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Noninvasive Detection of Ischemic 
Vascular Damage in a Pig Model of Liver 
Donation After Circulatory Death
Katherine J.I. Ember ,1 Fiona Hunt,2 Lauren E. Jamieson,3 John M. Hallett,4 Hannah Esser,4 Timothy J. Kendall ,5,6  
R. Eddie Clutton,7 Rachael Gregson,7 Karen Faulds,3 Stuart J. Forbes ,4 Gabriel C. Oniscu,2,8* and Colin J. Campbell1*

BaCKgRoUND aND aIMS: Liver graft quality is evalu-
ated by visual inspection prior to transplantation, a process 
highly dependent on the surgeon’s experience. We present an 
objective, noninvasive, quantitative way of assessing liver qual-
ity in real time using Raman spectroscopy, a laser- based tool 
for analyzing biomolecular composition.

appRoaCH aND ReSUltS: A porcine model of dona-
tion after circulatory death (DCD) with normothermic re-
gional perfusion (NRP) allowed assessment of liver quality 
premortem, during warm ischemia (WI) and post- NRP. Ten 
percent of circulating blood volume was removed in half of 
experiments to simulate blood recovery for DCD heart re-
moval. Left median lobe biopsies were obtained before cir-
culatory arrest, after 45  minutes of WI, and after 2  hours 
of NRP and analyzed using spontaneous Raman spectros-
copy, stimulated Raman spectroscopy (SRS), and staining. 
Measurements were also taken in situ from the porcine liver 
using a handheld Raman spectrometer at these time points 
from left median and right lateral lobes. Raman microspec-
troscopy detected congestion during WI by measurement of 
the intrinsic Raman signal of hemoglobin in red blood cells 
(RBCs), eliminating the need for exogenous labels. Critically, 
this microvascular damage was not observed during WI when 
10% of circulating blood was removed before cardiac arrest. 
Two hours of NRP effectively cleared RBCs from congested 

livers. Intact RBCs were visualized rapidly at high resolution 
using SRS. Optical properties of ischemic livers were sig-
nificantly different from preischemic and post- NRP livers as 
measured using a handheld Raman spectrometer.

CoNClUSIoNS: Raman spectroscopy is an effective tool for 
detecting microvascular damage which could assist the decision 
to use marginal livers for transplantation. Reducing the volume 
of circulating blood before circulatory arrest in DCD may help 
reduce microvascular damage. (Hepatology 2021;0:1-16).

Liver disease is a growing global burden, and 
transplantation is the only life- saving treat-
ment. However, the number of donor organs 

available for transplantation is insufficient to meet 
the rising demand. In the United States alone, 12,000 
patients are currently waiting for a liver transplant, 
while 1,700 people died before receiving a trans-
plant in 2013.(1,2) Despite the medical community’s 
best efforts, around 20% (approximately 1,300) of the 
liver recovered each year in the United States are not 
transplanted, which almost matches the number of 
waiting list deaths.(3,4) The high discard rate is partly 
due to uncertainty about viability and posttransplant 

Abbreviations: DAB, 3,3′- diaminobenzidine; DCD, donation after circulatory death; DCLS, direct classical least squares; H&E, hematoxylin and 
eosin; LML, left median lobe; NRP, normothermic regional perfusion; NRP120, 2 hours of NRP; RBCs, red blood cells; ROI, region of interest; SRS, 
stimulated Raman spectroscopy; T0, time 0 (preischemia); WI, warm ischemia; WI45, 45 minutes of WI.

Received March 6, 2020; accepted December 13, 2020.
Additional Supporting Information may be found at onlinelibrary.wiley.com/doi/10.1002/hep.31701/suppinfo.
*These are equal senior authors.
Supported by the Engineering and Physical Sciences Research Council and the Medical Research Council (grant EP/L016559/1), as well as an 

MRC Confidence in Concept grant and the Dutch Transplant Foundation.
© 2021 The Authors. Hepatology published by Wiley Periodicals LLC on behalf of American Association for the Study of Liver Diseases. This is 

an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.

