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SUMMARY

Near-infrared spectroscopy has primarily been used in monitoring changes in cerebral haemoglobin
oxygenation and haemodynamics. However its use as a method for the assessment of tissue viability
following transplantation has recently been explored experimentally in our laboratory.

The ability to measure changes in oxygenation and perfusion during harvesting and following
transplantation of organs or transfer of free and pedicled flaps is potentially important in reconstructive
surgery. We have found that near-infrared spectroscopy is extremely useful in detecting vaso-occlusive
events and can accurately and reliably distinguish between arterial, venous or total occlusions. Venous
congestion indicated by raised levels of deoxygenated haemoglobin with a concomitant increase in blood
volume and the presence and magnitude of reactive hyperaemia are both easily recognizable features by
near-infrared spectroscopy. We have shown that near-infrared spectroscopy measurements of venous
congestion in kidneys (and other tissues) following prolonged storage correlate with medullary vascular
congestion confirmed by angiographical and histological analysis of intrarenal perfusion.

Clinically we have shown that flap perfusion can be improved by altering fluid replacement regimes
and the addition of ionotropes. Cerebral near-infrared spectroscopy measurements in a liver transplant
model showed statistically significant differences within minutes after the anhepatic phase in cerebral
perfusion and oxygenation, between animals transplanted with ischaemically damaged livers compared
to those isografted with minimally stored livers. Similarly we have found that near-infrared spectroscopy
can be used as a monitor to assess the adequacy of fluid or blood replacement in haemorrhagic and
hypovolaemic models. We believe that near-infrared spectroscopy provides a sensitive and reliable
postoperative method for the assessment of tissue viability following the transfer of free and pedicled flaps
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1. INTRODUCTION

Damaging periods of ischaemia followed by reperfusion
with fully oxygenated blood may occur in many
clinical conditions and involve a cascade of biochemical
and physiological changes which can, in extreme cases,
lead to tissue death. These can be considered together
under the term ischaemia—reperfusion (IR) injury.
The identification of key biochemical changes which
correlate with subsequent dysfunction of tissues upon
reperfusion at the molecular, ultrastructural and
physiological level should allow the development of
novel pharmacological strategies to increase tolerance
to ischaemic insult in the clinical setting.

The long-term objectives of this research into IR
damage can be summarized as (i) the improvement of
tissue and solid organ preservation techniques in order
to allow longer periods of storage and immediate
primary function after transplantation; (ii) the identi-
fication of biochemical markers which will predict
tissue function before transplantation, and (iii) more
satisfactory management of chronic IR-related diseases
and the development of strategies for treating patients
with early evidence of IR injury to prevent subsequent
problems.

Our own studies have focused on the role of IR in
tissue storage and reperfusion (transplantation) so
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Printed in Great Britain

much of this paper is concentrated in this area. We
believe that many of the experimental techniques and
models we describe serve to illuminate IR damage in
its widest context. In clinical organ transplantation,
there is an urgent need to improve current preservation
techniques and to increase the safe storage period
tolerated by kidneys (at present about 30 h), livers
(I5h), lungs and hearts (4 h), pancreas (6h) and
small bowel (4h) so that immediate (primary) and
long-term life-supporting function are obtained after
transplantation whilst allowing time for the organi-
zation of clinical facilities, immunological matching
of donor and proposed recipient, and potentially
specific immunological manipulation of the graft
and/or the patient. In addition the increasing sophisti-
cation of reconstructive surgery may entail subjecting
tissues to long periods of both warm ischaemia (WI)
and cold ischaemia (CI). Hence in transplant and
reconstructive surgery, protection against IR injury is
of paramount importance.

(a) In vitro assessment of tissue viability

During ischaemia there is rapid inhibition of
mitochondrial electron transfer, a net breakdown of
adenine nucleotides, accumulation of reduced pyridine
nucleotides (Calman et al. 1973), loss of homeostasis

© 1997 The Royal Society
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involving a fall in intracellular pH (Fuller et al. 1988,
1990), mitochondrial calcium loading, cellular swelling
and a fall in ATP levels (Hardy et al. 1991). In
irreversibly injured cells, respiratory control is lost and
1s accompanied by futile oxidation of cytochromes a
and a; and NADH (Taegtmeyer et al. 1985), the latter
was attributed originally to substrate deficiency
(Chance & Williams 1955) but more recent studies,
indicate that this is more likely to be an enzymological
defect resulting in an inability to metabolize NADH-
linked substrates (Taegtmeyer et al. 1985; Hardy et al.
1991).

Over the last decade in vitro studies of the respiratory
chain (RC) complexes have been made in several
tissues including cardiac and renal tissue, subjected to
ischaemic—reperfusion injury (McMillan-Wood et al.
1973; Jennings & Ganote 1976; Pelikan et al. 1987,
Veitch et al. 1992). The results indicated that
differences in the sensitivity of these complexes to
ischaemic damage were dependent upon the duration
of ischaemic episode and the presence of oxygen. It was
found that complexes I and IV are the major defective
sites during ischaemia and reperfusion. It was shown
that damage at complex I occurred during ischaemia
and this was exacerbated by reoxygenation; other
complexes were apparently unaffected by ischaemia
alone but their activity was significantly reduced by
reperfusion. It is probably not coincidental that
complex I is also a major sources of oxygen-derived
free-radical (ODFR) production during normal elec-
tron transfer in mitochondria i vitro (Cadenas et al.
1977; Turrens et al. 1982).

