feasibility
of EVNLP using HBOC-201 as an oxygen carrier. Materials and Methods: Three porcine forelimb perfusions were
performed using an established EVNLP model and an HBOC-201-based perfusate. The perfusion circuit included a roller
pump, oxygenator, heat exchanger, and reservoir. Electrolytes, limb temperature, weight, compartment pressure, nerve
conduction, and perfusion indicated by indocyanine green angiography and infra-red thermography were monitored.
Histological evaluation was performed with hematoxylin and eosin and electron microscopy. Results: Three limbs were
perfused for 21.3 £ 2.1 hours. Muscle contractility was preserved for 10.6 £ 2.4 hours. Better preservation of the
mitochondrial ultrastructure was evident at 12 hours in contrast to crystallization and destruction features in the cold-
storage controls. Conclusions: An HBOC-201-EVNLP produced outcomes similar to RBC-EVNLP with preservation of

muscle contractility and mitochondrial structure.

INTRODUCTION

In the USA, limb loss secondary to trauma accounted for 45%
of the prevalent cases in 2005 (704,000), and it is projected to
reach an estimated 1,326,000 cases in 2050."% As a result of
the conflicts in Iraq, Syria, and Afghanistan, there are 1,645
military personnel with a major or partial limb amputation
as of the 2015 Congressional Research Service report. * In
the event of traumatic limb amputation, the best immediate
option is replantation. The next best option is transplantation,
if prosthetic rehabilitation fails. Hand transplantation is being
performed in an increasing number of centers with encour-
aging mid- and long-term outcomes.* Extremity segments
containing large amounts of skeletal muscle can endure up
to 6 hours of warm ischemia and 12 hours of cold ischemia
following amputation. However, the best functional results
are obtained when the cold ischemia is kept under 2 hours.?
Clinical reports of hand transplantation indicate that shorter
ischemia results in superior graft function. Herzberg et al.
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accounted the increased ischemia time (9 hours) for modest
functional recovery following bilateral hand transplantation.®
compared to the Austrian bilateral hand transplants where
ischemia time was shorter (2.5-2.8 hours) and the acqui-
sition of complex hand functions was achieved.” Similarly,
Cavadas et al. reported perioperative ischemic injury (3 hours
of cold and 3.5 hours of warm ischemia) resulting in fibrotic
contracture of forearm muscles following transplantation.®
Ischemic injury is also one of the several risk factors for acute
and chronic rejection by activating immune responses.”’ In a
composite allograft model, relatively short ischemic times (1—
3 hours) produced sufficient reperfusion injury to increase the
risk of acute rejection.'’

The current gold standard for limb preservation following
amputation is cooling to decrease cell metabolism. During
cold preservation, energy consumption due to metabolic activ-
ity is not halted, and ultimately, mitochondrial damage and
subsequent adenosine triphosphate (ATP) depletion ensue. To
extend the time to replantation or transplantation and to mini-
mize ischemia-reperfusion injury, normothermic machine per-
fusion (NMP) systems have been implemented successfully
in solid organ transplantations.''~!” NMP provides several
advantages over cold preservation: (1) the ability to maintain
oxygenation and temperature of the limb close to physiolog-
ical values, (2) a perfusion solution providing all necessary
nutrients at optimal concentrations, and (3) the ability to
maintain and monitor physiological pH and electrolyte range
to preserve function.

Perfusion solutions containing packed red blood cells
(pRBC) as an oxygen carrier have shown to improve outcomes
when compared to acellular perfusates.'>'*'® However,
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limitations of pRBC-based NMP include limited availability,
need for cross match, mechanical hemolysis, activation of pro-
inflammatory proteins, transmission of infectious diseases,
and patient’s refusal to accept human blood products.'820
Hemoglobin-based oxygen carrier (HBOC)-201 (Hemopure,
HbO2 Therapeutics, Souderton, PA) is an oxygen carrier
containing polymerized bovine hemoglobin characterized by
low immunogenicity, no risk of hemolytic reactions, low
viscosity, and enhanced convective and diffusive oxygen
delivery.

In previous studies, HBOC-201 has been successfully used
for liver NMP. When compared against pRBC-based per-
fusates, these studies found that HBOC-201 was as effec-
tive, with a higher oxygen extraction in HBOC-201-perfused
groups and no significant difference in lactate clearance, reac-
tive oxygen species, and histological findings.'”-*

Replacement of pPRBC with HBOC-201 as an oxygen car-
rier in limb NMP can help advance this technology to become
highly available and avoid limitations associated with the use
of pRBCs.