View this article online at wileyonlinelibrary.com.
DOI 10.1002/hep.31701

Potential conflict of interest: Part of the experimental work in this study was supported by Organ Assist Netherlands with a grant from the Dutch 
Transplant Foundation.

https://orcid.org/0000-0001-5454-3359
https://orcid.org/0000-0002-4174-2786
https://orcid.org/0000-0003-3715-2561
mailto:
http://onlinelibrary.wiley.com/doi/10.1002/hep.31701/suppinfo
http://creativecommons.org/licenses/by/4.0/


Hepatology, Month 2021EMBER, HUNT, ET AL.

2

function. Currently, liver quality is evaluated based on 
donor past medical history, liver biochemistry at time 
of death, and appearance as judged subjectively by 
the operating surgeon. Therefore, a quantitative and 
dynamic system of assessing liver health in real time 
would be invaluable.

Although donation after brain death is predomi-
nant in many countries, in recent years there has been 
an increasing reliance upon donation after circulatory 
death (DCD).(4) During the DCD pathway, multiple 
factors can affect liver viability; therefore, it is partic-
ularly important for surgeons to be able to assess the 
liver health. After circulatory arrest, the body under-
goes a variable period of limited blood supply known 
as warm ischemia (WI). Restricted oxygen and nutri-
ent availability causes organs to enter a hypoxic state, 
accompanied by a metabolic switch from aerobic to 
anaerobic respiration. Extended WI is detrimental to 
posttransplant function.(5,6) In the DCD setting, WI 
is followed by cold perfusion of the organs and storage 
on ice prior to transplantation. However, a technique 
called normothermic regional perfusion (NRP) breaks 
this cycle. NRP uses an extracorporeal circuit to pump 
oxygenated blood around isolated abdominal organs in 
situ at body temperature (37°C). This allows recovery 
from WI before the cold perfusion step and has led 
to promising results in terms of organ use and out-
comes.(7,8) Moreover, as blood circulation to the organ 
is restored, NRP provides an opportunity for a dynamic 
assessment of liver function and biochemistry. Despite 
such recent advances in transplant technology, there are 
few well- characterized methods for assessment or pre-
diction of liver function in a rapid, noninvasive manner.

One sensing technology that could provide such 
information is spectroscopy. Spectroscopic techniques 

use electromagnetic radiation (light) to detect and 
identify molecules by virtue of their molecular struc-
ture. Among these techniques, Raman spectroscopy 
uses nonionizing radiation to yield specific molecu-
lar information. Laser light is directed at a sample, 
where it induces energetic transitions. As energy levels 
depend on the precise molecular structure, the inelas-
tically (Raman) scattered light contains information 
specific to the molecules within the sample, providing 
a unique “spectroscopic fingerprint.”(9- 11) This scat-
tered light can be passed through a series of optics 
onto a detector using a spectrometer.

A Raman spectrum plots wave number (inversely 
proportional to wavelength) against intensity of 
Raman scattering. The rapid energetic transitions 
involved in Raman scattering result in narrow peaks 
at specific wave numbers. These contrast with the 
broad peaks of fluorescence, which can span hundreds 
of wave numbers. Although fluorescence spectroscopy 
is a better- established technique in biomedicine, the 
fluorescence profile of one molecule can easily over-
lap with another, leading to low molecular specific-
ity. Moreover, while fluorescence spectroscopy often 
employs exogenous fluorophores, Raman can be used 
in a label- free manner.

Many analytical chemical techniques require biop-
sies for testing. Raman spectroscopy, however, has the 
potential to give information about the biomolecular 
state of cells or organs in situ, maintaining sample 
integrity. This renders it extremely useful for primary 
research, disease diagnosis, and monitoring repair. 
Raman technology has evolved rapidly in recent years 
and can be incorporated into a relatively inexpensive 
portable device for point- of- care use or a microscope 
for high- resolution imaging of biopsies or live cells. 
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It has been used in multiple biomedical applica-
tions,(12) from discriminating between cell types(13,14) 
to detection of invasive brain cancer during surgery 
in real time.(15) However, a Raman spectroscopic tool 
for detecting liver damage in the clinic has yet to be 
developed. We explored whether Raman can yield 
meaningful information to assist the evaluation of 
liver grafts.