In the transplant situation it has been shown that
mitochondrial phosphorylative activity is a prerequi-
site for recovery to restore cellular energy charge
(Inomoto et al. 1994). Return of function may therefore
relate to the preservation of inner mitochondrial
membrane integrity, and the structure and activities of
the RC complexes I to IV (Taegtmeyer et al. 1985;
Hardy et al. 1991). In essence, the integrity of oxidative
metabolic pathways and the capacity to resynthesize
ATP rather than the immediate post-ischaemic ATP
levels appears to determine the return of function
(Taegetmeyer et al. 1985). Some workers have reported
that finding reduced ATP levels in human livers prior
to implantation was not useful in predicting outcome
following transplantation but grafts with low total
adenine nucleotides showed poor function after trans-
plantation (Kamiike et al. 1988). Others have shown
that a high ATP level does correlate with outcome
following liver transplantation (Lanir e/ al. 1988), but
that although low ATP content and energy charge
indicates a more severe degree of ischaemic damage
this is not necessarily irreversible resulting in a non-
viable organ. Viability appears to be determined by
the ability of the liver to regenerate ATP as measured
by high-performance liquid chromatography (HPLC)
analysis and by **P nuclear magnetic resonance
(NMR) (Marubayashi et al. 1980; Kono et al. 1981;
Lanir et al. 1987; Bowers et al. 1992 ; Okamura et al.
1992). Similar observations have been reported in the
regenerating liver of rabbits after partial hepatectomy
where it was shown that mitochondrial phosphoryl-
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ative activity plays an important role in initiating liver
regeneration (Inomoto et al. 1994).

(b) In vivo measurements of respiratory function in
transplantation

The studies discussed so far whilst essential to an
understanding of IR injury, all involve techniques
which require invasive biopsy, tissue homogenization
or cellular fractionation; in addition to being time-
consuming, complicated and in the case of NMR,
expensive. For a method to be of predictive value in
assessing organ viability either before, or immediately
after transplantation, it is necessary to use and further
develop non-invasive methods for measuring not only
oxygen delivery and cellular oxygen utilization but
mitochondrial dysfunction. These could provide an
carly indication of subsequent IR damage in the whole
organ.

IR is also expressed at a physiological level as
microcirculatory  disturbances and interactions
between vascular and parenchymal components. These
can be studied in intact organs by non-invasive
methods such as surface fluorimetry (SF) and near-
infrared spectroscopy (NIRS) and the application of
these two techniques.

(¢) Surface fluorescence

Two reactions of the respiratory chain are unaltered
whether they are measured @ vitro or in wviwo: (i)
oxidation of all member complexes on exhaustion of
substrates; and (ii) their reduction during hypoxia.
When Chance and his co-workers (Chance et al. 1979;
Mayevsky 1983; Mayevsky et al. 1984) showed that
direct in vivo measurements of fluorescence could be
made from intracellular pyridine nucleotides in brain
and kidney, the possible importance of these measure-
ments as indicators of intracellular hypoxia was
emphasized. It was shown that fluorescent signals from
cytosolic NADH are negligible compared to those from
the mitochondrial pool owing to quenching of
fluorescence by cytosolic glyceraldehyde 3-phosphate
dehydrogenase (O’Conner 1977). The oxidized flavo-
protein signal has only a weak intrinsic fluorescence at
physiological temperatures but the level can be
enhanced at low temperatures enabling measurement
in freeze-trapped tissues (Chance et al. 1979). In 1993
the oxidized flavoprotein: NADH ratio was measured
in freeze-trapped biopsy samples from human paedi-
atric livers and it was shown that, post transplant, the
ratio remained lower than that observed in control
livers and this was interpreted as indicative of
ischaemia (Tokunaka et al. 1993). When non-invasive
pyridine nucleotide fluorescence measurements were
used alone to determine changes in mitochondrial and
cytosolic redox status in perfused blood-free rat livers
(Okamura et al. 1992), they were found to corre-
late closely with energy charge and mitochondrial
phosphorylative activity (Ozaki et al. 1989) as deter-
mined by iz vitro measurements.

The fact that SIF measurements of mitochondrial
NADH closely correlated with other indices of energy
metabolism including the activities of the individual
respiratory complexes (Tokunaga et al. 1987) suggest
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that they could be used as a marker of severity of

ischaemic damage prior to transplantation and hence
a predictor of subsequent success.

(d) Near-infrared spectroscopy

Near-infrared spectroscopy can be used to make
continuous i viwo measurements of changes in hae-
moglobin and tissue oxygenation, the latter indicated
by the redox state of cytochrome oxidase, the terminal
enzyme of the respiratory chain (Jobsis 1977). Hence
dynamic measurements of oxygen supply, utilization
and perfusion can be obtained (Irwin et al. 1995;
Thorniley et al. 1994.a, b, 19954, ¢, 1996). Applications
of NIRS are predominately for cerebral monitoring in
particular in perinatology (Wyatt et al. 1989, 1990;
Livera et al. 1990, 19914, b, 1992), although other
measurements have been made during cardiac surgery
(du Pleiss et al. 1995; Levy et al. 19935) and hepatic
transplantation (Thorniley e/ al. 19954).