The authors undertook a preliminary study to assess the
feasibility of using an HBOC-201-based perfusate in support-
ing limb viability during EVNLP.

METHODS

This study was exempt from the Institutional Animal Care
and Use Committee approval. Bilateral porcine forelimbs
were procured from Yorkshire pigs, weighing 45 kg on aver-
age, immediately after euthanasia as previously published.''
Donor animals were used in Cleveland Clinic’s Simulation
and Advanced Skills Center for the following procedures:
laparoscopic colorectal surgery, gastrectomy, adrenalectomy,
heminephrectomy, nephrectomy, and oophorectomies. Inclu-
sion criteria for the recovery of the forelimbs were hemody-
namic stability and no use of muscle relaxants.

After procurement, limbs were weighed, the subclavian
artery was cannulated, and flushed with heparinized saline
(100 U/mL). The right limbs were connected to the perfusion
circuit. The left limbs were used as the control, wrapped with
saline-soaked gauze, placed in a sterile polyurethane bag, and
preserved on ice and water at 4°C.

Perfusion system

The ex-vivo normothermic limb perfusion (EVNLP) system
(Fig. 1) consisted of a roller pump fitted with pulse mod-
ule (Terumo Sarns 8000, Ann Arbor, MI, USA), oxygenator
(QUADROX-i Adult, MAQUET GETINGE GROUP, Ras-
tatt, Germany), gas regulator (ProStar Platinum, Praxair Inc.,
Danbury, CT, USA), heat exchanger (Biocal 370, Medtronic,
Minneapolis, MN, USA), perfusate reservoir (Terumo Capiox
Cardiotomy Reservoir 4000 mL, Ann Arbor, MI, USA), and
support tray kept covered by a heated dome set at 39.8°C.
The circuit was connected to the subclavian artery cannula and

venous drainage occurred freely into the organ receptacle for
recirculation.

The perfusate consisted of a colloid solution with a physio-
logical concentration of albumin, glucose, and electrolytes
with the addition of HBOC-201 as an oxygen carrier.
pH was adjusted using trometamol; tris-hydroxymethyl
aminomethane (THAM) solution to reach a physiological
level of 7.4 and correct base deficit. Vancomycin, methyl-
prednisolone, heparin, and regular insulin were added to the
perfusate. Glucose levels were maintained by adding 50%
dextrose.

Twenty percent of the perfusate volume was exchanged
every 3 hours, starting at 6 hours of perfusion. The perfusion
was terminated when the systolic perfusion pressure exceeded
125 mmHg.

Perfusion monitoring

Arterial perfusate pressure and flow were recorded contin-
uously (Philips Viridia 24C, Minuteman Rd. Andover, MA;
Sams, Terumo CVS, Ann Arbor, MI, USA). Vascular resis-
tance was calculated by the hydrostatic variation of the Ohms
equation resistance = (mean arterial pressure-central venous
pressure)/cardiac output (the venous pressure was set to zero
given the negligible pressure from the open venous return and
cardiac output replaced with the flow in the circuit).

Arterial and venous perfusate gases were measured hourly
(i-STAT 1, Abaxis LLC, Union City, CA, USA).

Limb weight was recorded before the start and at the end
of the perfusion (American Weight Scale AWR-SR-5, Ronald
Reagan Blvd. Cumming, GA). Skin oxygen saturation (S,0;)
was measured continuously by near-infrared spectroscopy
(Vioptix Mission Falls Ct. Fremont, CA) and pulse oximetry.
The surface temperature was assessed hourly by infrared ther-
mography (IRT) (Fluke TiS Thermal Imager, Kuala Lumpur,
Malaysia). Muscle temperature (Thermoworks Microtherma
2, Alpine, UT, USA) was recorded hourly.