Our hypothesis was that Raman spectroscopy 
could be used to discriminate between healthy, dam-
aged, and recovered liver tissue by detecting molecular 
changes within the tissue. To determine whether this 
was possible in a clinical setting, we used a porcine 
DCD model incorporating a period of WI followed 
by NRP. As DCD heart transplantation is increasing, 
we also explored the impact of blood removal (cur-
rent clinical practice to enable donated heart pres-
ervation). Therefore, we implemented alterations to 
half of the surgical procedures by reducing the cir-
culating volume of blood prior to circulatory arrest.

We used three different forms of Raman spectros-
copy in our analyses: (1) spontaneous Raman spec-
troscopy of biopsies using a Raman microscope (this 
yielded information about the whole Raman spec-
trum); (2) stimulated Raman scattering (SRS) micros-
copy to image biopsies at high resolution within 
seconds, determining the precise source of Raman sig-
nal; and (3) a handheld Raman spectrometer to collect 
optical information from in situ intact livers.

To substantiate our findings, we employed a vari-
ety of complementary techniques including blood gas 
analyses for systemic chemical information, hematoxy-
lin and eosin (H&E) stains for microscopic data about 
morphological changes, and 3,3′- diaminobenzidine 
(DAB) stains for more targeted histological informa-
tion. Although this paper focuses on NRP, the same 
technology could be applied to evaluate livers during 
ex situ normothermic machine perfusion.

Materials and Methods
poRCINe MoDel oF DCD

We used a porcine model of DCD with NRP 
for a number of reasons. Firstly, pig liver is similar 
in size and structure to human liver. Secondly, the 
model includes an extended period (45 minutes) of 
WI, defined as the time between circulatory arrest 

and perfusion. Thirdly, NRP recirculates oxygen-
ated blood to abdominal organs and thus potentially 
restores the organs close to their preischemic status 
(Fig. 1A).

All animal work was approved by the Animal 
Welfare and Ethical Review Committee of the 
Roslin Institute, and the work was conducted under 
Home Office (UK) Licence PPL: PF5151DAF 
130418. Female pigs weighing 50- 60  kg (n  =  12) 
were anesthetised, heparinized, ventilated, and mon-
itored using a central line and electrocardiogram. 
A laparotomy was carried out, and initial spectral 
readings were acquired. Liver biopsies were taken. 
Circulatory arrest was induced with KCl injection, 
and after a short agonal phase (1- 8  minutes, mean 
time = 3 minutes), cardiac arrest timing was recorded. 
Livers underwent 45  minutes of WI, followed by 
2 hours of NRP using Donor Assist (Organ Assist, 
Groningen, the Netherlands) or Maquet Rotaflow 
(Maquet; Gettinge, Rastatt, Germany). As only pigs 
9 and 10 were perfused using the Maquet Rotaflow, 
a comparison between the two NRP machines could 
not be made with meaningful statistical power. 
However, pigs 9 and 10 did not yield anomalous 
results. During NRP, the abdominal aorta and vena 
cava were cannulated and connected to the extra-
corporeal circuit. The supradiaphragmatic aorta 
was clamped prior to starting perfusion, preventing 
brain perfusion. The pump priming fluids, the vas-
cular cannulae, and the perfusion parameters were 
maintained irrespective of the device used. These 
were similar to clinical practice and have been pub-
lished elsewhere.(7)

In seven pigs (blood withdrawal group), 10% of 
the circulatory volume was removed 1- 2  hours prior 
to cardiac arrest to mimic blood removal for DCD 
heart procurement and preservation and assess 
impact on the conduct of abdominal NRP. No blood 
was removed from pigs 9- 12 (constant blood group, 
n = 4) in keeping with current abdominal NRP organ 
retrieval process. Pig 1 was a trial run in which the 
handheld Raman spectrometer did not function until 
NRP120, so these results were not included.