An unfortunate consequence of many major trans-
plant procedures is resultant loss of viability of the
transplanted tissue (Marubayashi et al. 1980; Shaw et
al. 1986). This can be due to several reasons including
inadequate harvesting technique, poor storage con-
ditions, and surgical problems with failed anastomosis
resulting in increased ischaemic time and exacerbated
reperfusion injury (Thurman et al. 1988; Russell et al.
1989). The ability to measure changes in oxygenation
and perfusion during harvesting and following trans-
plantation or transfer of free and pedicled flaps is
potentially important in reconstructive surgery
(Thorniley et al. 1995¢). Rapid detection of a critical
change in haemoglobin oxygen saturation could enable
earlier and more successful intervention. For example
it would be beneficial if the onset and magnitude of the
damaging effect of venous ischaemia could be detected
and hence reduced (Harrison et al. 1983). It has been
shown (Irwin et al. 1994 ) in a rabbit hind limb model
that NIRS can reliably detect and distinguish between
various types of vascular compromise including ar-
terial, venous or total obstruction.

In addition to the failed graft, systemic problems can
frequently arise since most surgical procedures are
accompanied by haemorrhage necessitating replace-
ment with either fluid or blood. Despite apparently
adequate replacement, tissue oxygen delivery may still
be poor, resulting in cellular hypoxia and consequent
metabolic dysfunction, which can ultimately lead to
multiorgan failure (Grant & Nimmo 1995). In the case
of livers, even the most well-controlled hepatic trans-
plantation procedures can lead to hypovolaemia and,
if graft function is impaired, venous congestion and
hence circulatory disturbances arise which exacerbate
the situation and can lead to shock (Marzi e al. 1991;
Takei et al. 1991; Grant & Nimmo 1993). A major
complication after hepatic transplantation is disturbed
cerebral oxygenation and haemodynamics including
raised intracranial pressure (Shaw e/ al. 1986; Potter et
al. 1989; Steltzer et al. 1993). This may arise from the
effect of a failed graft on the circulation or as a result
of inadequate fluid replacement (Marzi et al. 1991;
Takei ef al. 1991). As far as we are aware there have

been no reported studies examining the effect of
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hepatic transplantation on cerebral
measured by NIRS.

The use of NIRS for determining graft function after
liver transplantation has been described by Tashiro
and co-workers (1993). Even though their measure-
ments were arbitrary, they reported that NIRS
measurements of the liver showed a difference in level
of deoxygenated haemoglobin post portal reperfusion
when comparing animals that had been transplanted
with livers for a short and a long storage period
(Tashiro et al. 1993). In longer-preserved grafts there
was a higher initial level of deoxyhaemoglobin, which
decreased with time, than that measured in livers
stored for a shorter period; this was suggested to be due
to hepatic congestion (Tashiro et al. 1993 ; Ohdan et al.
1995). This has also been reported for kidney trans-
plants with quantitative NIRS measurements and the
results were found to be in agreement with histological
findings (Thorniley et al. 1994 a; Lane et al. 19964, b).

The importance of NIRS in cardiology has only
recently become apparent. Myocardial ischaemia
followed by reperfusion is associated with a host of
distinctive pathophysiologic derangements, the most
important of which are reperfusion arrhythmias,
transient mechanical dysfunction or ‘myocardial stun-
ning’, and cell death (Jeroudi et al. 1994). Timely
coronary reperfusion as treatment for acute myocardial
infarction reduces myocardial infarct size, improves
left ventricular function and survival (Jeroudi et al.
1994). Theoretically, if this ‘reperfusion injury’ could
be treated and eliminated, the outcome for patients
with myocardial infarction might further improve
(Jeroudi et al. 1994). Currently there are no non-
invasive methods which can be used to assess myo-
cardial oxygenation. NIRS facilitates measurements
deeper into the myocardium than other optical
methods (such as NADH fluorometry and visible
spectroscopy which penetrate only the epicardial cell
layers) and can indicate perfusion quality at greater
depths than with methods such as laser Doppler
(Thorniley et al. 19945).

The use of NIRS in the detection of myocardial
ischaemia has until recently been limited to semi-
quantitative measurements in dog hearts (Parsons et al.
1990). However, the authors recently demonstrated
that it is possible to measure changes in myocardial
oxygenation in a porcine model in response to LAD
occlusion and moreover that the kinetics, magnitude
and rate of change of oxy- and deoxyhaemoglobin in
the reperfusion phase can be indicative of the severity
of the ischaemic period (Thorniley et al. 1996a).

In this paper our overall objective was to determine
if the non-invasive methods, NIRS and SF, can be used
to assess organ viability pre- and during transplan-
tation. In order to achieve this we have used several
models of storage and transplantation including liver,
kidney and muscle to compare NIRS and SF
measurements with other physiological indices of organ
function (including mitochondrial function) and his-
tological changes including electron microscopy analy-
sis, in addition to survival rates. The models enabled
different preservation solutions and pharmacological
agents to be assessed. A specific objective of these

oxygenation
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studies was to determine the kinetics of haemoglobin
oxygenation during i situ reperfusion of stored trans-
planted organs and tissues to provide a framework
against which the timing of metabolic injury could be
considered. For simplicity we will limit the results to
hepatic and cerebral NIRS measurements during liver
transplantation.