Muscle and nerve functionality were assessed hourly by
electrical stimulation of the motor nerves with a modified tens
unit (TENS, Ultima 20; Largo, FL, USA) at 3 Hz and 250 ps
Is, in both control and experimental limbs. Contractility was
graded clinically using a O to 5 scale, with 0 representing no
contraction and 5 representing full contraction. Additionally,
the amplitude of compound muscle action potentials (CMAP),
conduction velocity, and latency were measured with an elec-
tromyogram (EMG) unit (XLTEK, XCalibur LT, San Carlos,
CA, USA) by direct stimulation of the median, ulnar, and
radial nerves. Every 6 hours and at the end of perfusion, mus-
cle, skin, and nerve biopsies were collected from control and
perfused limbs. Peripheral perfusion was investigated with
indocyanine green (ICG) angiography (SPY Elite System,
Stryker, Kalamazoo, MI, USA) at the end of the perfusion.
Compartment pressure was measured in the forearm flexor
and extensor forearm compartments at the end of the perfu-
sion (Stryker intracompartmental pressure monitor, Stryker,
Kalamazoo, MI, USA).
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FIGURE 1. The components of EVNLP circuit are shown including a roller pump fitted with pulse module, oxygenator, gas regulator/mixer, heat exchanger,
perfusate reservoir, and support tray kept covered by a heated dome set at 39.8°C. The circuit is connected to the subclavian artery cannula, and venous return

drains freely into the organ receptacle for recirculation.

Data analysis

The perfusion parameters were described as average and stan-
dard deviation (X & SD). Comparison of the histological
images of muscle samples was made between the perfused
limbs and their control limbs after 12 hours of EVNLP or cold
storage, respectively. Finally, perfusion parameters at 12 hours
of EVNLP using the current HBOC-201-based perfusate were
compared to our historical data of 12 hours of EVNLP using
red blood cells (RBC)-based perfusate. !' The Mann-Whitney
U test was used for comparison, and a P value < 0.05 was
considered significant.

RESULTS

Three porcine forelimbs underwent EVNLP utilizing the
HBOC-201-based perfusate. The primary procedure length
prior to euthanasia and procurement of the limbs were 4 hours
and 10 minutes (limb 1), 5 hours and 20 minutes (limb 2),
and 5 hours and 55 minutes (limb 3). The average warm
ischemia time from euthanasia to the start of the perfusion

was 38 £ 14 minutes. At the beginning of the perfusion, all
limbs were hypothermic with an average muscle temperature
of 25.6 £+ 4.6°C, which increased to 35.9 + 1.2°C after 4 hours
of perfusion (Fig. 2). Figure 3 shows the surface temperature
of the limbs, which demonstrates evidence of satisfactory
perfusion of the limb during the EVNLP. The limbs were
perfused for an average of 21.3 &£ 2.1 hours.

Muscle contractility was maximal at the beginning of the
perfusion for a median of 6 hours (Fig. 4A). The amplitude
of CMAP paralleled the strength of the muscle contraction
(Fig. 4B). In the control limbs, no contraction could be elicited
immediately after amputation and thereafter during the preser-
vation period. At 12 hours of perfusion, CMAP was on average
62.5 = 54.5% of the CMAP at the beginning of the perfusion.

Vascular resistance showed a stable low resistance
throughout EVNLP (167.2 + 30.9 mmHg min/L) until a
significant increase occurred at the end of the perfusion
(257 £ 73 mmHg min/L).

The concentration of the electrolytes (sodium, potassium,
and calcium) as well as perfusate pH, gases, and tissue S,0; is
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TABLE I. Perfusate Gases, Electrolytes Concentration, Lactate, Muscle Contraction and Temperature for Each Limb at 12 hours and at the
End of the EVNLP are Shown A Breakdown of the Perfusate

Variable Limb 1 Limb 2 Limb 3

12 hours End point 12 hours End point 12 hours End point
Arterial PO, 423 mmHg 554 mmHg 561 mmHg 121 mmHg 509 mmHg 50 mmHg
O, saturation 83.0% 82% 70% 70% 78% T7%
pH 7.535 7.445 7.351 7.3 7.389 7.222
Sodium 158 mmol/L 165 mmol/L 161 mmol/L 179 mmol/L 143 mmol/L 145 mmol/L
Potassium 7 mmol/L 7.8 mmol/L 9 mmol/L >9 mmol/L 9 mmol/L >9 mmol/L
Calcium 0.83 mmol/L 1.00 mmol/L 1.06 mmol/L 0.62 mmol/L 0.7 mmol/L 0.64 mmol/L
Lactic acid 15.75 mmol/L 19.06 mmol/L 23.0 mmol/L 4.91 mmol/L 28.0 mmol/L 27.0 mmol/L
Contraction level (0-5) 4 0 4 0 0 0
Muscle temperature 36.9°C 36.4°C 35.0°C 35.0°C 35.4°C 36.0°C