SaMple ColleCtIoN aND 
pRepaRatIoN

Liver biopsies were taken at three time points: 
prior to cardiac arrest (T0), after 45  minutes of 
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WI (WI45), and after 2  hours of NRP (NRP120) 
(Fig. 1A). Blood and perfusate (4  mL) were taken 
at T0 and NRP120, respectively. Two biopsies were 
taken from the left median lobe (LML) of the liver 
(approximately 0.125  cm3): one frozen on dry ice 
and one fixed in 4% formalin. Formalin- fixed sam-
ples were stored in 70% ethanol after 12  hours of 
fixation. Blood samples were collected in K2EDTA 
tubes and spun for 5  minutes at 1,500 RCF. 
Resulting cell fractions were snap- frozen. Formalin- 
fixed samples were paraffin- embedded and sectioned 
to 4 μm thickness onto glass slides for staining and 
SRS spectroscopy (Fig. 1B).

For Raman microspectroscopy, frozen tissue sam-
ples were sectioned to 7  μm thickness in a −20°C 
cryostat and mounted onto Raman- grade calcium 
fluoride windows. Samples were frozen at −4°C and 
thawed at room temperature for 20- 40 minutes before 
spectral acquisition.

BlooD gaS aND lIVeR 
BIoCHeMIStRy MeaSUReMeNtS

Blood was drawn for blood gas analysis and bio-
chemistry analysis, confirming that the DCD time 
course produced measurable changes in liver bio-
chemistry (see Supporting Fig. S1 and Table S1).

HIStology
The H&E staining protocol is detailed in the 

Supporting Material. H&E- stained slides were 
graded on the Suzuki scale using congestion, vac-
uolization, and necrosis as parameters by a trained, 
dedicated liver pathologist who was blinded to sam-
ples.(16) These categorical data were plotted as scat-
ter plots rather than box- and- whisker plots. To count 
red blood cells (RBCs) present in liver parenchyma 
sections, formalin- fixed sections were DAB- stained 
(coloring RBCs brown due to endogenous peroxidase 
activity). Slides were imaged using a Zeiss Axio Scan 
Z.1 slide scanner (Zeiss, Oberkochen, Germany) and 
images analyzed using QuPath open source tissue 

analysis software(17) (P. Bankhead). RBCs were quan-
tified using QuPath semiautomated cell detection, 
and total tissue area was determined using the tissue 
detection tool.

RaMaN MICRoSpeCtRoSCopy
Raman spectral maps of liver parenchyma cryo-

sections on calcium fluoride discs were taken 
using a Renishaw InVia Raman microspectrometer 
(Renishaw Plc, New Mills, Wotton- under- Edge, 
Gloucestershire, UK). Spectral maps were obtained 
at spectral regions spanning 600- 1,800  cm−1 with 
50- μm step sizes in the x and y directions using a 
532  nm laser at 6.8  mW power with a ×20 objec-
tive. Each spectrum was acquired with a 2- second 
acquisition time. Raman spectra were acquired from 
pure bovine hemoglobin crystals at 0.6  mW laser 
power, ×20 objective, 5- second acquisition with six 
accumulations. Frozen blood samples were thawed 
and air- dried for 20 minutes, and spectral measure-
ments were acquired. Spectra of dried blood samples 
on calcium fluoride discs were taken in the same 
manner, and an average of six spectra was used as a 
representative blood spectrum.