Our hope is to demonstrate that it might be possible
in future to predict organ function and viability by
non-invasive measurements of disturbances in oxygen
supply and cellular oxygen utilization in the clinical
transplant situation.

2. MATERIALS AND METHODS

All animal procedures were carried out according to
the Animals (Scientific Procedures) Act, 1986.

(a) NIRS measurements and theory

NIR transmission spectroscopy through tissues up to
several centimetres is possible because of the relative
transparency of biological tissues to NIR light (700—
1000 nm). Reflectance spectroscopy, in which the
transmitting and receiving probes are placed adjacent
can be used to enable the zone of interrogation to be
more closely defined. In the heart this enables
measurements of myocardial oxygenation and haemo-
dynamics to be made. The methodology has been
described in detail (Thorniley e/ al. 1994 a; Irwin et al.
1995; Lane et al. 1996).

NIRS is based on the Beer-Lambert law which
relates optical absorption to the concentration of light-
absorbing chromophores present in a measured volume
of tissue. NIRS is dependent upon the light absorption
properties of the biochemical components, haemo-
globin, myoglobin and cytochrome aa,. Absorption
due to oxygenated haemoglobin (O,Hb) and deoxy-
genated haemoglobin (HHb) can be quantitated using
a modified form of the Beer-Lambert law. The
Beer-Lambert law strictly applies only to a non-
scattering medium but the equation can be modified
for measurements in scattering media such as biological
tissue.

Absorbance = aclB+ G

in which a is the molar absorption coefficient (M
ecm™) of the chromophore of interest (light-absorbing
compound) and its concentration ¢ (M), B is the path
length factor which compensates for the increased path
length due to scattering, / is the path length and G is a
geometry-dependent factor. Hence providing a, / and
B are known, the change in concentration can be
obtained from change in absorbance.

This instrument uses an algorithm based on
published absorption spectra which have been
obtained using isolated chromophores in non-
scattering media. The HHb and O,Hb absorption
spectra were obtained using haemolysed human blood
(Wray et al. 1988). The cytochrome difference absorp-
tion spectrum was obtained using purified cytochrome
extracted from mitochondria (Brunori et al. 1981). The
algorithm also incorporates wavelength-dependent
differential path length factor data derived from  time-
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Table 1. Multiplying factors for the CRITIKON¥* cerebral
redox research monitor model 2001
(The units are mM cm absorption™. The calculated

concentration change is expressed in pM multiplied by the
pathlength in cm.)

wavelength/

nm 776.5 819 871.4 908.7

HHb 1.6436 —1.2510 —0.7075 0.6515
O,Hb —0.9384 —0.6945 0.5721 1.7344
Caay, —0.1398 0.9945 0.1664 —0.9715

Table 2. Multiplying factors for the NIRO-500 monitor
(Hamamatsu)

(The units are mM cm absorption™. The calculated
concentration change is expressed in pM multiplied by the
pathlength in cm.)

wavelength/

nm 772 830 842 909
HHb 1.2209 —0.8437 —0.7215 0.691
O,Hb —0.6945 —0.4851 —0.1382 1.9579
Caa, —0.0871 0.7550 0.5309 —1.1466

of-flight’ studies (Wyatt et al. 1990; Essenpreis et al.
1993).

Although the optical path length (B) has been
determined for the cerebellum by time-of-flight
measurements of an ultrashort pulse of light across the
head, there have been no estimates of B in kidneys or
livers. As an estimate of B was not made in the present
study only, relative changes in chromophore con-
centration (in pM cm) were measured across the organ
or tissue under investigation. However, in the case of
kidneys and livers, since we have compared two groups
subjected to the same treatment, and the optical path
length (and differential path length factor) have been
shown to be constant within the NIR region despite
gross changes in oxygenation and perfusion before and
after death (Cope & Delpy 1988), the relative changes
in chromophore concentration determined in this study
are directly comparable between groups.

Changes in the concentrations of O,Hb, HHb and
cytochrome aa, (Caa,) were calculated using mul-
tiplying factors (tables 1 and 2). The instrument noise
on the cytochrome and haemoglobin traces, measured
with a sensor on a standard absorbing block and with
the path length factor set to 1.0, is less than 0.05 and
0.5 pM, respectively. A path length factor of 1 was used
throughout.

A test on the reliability of these algorithms and on
the independence of the Caa, response compared to
O,Hb has been described in detail (Cope et al. 1991;
Thorniley et al. 1994a).

(b) NIRS parameters and physiological significance

Summation of the changes in the concentrations of
O,Hb and HHb provides a measure of changes in the
total tissue haemoglobin (tHb), which reflect changes
in tissue blood volume, hence giving an indication of
perfusion and blood flow (Wickramasinghe et al. 1992;
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Thorniley et al. 1994b;
Thorniley et al. 1996¢).