All the limbs displayed physiological or near physiological parameters at 12 hours of perfusion.
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FIGURE 2. Readings of muscle temperature throughout the perfusion. At the
start of the perfusion immediately after the limb procurement, the limbs were
hypothermic with an average temperature of 25.6 & 4.6°C, which increased to
an average of 35.9 & 1.2°C after 4 of perfusion. The limb muscle temperature
remained normothermic until the end of the perfusion.

shown in Figure 5. Table I shows the difference in these mea-
surements at time point 12 and at the end of the perfusion for
each limb. Oxidation of the HBOC-201 into methemoglobin
(metHb) occurred at a constant rate of 5.7 & 0.3% per hour
and was only partially corrected with the perfusate exchanges
(Fig. 6).

ICG angiography performed at the end of the perfusion
indicated adequate peripheral perfusion in limbs one and two,
while limb three displayed patchy areas of hypoperfusion
(Fig. 7).

The average limb weight at the beginning and the end of
EVNLP were 2123 4 852 g and 2670 £ 1009 g, respectively.
The average weight change was an increase of 25.5 + 11.7%
from the initial weight.

Hematoxylin and eosin staining of muscle samples
obtained at 12 hours of perfusion showed preservation of
the myofibers, no signs of swelling, or loss of continuity, in

contrast to those collected at 12 hours of cold storage that
showed discoid and segmental disintegration of the myofibers
(Fig. 8).

Electron microscopic images of muscle samples that were
obtained at 12 hours perfusion showed preservation of the
mitochondrial ultrastructure, the integrity of the outer mem-
brane, and inner cristae. In contrast, muscle samples collected
after 12 hours of cold storage showed signs of the fluid col-
lection inside the mitochondria, swelling of the mitochondria,
or the destruction of the organelle (Fig. 9).

Finally, perfusion parameters obtained at 12 hours of
EVNLP using HBOC-201-based perfusate were compared
to our historical data obtained at 12 hours of EVNLP using
RBC-based perfusate. !' There was difference in the arterial
O, content, which was higher in the HBOC-201 based-
perfusate at 12 hours compared to RBC-based perfusate
(497.7 £ 69.7 mmHg, 170.4 + 140.3 mmHg, P = .036),
and in the glucose concentration, which was higher in RBC-
based perfusate compared to HBOC-201-based perfusate at
12 hours of perfusion (257 £ 199, 80 £ 20, P = .036).
Other variables were comparable between the two types of
perfusates at 12 hours of perfusion (Table II).

DISCUSSION

Significant advancements in upper extremity transplantation
have been made since the first successful transplantation
in 1998.>! The immunological and functional outcomes,
as well as improved quality of life for upper extremity
transplant recipients, have warranted the consistent increase
in the number of procedures performed worldwide and a
proposal to implement this procedure as the standard of
care.”’">> Widespread adoption of hand transplantation in
clinical practice is hindered by significant morbidity and
mortality associated with the lifelong immunosuppression
necessary to prevent and treat graft rejection. Extensive solid
organ transplant research and emerging data on vascularized
composite allograft models suggest that one of the most
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FIGURE 3. The infrared thermography showed satisfactory limb perfusion till the endpoint. At the end of perfusion, areas of reduced perfusion with

hypothermic periphery became apparent in limbs 2 and 3.
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FIGURE 4. (A) Muscle contractility was graded visually from 0 to 5 with 0 i
adequate contraction for at least 6 hours of perfusion. (B) Amplitude of the
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ndicating no contraction and 5 shows maximum contractility. All limbs showed
CMAP. The difference in the amplitude between the limbs is affected by the

difference of the exact location of the leads on each limb. However, the change in the amplitude over time parallels the visually assessed muscle contractility,

showing adequate contractility for at least 6 hours of perfusion.

important determinants of rejection is represented by immune
activation resulting from the ischemia-reperfusion injury.'%:>*
Moreover, longer ischemia is associated with worse functional
outcomes.”™

The current clinical practice of organ preservation is based
on static cold storage (SCS). The two main principles are the
reduction of metabolic activity (by cooling) and prevention
of cellular swelling (by preservation solution). When the flow
of oxygenated blood is stopped, the supply of oxygen, nutri-