RaMaN Data pRoCeSSINg
Spectra were preprocessed in Wire 4.1 software: 

cosmic rays were removed and raw spectra baseline- 
corrected to remove background fluorescence signal 
using a third- order polynomial (Supporting Fig. S2). 
Mean spectra from maps were plotted in MATLAB 
2017a. False- color maps in Wire 4.1 were created using 
direct classical least squares (DCLS), which measure 
the spectral fit to the reference spectrum, using the 
spectrum of hemoglobin as a reference. Lookup table 
values were set from 0.5 to 1 and converted to gray 
scale and regions of interest (ROI) assigned from 
comparison to brightfield images of the tissue cryo-
section. The number of pixels above a threshold gray- 
scale value of 100 were counted as a percentage of the 
total ROI pixel area.

FIg. 1. Illustration of experimental model. (A) Schematic of porcine model of donation after circulatory death. In the constant blood 
group, no blood was removed. In the blood withdrawal group, 10% of the circulating volume of blood was removed prior to circulatory 
arrest. T0, n = 11; WI45, n = 11; NRP120, n = 8 (as pigs 2, 4, and 6 were not NRP- perfused due to time constraints). (B) Experimental 
workflow showing samples taken and experimental analyses carried out. Abbreviation: FFPE, formalin- fixed, paraffin- embedded.
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SRS MICRoSpeCtRoSCopy
SRS images were obtained using a Leica 

Microsystem SP8 multiphoton confocal micro-
scope with a ×25/NA 0.95 HC PL water immersion 
objective and a CARS 1200S filterwheel. Data were 
acquired using a 100- mW Stokes (1,032  nm exci-
tation) and a 200- mW pump laser (886.6  nm exci-
tation), which excited the 1,585- cm−1 peak (peak 
vibration of hemoglobin). The pump laser was also 
tuned to 894.1 nm to excite a vibration at 1,490 cm−1 
(a region with low signal from hemoglobin, taken 
to be background) (Supporting Fig. S3). Signal was 
detected in transmission mode on a photomultiplier 
tube detector. Images were acquired with a 227.3 gain, 
1,024 × 1,024 resolution, and a line average of 5.

HaNDHelD aUtoFlUoReSCeNCe 
MeaSUReMeNtS

Spectra were measured between 400 and 
2,300  cm−1 using a 785- nm excitation hand-
held CBex Raman spectrometer (Snowy Range 
Instruments, Laramie, WY) with a 10- second 
acquisition time and 10.8 mW laser power. A plas-
tic sheath with no detectable Raman scattering 
was used to protect the lens and maintain sterility 
while the objective lens was pressed against the liver 
surface. This was changed between measurements 
(Supporting Fig. S4).

Readings were taken from the LML and right 
lateral lobe in situ at T0, WI45, and NRP120. For 
total intensity, the sum of the signal from 400 to 
2,300  cm−1 was taken (Supporting Fig. S5). The 
effects of a number of environmental factors (envi-
ronmental light, movement during ventilation) were 
also measured (Supporting Figs. S6 and S7) and 
found to have no statistically significant effect on 
readings.

StatIStICS
All graphs were plotted in Origin (OriginLab, 

Northampton, MA), and statistical analysis was 
undertaken using IBM SPSS Statistics Software. 
For nonparametric data, a Mann- Whitney test was 
used to determine significance. For paired data 
with more than two measurements, repeated mea-
sures ANOVA was used for parametric data and 
Friedman’s test for nonparametric data. Wilcoxon’s 

signed rank test was used for nonparametric paired 
data. For categorical data, a chi- squared test was 
used with exact significance. In all cases, P  <  0.05 
was taken to be significant.

Results
lIVeR patHology INDICateS 
ISCHeMIC CoNgeStIoN IS 
RelIeVeD WItH ReDUCeD 
BlooD VolUMe

H&E stains showed that RBCs accumulated in the 
liver parenchyma sinusoids during WI in the group 
with a constant blood volume (constant blood group; 
Fig. 2A), suggesting that microvascular damage has 
occurred during WI. These RBCs were cleared to 
varying degrees by NRP120. This level of congestion 
was not observed at any time point in animals which 
had 10% circulating volume removed before circula-
tory arrest (blood withdrawal group; Fig. 2B), apart 
from pig 5 which had anomalous blood gas measure-
ments (see Supporting Table S1).