A further term, HbD or the oxygenation index can
be derived as [HbD] = [O,Hb] — [HHDb]. This gives an
indication of the net haemoglobin oxygenation status
irrespective of any blood volume changes. This term is
of great use following tissue transplantation in assessing
the onset or recovery from venous congestion.

Irwin et al. 1994a, 1995,

(¢) NIRS terminology

The HHb and O,Hb abbreviations are recom-
mended in the National Committee for Clinical and
Laboratory Standards.

(d) Statistical analysis

The mean changes in NIRS parameters at the end of
the experimental period were determined and com-
pared to baseline measurements. Data are presented as
mean+s.e.m. Statistical significance between groups
was tested by unpaired Student’s ¢-test using two-way
analysis of variance and were considered significant
when p < 0.05.

3. MODEL OF HEPATIC
TRANSPLANTATION
(a) Objectives and model

Our objectives were first to determine if NIRS can
be used to measure the changes in cerebral hae-
moglobin oxygenation and haemodynamics during
rat hepatic isografting; and, second to determine if
NIRS is sufficiently sensitive to detect the differences in
cerebral oxygenation between animals isografted either
with minimally-stored or with longer-preserved grafts.
Cerebral measurements were made on two groups of
rats in which the organs had been isografted either
after flush with hypertonic citrate solution and minimal
storage (25 min) at 1-2 °C (control, group 1) or after
24 h at 1-2 °C (group 2). From our previous work in
this experimental model, we would expect 100 9%,
survival in the recipients of minimally stored livers, but
only approximately 109, of the rats that receive 24 h
stored livers survive with good hepatic function
(Thorniley et al. 199556). A further objective was to
perform NIRS measurements on the liver post trans-
plantation to enable comparison with cerebral measure-
ments.

(b) Surgical procedure

Male Lewis rats (200-300 g) were used throughout.
General surgical procedures were followed (Lee et al.
1973; Kamada & Calne 1979, 1983; Chaland e/ al.
1990). Surgical anaesthesia was maintained using
enflurane (1-29,) with oxygen and air delivered via a
face mask at 0.51min~". Arterial oxygen saturation
was maintained at > 959, throughout the procedures
(Ohmeda-Biox 3470). The temperature was controlled
using a heating pad and monitored throughout using a
rectal probe. Continuous F,0, and intermittent blood
PCO, and PO, determinations were made throughout.
A Zeiss OPMI-6 operating microscope was used for all
microsurgical procedures. Prior to surgery, donor rats

Phil. Trans. R. Soc. Lond. B (1997)

yublishing.org
ity in tmnsl)lantatzons

M. S. Thorniley and others 689

were given 1 mg vitamin K i.v. and recipient rats | mg
vitamin K i.v., I ml Haemaccel® i.v. (via the lingual
vein) and 5 ml of 59, glucose subcutaneously.

(1) Donor operation

The procedure for removing the liver was described
previously. The liver was stored in hypertonic citrate
solution at 1-2 °C. The total time for the donor
operation was 45 min, with a graft cold ischaemic time

of 25 min (group 1, control), or 24 h (group 2, stored).

(i1) Recipient operation

For simplification the recipient procedures have
been divided for description into five events and the
effect of each of these events on the NIRS measure-
ments are shown in figures 1 and 2 and in table 3.

(1) Preanhepatic phase
Fvent 1

The rat was placed in a supine position and a
midline incision made. All peritoneal attachments to
the liver were removed. The phrenic vein was ligated
and divided. The suprahepatic venacava (SVC) was
freed from the underlying oesophagus. The BD (bile
duct) was dissected free and divided at the liver level
just distal to its bifurcation. The HA (hepatic artery)
and gastroduodenal arteries were freed from the PV
(portal vein) and the HA ligated and divided. The PV
was freed from the surrounding tissue up to the origin
of the pyloric vein. A small length of aorta (0.5 cm) was
dissected free just distal to the mesenteric artery. The
infrahepatic venacavae (IVC) was freed proximal to
the right renal vein and the right adrenal vein was
cauterized. The donor liver was placed in a petri dish
containing 10 ml of 4 °C hypertonic citrate solution.
The PV was perfused with 2 ml of 4.59%, w/v human
albumin solution at room temperature and the HA
with 1 ml of the solution.

(iv) Anhepatic phase
Fvent 2

The recipient PV was clamped and the vein divided
at its bifurcation with the liver hilum. The IVC was
clamped and divided at the hepatic junction. The SVC
was clamped with a rubber-shod mosquito clamp and
was then divided at the hepatic junction. The recipient
liver was removed.

Event 3

The donor liver was placed in the recipient in the
orthotopic site. The SVC was anastomosed using
continuous 8/0 monofilament nylon (Ethilon) sutures.
The anastomosis was enveloped with Surgicel
absorbable haemostatic gauze. The PV was anasto-
mosed using a 10/0 monofilament nylon (Ethilon)
continuous suture.