114

ents, and cofactors terminates concomitantly. However, cell
metabolic activity is not halted, only slowed by 1.5- to 2-fold
for every 10°C drop in temperature. Anaerobic metabolism
continues, with resultant depletion of energy stores and accu-
mulation of metabolic products.”> Depletion of ATP causes
loss of transcellular electrolyte gradients, an influx of free
calcium, and subsequent activation of phospholipases; this is
the main contributor to cell swelling and lysis.’® In addition,
accumulation of metabolic products during ischemia forms
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FIGURE 5. Perfusate trends of electrolytes, pH, and blood gasses perfusion. There was a constant increase in potassium throughout EVNLP, which was not
responsive to perfusate exchanges. Partial oxygen pressure (P,0O7) and S,O, were maintained for more than 12 hours for all of the three limbs.

TABLE ll. Comparison of Perfusion Parameters Between RBC and HBOC-201-Based Perfusates at 12 hours of Perfusion

Variable RBC at TP12 HBOC-201 at time point 12 P value
(n=5) (n=3)
Mean £+ SD Mean £ SD

Muscle temperature 329+£23 358+ 1.0 0.143
Arterial pH 7.292 £0.15 7.425 £ 0.097 0.250
Arterial PCO, (mmHg) 27.8£122 5.6+£0.7 0.095
Arterial PO (mmHg) 170.4 £ 140.3 497.7 +£ 69.7 0.036
Sodium (mmol/L) 170.6 £9.1 154 £9.6 0.071
Potassium (mmol/L) 782+ 1.6 8+ 141 0.857
Calcium (mmol/L) 0.87 £ 0.13 0.86 +0.18 0.999
Glucose (mmol/L) 257 £ 199 80 £ 20 0.036
Lactic Acid (mmol/L) 114+ 6.8 223 4+6.2 0.143
CK (U/L) 53,344 £+ 16,603 63,085 £ 19,896 0.571
Myoglobin (ng/mL) 875 £ 325 1,529 £ 185 0.095

Only the arterial PO2 content and glucose concentration were statistically different between the two perfusate types. P value < 0.05 was considered statistically

significant.

the basis for the production of toxic molecules after reper-
fusion, which promotes downstream pathways of ischemia-
reperfusion injury.?’

Normothermic machine preservation (NMP) represents a
complete reversal of the current paradigm of organ preser-
vation by maintaining the cellular metabolism at physiolog-
ical temperatures. Ischemia is prevented by perfusing the
organ with an oxygen-rich medium, continuous circulation of
metabolic substrates, and removal of waste products. NMP has
proven its effectiveness in clinical trials for heart, liver, kidney,
and lung transplantation.?® 3!

Oxygen requirements during hypothermic or subnormoth-
ermic preservation are relatively low due to reduced metabolic
activity and can be met by supplying a high fraction of oxygen
dissolved in the perfusion fluid.*> At 37°C, adequate oxygen

MILITARY MEDICINE, Vol. 185, January/February Supplement 2020

delivery with a dedicated oxygen carrier is required to enable
and support full metabolic activities.>* To date, most clinical
transplant series using organs preserved by NMP of the liver
have used red blood cells as the oxygen carrier.*°

We, initially, showed that EVNLP of porcine forelimbs
using an RBC-based perfusate achieved preservation of limb
viability for 12 hours. The structural integrity of the skeletal
muscle was superior at 12 hours of perfusion compared to
cold preservation.'' In a model of terminal perfusion (EVNLP
until the perfusion pressure raised above 125 mmHg),*" we
subsequently showed that perfused porcine forelimbs retain
physiological parameters up to 44 hours with an average
weight increase of 16.25 4= 17.86% and compartment pressure
of 24.75 & 7.79 mmHg. Thermography and ICG-angiography
showed minimal variations of peripheral limb perfusion
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FIGURE 6. Methemoglobin levels raised within the first 6 hours of perfusion
at a rate of 5.7% per hour. This increase was partially stabilized with the
continuous exchange of 20% of the perfusate every 3 hours after the 6th hour
of perfusion.

over time. Eventually, in a preclinical model, using human
upper extremities donated for research, six arms underwent
EVNLP with a perfusate containing pRBCs and plasma.*!
The upper extremities retained physiological parameters
and function up to 48 hours with a final weight increase of
8.33 4+ 0.07%, mean muscle temperature of 35.5 £ 0.61°C,
and tissue S,0, of 90.44 + 11.2%. Thermography and
ICG angiography depicted uniform peripheral perfusion
throughout the experiment. Electrical stimulation of median,
ulnar, and radial nerves displayed no muscle contraction at the
beginning; however, muscle contraction recovered gradually
and was preserved until the end of perfusion.*!