A trained pathologist blinded to the identity of 
H&E liver biopsy samples scored them accord-
ing to congestion, necrosis, and vacuolization; and 
these were combined into an overall Suzuki score 
for liver damage. Preischemic liver morphology 
was normal in all animals, as visualized by H&E  
(Fig. 2A,B), including those with no NRP120 time 
point (Supporting Fig. S8). At T0, there was either 
no congestion or minimal congestion in all animals 
(Fig. 2C,D) and overall Suzuki scores indicated 
minimal damage (Fig. 2E- G).

At WI45, there were marked histological differ-
ences between the constant blood group and the 
blood withdrawal group. In the constant blood group, 
severe congestion was apparent at WI45 (Fig. 2A), 
and pathologist congestion scores were significantly 
worse at WI45 compared to T0 and NRP120 (Fig. 
2C). The same was true for the Suzuki score (Fig. 2E), 
suggesting that liver damage occurred during ischemia 
and was relieved by NRP. However, necrosis and vac-
uolization scores remained unchanged (Supporting  
Fig. S9A,C).

Conversely, the extent of congestion was much 
less severe during WI in the blood withdrawal 
group (Fig. 2B; Supporting Fig. S8). There was no 
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FIg. 2. Histological analysis of porcine liver parenchyma at T0, WI45, and NRP120 in the constant blood and blood withdrawal groups. 
(A,B) H&E stains. (A) In the constant blood group, blood volume was constant. (B) The blood withdrawal group had 10% of circulating 
blood removed before circulatory arrest. (C- F) Pathological scoring of formalin- fixed, paraffin- embedded liver sections by a trained 
pathologist. (C) Constant blood group congestion scores are significantly higher at WI45 (χ2[12]  =  16.000, P  =  0.011). (D) Blood 
withdrawal group congestion scores are not significantly different across the time course (χ2[12] = 8.400, P = 0.501). (E,F) Suzuki score 
for liver damage in constant blood group and blood withdrawal group animals. (E) Constant blood group Suzuki scores are significantly 
higher at WI45 (χ2[12] = 21.000, P = 0.030). (F) Blood withdrawal group Suzuki scores are not significantly different across the time 
course (χ2[12] = 14.000, P  = 0.510). (G) Suzuki scoring system for liver damage.(16) In the Suzuki scoring system, liver sections are 
given scores associated with congestion, vacuolization, and necrosis. These are added to give an overall Suzuki score for liver damage 
encompassing these factors.
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significant difference between congestion, Suzuki, 
necrosis, and vacuolization scores across the time 
course (Fig. 2D,F; Supporting Fig. S9B,D). These 
results strongly indicate that reducing blood volume 
before circulatory arrest may reduce liver congestion 
and damage.

In all pigs, NRP120 congestion scores were compa-
rable to T0 scores, suggesting that NRP can alleviate 

liver congestion. However, a notable exception was pig 
5 in the blood withdrawal group. In this case, eryth-
rocytes accumulated at WI45 and continued to do 
so during NRP. This animal had abnormal blood gas 
measurements at T0, with aspartate aminotransferase 
of 904  U/L (see Supporting Table S1), suggesting 
that prolonged liver congestion is associated with bio-
chemical damage.

A

C

E F

D

B
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RaMaN SpeCtRal MappINg 
DeteCtS CoNgeStIoN IN a 
StaIN- FRee MaNNeR

We detected erythrocytes in congested ischemic 
biopsies in a label- free way due to the intrinsic 
Raman signal of hemoglobin using a 532- nm exci-
tation laser.