(v) Postanhepatic with reperfusion
Event 44

Portal flow was then re-established and the mosquito
clamp removed from the SVC. The IVC was anasto-
mosed end-to-end; the clamp was removed and the
IVC flow re-established.
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Figure 1. The effect of transplantation of a 25 min stored liver on cerebral NIRS measurements: — HHb, --- O,Hb,
—— tHb, —--—-- HbD. This is an example and not averaged data. As described in the methods section, the values are
the changes in concentration in pM cm due to the given procedure from the initial baseline. The arrow numbers refer
to the beginning of the new events. Event 1, preanhepatic phase: laparotomy—all vessels freed from attachments.
Before clamping measurements taken in all the animals and the mean was determined. Event 2, anhepatic phase: the
recipient portal vein, descending venacavae, suprahepatic and hepatic artery were clamped. The recipient liver was
removed. Event 3, continuance of anhepatic phase: the donor liver was placed orthotopically. The SVC and PV were
anastomosed but remained clamped. Event 4, postanhepatic phase with reperfusion. (A) release of portal and
suprahepatic clamps. The IVC was anastomosed and the IVC flow re-established. (B) The aorta was clamped then
anastomosed. Event 5, neohepatic phase: aortic clamp removed and arterial flow re-established. All flow re-

established.

FEvent 4B

The donor artery was irrigated with heparinized
saline and the recipient aorta clamped with a J-shaped
Sugita clamp. An end-to-side aorta-to-aorta anas-
tomosis was performed with a continuous 10/0 mono-
filament nylon suture.

(vi) Neohepatic phase
Lvent 5

The clamp was removed and arterial flow re-
established. The mean times to completion of the SVC
and PV and IVC anastomoses were approximately 9,
17 and 25 min, respectively. The arterial anastomosis
took a further 10 min.

This therefore entailed NIRS measurements over 19,
27, 35 and 45 min (allowing for approximately 10 min
baseline measurements prelaparotomy).

(¢) Experimental protocol

In this study dual NIRS monitoring was performed
both on the liver and on the brain. A CRITIKON™
NIRS instrument was used with a neonatal sensor with
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a 3.5 cm separation between the emitter and detector.
This enabled transmission measurements in which the
emitter sensor was on the back of the head and the
detector placed approximately between the eyes.
Hence the area of interrogation was skull plus brain
and skin. Following a 10 min period of stable baseline
the abdomen was opened and the surgical procedures
were performed as described. NIRS measurements
were made for 10 min prelaparotomy (baseline),
during the harvesting of the recipient animal’s liver
and throughout the transplantation procedure.

An Hammmatsu (NIRO-500) instrument with small
specially designed probes was used to enable trans-
mission measurements of the rat liver to be made
immediately before and after release of clamps fol-
lowing anastomosis.

4. RESULTS
(a) The application of NIRS in the assessment of
cerebral oxygenation in hepatic transplantation

The effects of hepatic transplantation on the cerebral
haemoglobin oxygenation and blood volume level can
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Figure 2. The effect of transplantation of a 24 h stored liver on cerebral NIRS measurements: — HHb, --- O,Hb,
—tHb, —--—-- HbD. This is an example and not averaged data and is to the same scale as figure 1 to ease comparison.

Events as for figure 2.

Table 3. The resultant changes in concentration of the parameters at the beginning of the defined procedure

(The p values refer to the levels of significance between the two groups at the defined stage in the transplantation procedures.
The 60 min and 120 min events refer to the elapsed time period after laparotomy. 120 min post laparotomy refers to

approximately 15 min post event 5.)

event group HHb (uM cm) O,Hb (UM cm) tHb (uM cm) HbD (pM cm)
event 2: effect of 1 13.43+6.42 —30.85+9.68 —17.144+7.37 —44.284+14.68
preanhepatic phase 2 0.84+2.59 —27.6+5.42 —26.6+4.67 —29.2+6.46
event 3: effect of anhepatic 1 81.714+6.82 —150.74+10.03 —68.7+9.16 —232.43+14.48
phase 2 86.6+5.72 —163.84+20.86 —77.4+18.7 —224.0+38.9
event 4: continuance of 1 95.14+8.82 —183.43+11.84 —87.71+12.9 —278.5+16.32
anhepatic phase 2 116.8+3.61 —217.44+21.59 —104.44+20.02 —334.0+22.9
event 5: post anhepatic 1 10.71+9.8 —78.714+20.87 —67.7+17.7 —89.42+27.3
effect of restoration 2 56.64+10.27<%9  _13]1.4+23.2 —73.8+20.3 —188.4429.7#<0.04
of blood flow
neohepatic effect—all flow 1 1.86+10.75 —97.7+22.05 —95.854+20.5 —99.57+28.05
re-established 2 77.2413.3p<0:001  _176.4418.977<0.03 —99.0+19.6 —253.64+26.37<0-03
120 min post laparatomy 1 0.57+6.73 —71.44+23.9 —70.424+22.0 —72.0+27.4
2 108427.77<0-001 183 4430.37<0015>  _106.6+21.3 —259.6 448,97 <0-005

be seen in figures 1 and 2. During the recipient stages
of the transplantation procedures, the total haemo-
globin, tHb (cerebral blood volume) decreased and the
fall in the O,Hb level was greater than the rise in the
HHD level. Livers that had been stored for a minimal
time (25 min) and transplanted resulted in the cerebral
HHDb level returning to baseline (figure 1). However,
isografting of livers which had been stored for 24 h
showed a continued divergence of the HHb and O,Hb
levels (figure 2).