Whilst blood-based perfusion is physiological and effec-
tive, it has several potential disadvantages including immune-
mediated phenomena, blood-borne infectious transmission,
hemolysis, use of a precious resource, and logistical difficul-
ties associated with using cross-matched blood.

HBOC-201 provides many logistical and physiological
advantages over blood-based perfusates: low immunogenicity,
no risk of hemolytic reactions, no risk of a donor-recipient
mismatch, low viscosity, and enhanced convective and dif-
fusive oxygen delivery.'®*> Oxygen delivery by HBOC-201
in the plasma is relatively insensitive to mechanisms regu-
lating RBC distribution in the microcirculation, resulting in
improved tissue oxygenation in more remote regions.'”43:4*

Fontes et al. first explored the use of HBOC-201 during
subnormothermic (21°C) machine perfusion as compared
with SCS using porcine livers. The investigators noted
significantly higher survival, superior graft function, and bile
production after liver transplantation in the machine-perfused
group compared with SCS livers. Laing et al. compared human
liver NMP, using pRBCs, with HBOC-201 and reported
similar perfusate flow, lactate clearance, and histological
findings.'® They also reported significantly higher oxygen
extraction in the HBOC-201-perfused group. Subsequently,

FIGURE 7. ICG angiography at the end of the perfusion. Pig limb (PL)1
showed uniform and strong contrast diffusion at the end of the perfusion at
19 hours. PL2 showed a uniform background distribution of the contrast with
some areas of hypoperfusion, while PL3 had wider areas of hypoperfusion.
Interestingly, all limbs displayed evidence of peripheral perfusion to the very
distal part of the hoof.

Matton et al. perfused 12 discarded human livers with HBOC-
201.'> Compared with pRBC, HBOC-201- perfused livers had
significantly higher ATP content, bile production, and portal
and arterial perfusate flows. ' Later, five previously discarded
livers were transplanted after dual hypothermic and NMP. #°
Hemodynamically, skeletal muscle perfusion is different
from that of the liver. Mongan et al. measured regional blood
flows in anesthetized swine that underwent a 50% isovolumic
circulatory volume exchange with HBOC-201.46 Of the nine
organs measured (liver, brain, kidney, heart, pancreas, small
intestine, large intestine, gall bladder, and skeletal muscle),
normal flow was maintained in all organs except skeletal
muscle, which declined by up to 65.4% due to a 2.7-fold
increase in vascular resistance. Other differences between
perfusion conditions used in the liver studies described
above and our perfused limbs are differences in perfusate
compositions, perfusate HBOC-201 concentrations, %O,Hb

116 MILITARY MEDICINE, Vol. 185, January/February Supplement 2020

220z 1snBny 91 uo 1senB Aq G180Y2G/01 L/L Juswalddng/Gg L /alone/pawwiw/woo dno olwapese/:sdiy Woly pepeojumod



Ex-Vivo Normothermic Limb Perfusion With HBOC-201

FIGURE 8. Hematoxylin and eosin (H&E) staining of muscle samples obtained from EVNLP 1 and 2 in comparison with their contralateral control limbs in
SCS. All samples obtained at 12 hours of preservation. (A) EVNLP 1 muscle sample showing preservation of the structure of the muscle fibers. In comparison,
there is discoid and segmental disintegration of the myofibers in the contralateral limb after 12 hours of SCS (B). (C) EVNLP 2 muscle sample showing
preservation of the structure of the muscle fibers. In comparison, there is discoid and segmental disintegration of the myofibers in the contralateral limb after

12 hours of SCS (D).

saturation, perfusion pressures, the ratio of perfusate volume
to organ volume, and “dual” liver perfusion via both the portal
vein and hepatic artery.