The Raman signal apparent in parenchyma was 
almost entirely due to hemoglobin, indicated by 
the high degree of similarity to Raman spectra of 
pure hemoglobin crystals and red blood fractions 
(Supporting Fig. S10). To verify whether we could 
use this signal to measure RBC accumulation, we 
obtained Raman maps from parenchyma cryosections 
across the DCD time course. Each pixel represents 
a spectrum acquired from one point on the section. 
By raster- scanning the laser spot across the sample, 
Raman microspectroscopy can be used to plot the dis-
tribution of molecules based on their molecular signa-
ture. Certain regions of the parenchyma cryosections 
had a strong Raman spectrum primarily composed of 
peaks from hemoglobin (Supporting Fig. S10). The 
remainder of the tissue exhibited low Raman signal 
and high background fluorescence (see pig 12 T0 
spectra in Supporting Fig. S2). We created false- color 
Raman maps of parenchyma sections where pixel 
intensity is proportional to the intensity of the hemo-
globin signal, determined by DCLS (Fig. 3A,B). To 
quantify the hemoglobin signal within a cryosection, 
we measured the percentage of pixels above a thresh-
old hemoglobin signal intensity in a ROI of approxi-
mately 4 × 4 mm in area (Fig. 3C,D).

The hemoglobin signal in WI45 tissue was sig-
nificantly greater than at T0 or NRP120 in the 

constant blood group (Fig. 3A,C). Conversely, there 
was no significant difference in hemoglobin sig-
nal across the time course in the blood withdrawal 
group (Fig. 3B,D; Supporting Fig. S11). Figure 3E,F 
shows a correlation between pathological congestion 
scores and hemoglobin Raman signal. All biop-
sies with severe congestion (congestion score  =  4) 
had a hemoglobin signal intensity of >79% (pixels 
above threshold value), while all biopsies with no 
to moderate congestion (congestion scores 0- 3) had 
a hemoglobin signal intensity of <70%. A thresh-
old signal intensity could assist in discriminating 
between severely congested samples and livers with 
free hemoglobin present.

When NRP120 results were excluded (Fig. 3F), 
the correlation became stronger, with all noncon-
gested or minimally congested samples having a 
hemoglobin signal intensity of 0- 25%, all mildly 
to moderately congested samples having a signal 
intensity of 50%- 75% and all severely congested 
samples having a signal intensity of >75%. This may 
be because free hemoglobin is present in the liver 
after RBCs (the measure of congestion) have been 
broken down

UNlaBeleD RaMaN MapS 
CoRRelate WItH RBCs 
VISUalIZeD USINg DaB 
StaININg

As an independent quantitative measure of RBC 
accumulation, we stained RBCs brown using DAB 
(Fig. 4A,B). Semiautomated quantification showed 
that there were significantly more RBCs in ischemic 
tissue from constant blood group animals than blood 

FIg. 3. Raman maps of liver parenchyma at T0, WI45, and NRP120 in the constant blood and blood withdrawal groups. (A,B) Raman 
maps of hemoglobin signal in 7- μm- thick porcine liver parenchyma cryosections. (A) In the constant blood group, blood volume was 
constant. (B) The blood withdrawal group had 10% of the circulating volume of blood removed before circulatory arrest. Color bar 
corresponds to hemoglobin signal intensity using DCLS and pure hemoglobin crystals as a reference. Spectral maps were obtained at 
spectral regions spanning 600- 1,800 cm−1 with 50- μm step sizes in the x and y directions using a 532- nm laser at 6 mW power with 
a ×20 objective. Each spectrum was acquired with a 2- second acquisition time and baseline- corrected. All samples were mounted on 
calcium fluoride discs. (C,D) Box- and- whisker plots of hemoglobin signal from liver parenchyma Raman maps. Percentage of pixels 
above a threshold value within an ROI comprising the whole cryosection were measured from maps of hemoglobin signal (from DCLS). 
Threshold gray value was set at 100. (C) In the constant blood group, the hemoglobin Raman signal at WI45 was significantly greater than 
at T0 or NRP120 (Friedman’s test (χ2[2] = 8.000, P = 0.005, n = 4). (D) In the blood withdrawal group, there was no statistically significant 
difference across the time course (χ2[2] = 1.500, P = 0.472, n = 4). (E,F) Relation between pathological congestion scores and Raman signal 
due to hemoglobin in porcine liver biopsies (E) in all samples and (F) excluding NRP samples. A stronger correlation between congestion 
score and hemoglobin signal is observed when NRP samples are excluded. Livers were scored for congestion on a scale of “none” to “severe” 
by a trained pathologist.
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FIg. 4. DAB- stained liver parenchyma from T0, WI45, and NRP120 biopsies. RBCs are stained brown. (A) In the constant blood group, 
blood volume was constant. (B) The blood withdrawal group had 10% of circulating volume of blood removed prior to circulatory arrest. 
(C) Scatter plot of hemoglobin signal measured using Raman microspectroscopy versus RBCs visualized using DAB from serial biopsies. 
A linear regression line has been plotted (F[1,20] = 46.94, P < 0.0005, adjusted R2 = 0.686). NRP120 samples are in red circles. When 
these are excluded, there is a very strong positive correlation (F[1,16] = 82.17, P < 0.0005, adjusted R2 = 0.835). (D) Number of RBCs per 
square micrometer at WI45 in the constant blood group (n = 4) is significantly higher than in the blood withdrawal group (n = 7) (Mann- 
Whitney U test [P = 0.019]).