From the onset of the anhepatic phase, the mean
changes in NIRS parameters were significantly
different from baseline. During this phase, it appeared
that the changes affecting the cerebral haemodynamics
in the two groups were similar and the difference
insignificant. There was no significant difference
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between the fall in cerebral blood volume between the
two groups at any stage post anastomosis over the time
period monitored.

However there was a significant difference between
the cerebral haemoglobin oxygenation index measured
in the two groups of animals in the early postanhepatic
phase (event 4) when the liver was supplied by blood
solely from the portal vein (within 5 min). The
oxygenation index had partially recovered in group 1,
—89.424+27.3 uM cm compared to —188.4+29.7 uM
cm in group 2, the longer-preserved grafts (p < 0.04).
Similarly the cerebral deoxyhaemoglobin concen-
tration was greater in group 2, 56.6+10.2 pM cm
compared to 10.714+9.8 pM cm in group I (p < 0.03).

In the longer-preserved liver group the differential
effect of portal reperfusion followed by arterial


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
(@)

Downloaded from rstb.royalsocietypublishing.org
Tissue viabilily in transplantations

692 M. S. Thorniley and others

200

100

(=}

8

on change micromolar.cm

Concentrati
[ 3
3

-400 L
Evl Ev2 Ev3 Ev4

Ev5 60minpost 120minpost 180minpost

Figure 3. The effect of transplantation of a 25 min and 24 h stored liver on cerebral NIRS measurements: o HbD,
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Figure 4. The changes in hepatic NIRS parameters in a 25 min stored transplanted liver: — HHb, --- O,Hb, — tHb,

—--—-- HbD. This is an example and not averaged data.

clamping compared to the minimally stored livers was
evident (figures 1 and 3); there was an initial fall by
approximately 509, improvement in the net hae-
moglobin oxygenation index, HbD; but this improve-

Phil. Trans. R. Soc. Lond. B (1997)

ment was only temporary. From then on, event 3, the
neohepatic phase when the aortic clamp was released
and the liver was supplied by blood from both the
hepatic artery and portal vein, the differences between
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Figure 5. The changes in hepatic NIRS parameters in a 24 h stored transplanted liver: — HHb, --- O,Hb, — tHb,

--—-- HbD. This is an example and not averaged data.

the groups for each of the NIRS parameters became
even more significant (table 3), with increasing
divergence in the O,Hb, HHb and the HbD. The
recovery of the cerebral NIRS parameters, which was
observed in animals transplanted with minimally
stored livers, correlated with 1009, survival whereas
isografting of group 2 livers with the continued
divergence of the HHb and O,Hb signals correlated
with poor viability following transplantation. Figure 3
shows the effect of transplantation of a 25 min and 24 h
stored liver on cerebral NIRS measurements (this is
averaged data and shows the mean+s.e.m.).

(b) NIRS measurements of the isografted liver

Figure 4 shows the changes in hepatic NIRS
measurements in a minimally stored transplanted liver.
A rapid initial increase in O,Hb and HHb was
observed which then decreased over the monitoring
period (3 h); hence HbD remained approximately
zero. However in livers that had been stored for 24 h,
figure 5, there was an increasing divergence in O,Hb
and HHb resulting in HbD progressively increasing
which is indicative of little if any oxygen utilization.

5. DISCUSSION

During the anhepatic stages there may be little or no
perfusion pressure to the mesenteric circulation and if
this is prolonged significant ischaemia—reperfusion
damage may occur to the intestinal mucosa leading to
impairment of the barrier function and allowing
intraluminal toxins access to the circulation (Eason &
Potter 1990). This can then exacerbate the already
compromised patient. This period is usually associated
with much haemodynamic imbalance with the cardiac
output reduced, as a result of reduction of venous
return by about 50-609, (Steltzer e/ al. 1993). Raised
intracranial pressure is a feature of hepatic encepha-
lopathy (Potter et al. 1989; Carton et al. 1994). It has
been observed that in a study of six patients undergoing
orthotopic liver transplantation the intracranial press-
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ure (ICP) recordings were at the lowest values in the
anhepatic phase and raised significantly with reper-
fusion and in the first postoperative day (Potter et al.
1989). The aetiology of the rise in ICP following
reperfusion may be related to abrupt inclusion of the
ischaemic splanchnic and caval circuits into the
circulation (Potter et al. 1989).

HbD can be considered to be an indicator of oxygen
delivery and is affected by not only perfusion pressure
but also by haemoglobin concentration. Since the total
haemoglobin concentration, analogous to cerebral
blood volume was not different between the groups
then the reduced cerebral HbD concentration in the
longer-preserved grafts is suggestive of either a greater
ratio of HHb: O,Hb in the blood reaching the brain or
the brain has had to increase its metabolic demand.
Caa, studies show a significantly greater level of
reduction in the brains of animals transplanted with
longer-preserved livers; this suggests that there is either
insufficient oxygen being delivered or there is damage
to the respiratory chain and the oxygen cannot be
utilized (Schaefer & Biber 1993 ; Thorniley et al. 1994 a,
19950).