There are also several notable differences in outcomes of
perfused liver and limb perfusions. Livers generally sustained
less weight gain (edema) per unit of perfusion time than limbs
and are able to consume lactate by reducing it to pyruvate
whereas limbs process little or no lactate during perfusion.'>#
The increases in metHb during liver perfusions were generally
smaller per unit time than observed in our study,'> suggest-
ing the possibility that livers may produce more reducing
equivalents (eg, glutathione) than limbs and/or express higher
levels of NADH-dependent cytochrome b5 Hb reductase [the
enzyme in RBCs responsible for reducing metHb (Fe**) to Hb
(Fe?*)] than limbs.*®*° Despite these differences, our prelim-
inary experience with HBOC-201-based EVNLP was broadly
similar to the results of the liver-perfusion studies. In both
organ types, NMP perfusion with HBOC-201 preserved tissue
integrity and organ function better than SCS and comparably
to perfusion with RBC-based perfusates. The venous oxygen
concentrations and oxygen extraction ratios in our experiment
and O, extraction data from the liver experiment indicated that
ample of oxygen was delivered to the tissue. '° In neither of
the experiments did metHb levels prevent oxygen delivery to
the organ. MetHb itself appears to be well tolerated during

liver perfusions. Human livers perfused with an HBOC-201-
based perfusate containing up to 20% metHb, which were uni-
formly transplanted with full patient recoveries.** However,
none of the livers were perfused beyond 8 hours as opposed to
19 to 22 hours of limb EVNLP.!>18

Comparing the results of the three limbs presented here
with our historical data from porcine limb perfusions using
a pRBC-based perfusate, a substantial difference was not
identified during the first 6 to 12 hours of perfusion. However,
the HBOC-perfused limbs seemed to gain more weight with
extended perfusion durations. While the HBOC-201-based
perfusate avoids the risk of immunogenicity and progressive
hemolysis, its 19 to 24 hours half-life and auto-oxidation to
methemoglobin may require a more complete exchange of
the perfusate to compensate for the decrease in the oxygen-
carrying capacity during longer perfusions.

Transient systemic adverse reactions (elevation in blood
pressure, oliguria, jaundice, GI symptoms, and elevated
methemoglobin levels) have been reported when HBOC-201
was transfused to manage severe anemia. These effects have
not been identified in liver transplant recipients following
HBOC-201-based NMP. Following the completion of NMP,
the donor livers were flushed to remove HBOC prior to
transplantation. Hence, the amount of HBOC reaching
the recipient following transplantation was negligible.'?-**
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FIGURE 9. A side-by-side comparison of muscular mitochondrial morphology under the electronic microscope (13,000x magnification) after 12 hours
of EVNLP versus the contralateral limbs after 12 hours of SCS. (A) Sample from EVNLP limb no. 1 after 12 hours, the mitochondria (black arrows) are
compact with no signs of swelling or damage to their structural integrity. (B) In comparison, control limb no. 1 showed signs of swelling and separation of the
mitochondrial cristae with loss of the integrity of the outer membrane after 12 hours of SCS (black arrows). (C) Sample from normothermic limb number 2:
the mitochondria (black arrows) are compact with no signs of swelling or damage to their structural or membrane integrity after 12 hours of perfusion. (D) In
comparison, control limb number 2 showed signs of swelling and separation of the mitochondrial crista at 12 hours of SCS (black arrows). (E) Sample from
EVNLP limb number 3 after 12 hours of perfusion: the mitochondria (black arrows) showed signs of minor swelling with intact outer membrane and structural
integrity. (F) In comparison, control limb number 3 showed signs of complete destruction and loss of structural integrity at 12 hours of SCS (black arrows).

HBOC-perfused donor limbs can be similarly flushed to
eliminate HBOC-based perfusate prior to transplantation.

STUDY LIMITATIONS

This pilot study aimed at evaluating the feasibility of using
an HBOC-201-based perfusate as a substitute to an RBC-
based perfusate. A limitation of the study is represented by the
small number of limbs used. Interestingly, HBOC-201-based
perfusion parameters at 12 hours were comparable to those
achieved using an RBC-based perfusate with higher oxygen
content in the HBOC-201 group. Furthermore, ongoing exper-
iments will confirm the findings of this study.

CONCLUSIONS

This preliminary study demonstrates the feasibility of EVNLP
using an HBOC-201-based perfusate. Further investigation is
planned to evaluate strategies involving perfusates and perfu-

sion systems modified for optimal oncotic pressure and sus-
tainable metHb reduction. These efforts may limit or prevent
metHb accumulation and limb edema, allowing for longer ex-
vivo preservations of limbs that retain high levels of structural
integrity and function.
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