The significant difference in HbD within the first
few minutes might facilitate the addition of drugs (e.g.
ionotropes) to improve delivery since it has been
reported clinically that improved delivery can fre-
quently be associated with improved oxygen con-
sumption (Shoemaker et al. 1993; Carton et al. 1994).
Impaired oxygen transport is frequently the fun-
damental pathophysiological abnormality in many
critical illnesses. In critical illness oxygen supply may
not meet the demand and this can lead to functional
and structural disturbances of organs and tissues
(Shoemaker et al. 1993; Grant & Nimmo 1995).
Reperfusion of a functioning liver is accompanied with
an increase in oxygen consumption (Carton et al.
1994). This is in agreement with our results in that
there is no measurable difference in the change in
concentration between O,Hb and HHb (HbD at zero)
in livers which are functioning. However livers which
have been subjected to maximal ischaemic damage
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show no measurable oxygen utilization ([O,Hb] >
[HHDb]). In wvitro studies of mitochondrial activities
show damage to complex I and IV and uncoupling of
oxidative phosphorylation (Sammut e/ al. 1995).
Primary graft non-function is seen within 4-11 9, of all
hepatic transplantation cases; in these cases early re-
transplantation is the only therapeutic option but these
have poor prognosis (Carton e/ al. 1994). Hence the
ability to monitor the organ rapidly can only be of
benefit. This suggests that decreased cerebral hae-
moglobin oxygenation relative to utilization is a major
problem in these hepatic transplantation procedures.
The lack of recovery of the cerebral NIRS parameters
in animals receiving 24 h stored livers can only be
speculated. Possibilities are hepatic venous congestion
resulting in systemic flow or cerebral oedema resulting
in poor cerebral blood flow and perfusion.

The results show that disturbances in the cerebral
circulation are evident within 2-5 min of the initial
reperfusion of the liver, which is also commonly seen
clinically, and indicates that NIRS could be used in the
transplant situation enabling early intervention in the
event of poor reflow. These findings indicate that the
changes in NIRS parameters can be used to monitor
changes in the perfusion to the brain which in turn has
prognostic implications on survival. The authors are
unaware of any other published information on NIRS
monitoring of cerebral oxygenation during hepatic
transplantation. Future studies will attempt to de-
termine if changes in NIRS parameters associated with
graft failure can be prevented to improve prognosis.
These results are in agreement with earlier studies in
which surface fluorometric measurements of NADH
were performed during the hepatic transplantation
procedure (Thorniley et al. 1995b). We observed a
significant difference in the reduction state of NADH
immediately post revascularization between the two
groups; in the 24 h stored livers an abnormal maximal
level of NADH oxidation (1009,) was measured
suggestive of mitochondrial uncoupling, substrate
deficiency, complex 1 damage or a combination of
these; and hence, less effective production of ATP
(Taegtmeyer et al. 1985 ; Pelikan et al. 1987 ; McMillin-
Wood et al. 1973). Complete NADH oxidation can also
be attributed to either substrate deficiency or res-
piratory chain damage, the latter now considered to be
a defect of complex 1 (Hardy et al. 1991; Veitch et al.
1992) and inability to catalyse the production of
NADH. Thurman et al. (1988) also concluded that
reperfusion of stored livers causes an oxygen-dependent
alteration in hepatic microcirculation leading to
necrosis. From our studies we believe that SF measure-
ments could be useful in the clinical transplant situation
in which damage may have occurred during storage
and the first few minutes of reperfusion. Further studies
are necessary to elucidate the mechanisms of change in
hepatic redox state but we believe that non-invasive
measurements of NADH could provide a valuable
indication of hepatic metabolic integrity and function.
Both NIRS and SF measurements can yield infor-
mation regarding graft viability and the effect on the
cerebral circulation.

In this paper we have attempted to describe the use

Phil. Trans. R. Soc. Lond. B (1997)

Tissue viabilily in transplantations

of NIRS in the transplant situation. Although we have
demonstrated that NIRS vyields reliable, sensitive and
reproducible results in our models it is essential that
further investigations are carried out to consider the
limitations of the technique for clinical use.

Many major transplantation techniques require
hypotensive anaesthesia and there is a critical balance
between the degree to which the blood pressure has to
be lowered to facilitate raising and transplantation of
the graft and the return to normotensive conditions to
ensure the graft is not underperfused. In the recovery
phase the circulatory state of the graft can be
compromised by haemorrhage. Tissue under perfusion
or shock following severe haemorrhage results in local
hypoxia and metabolic dysfunction and if uncorrected
can be a trigger for sepsis syndrome.

Apart from the obvious use of NIRS in measuring
changes in haemoglobin oxygenation and haemo-
dynamics its use in assessing mitochondrial dysfunction
has become more apparent; in particular since in the
last few years the respiratory chain complexes have
been found to be sensitive to ischaemia and reperfusion.
Hence it is an enormous benefit not only to make
predictions about oxygen supply but oxygen utilization
as well. NIRS is extremely easy to use, yielding
reproducible continuous results and would be of great
use in the intensive care unit in investigating the
aforementioned problems. This could be of enormous
benefit in assessing the balance between supply and
utilization of oxygen in tissues especially in patho-
physiological states such as sepsis or circulatory
compromise. NIRS can be useful intra and post-
operatively or in the intensive care unit as a tool in
appraising the benefits of fluid or blood replacement.
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