A B

C

D
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withdrawal group animals (P  =  0.019) (Fig. 4D). 
The mean number of RBCs per square micrometer 
of parenchyma in the constant blood group at WI45 
(0.0132) was 3 times higher than the mean number 
of RBCs per square micrometer of parenchyma in the 
blood withdrawal group (0.00429).

Furthermore, there was a statistically significant 
positive correlation between hemoglobin content 
measured using Raman microspectroscopy with 
532 nm excitation and the number of DAB- stained 
RBCs in biopsies from the same specimen (Fig. 
4C). However, NRP120 samples do not lie on this 
regression line; some have a high hemoglobin sig-
nal but few DAB- stained RBCs. This supports the 
hypothesis that some free hemoglobin is present in 
the liver after erythrocyte lysis and can be detected 
by the high sensitivity of the Renishaw Raman spec-
trometer but not DAB stains. When these NRP120 
results are excluded, there is a very strong positive 
correlation (F[1,16]  =  82.17, P  <  0.0005, adjusted 
R2 = 0.835).

SRS MapS VISUalIZe INDIVIDUal 
UNlaBeleD RBCs IN lIVeR 
paReNCHyMa

Hemoglobin signal may not be from intact 
RBCs as the liver is responsible for breakdown 
of erythrocytes, and hemolysis in the extracorpo-
real circuit is also possible. To determine whether 
the WI45 increase in Raman signal was primarily 
due to undamaged erythrocytes, we used SRS to 
image dewaxed sections of liver parenchyma at high 
resolution.

SRS uses two lasers to gain information from a sin-
gle region of the Raman spectrum. This enabled us to 
take high- resolution Raman images within seconds, 
rather than hours. Images were obtained at Raman 
shifts of 1,585  cm−1 (peak related to hemoglobin 
ν[C=C] and ν[C=N] vibrations).(18)

Intact RBCs can be visualized accumulating in 
constant blood group pigs (Fig. 5), suggesting that the 
majority of the signal at 1,585 cm−1 can be assigned to 
erythrocytes. They appear as circular, biconcave bright 
cells with a strong signal at 1,585  cm−1. However, 
RBCs did not accumulate in the blood withdrawal 
group, where 10% of circulating blood had been 
removed, apart from in pigs 5 and 8, matching what 
was seen in stained biopsies (Fig. 6).

HaNDHelD SIgNal 
MeaSUReMeNtS SHoW optICal 
CHaNgeS IN lIVeRS oVeR tHe 
DCD NRp tIMe CoURSe

To investigate whether optical changes character-
istic of liver damage could be measured using a spec-
trometer suitable for use in the transplant theater, we 
took measurements over the DCD time course using 
a simple handheld instrument (Supporting Fig. S4). 
Porcine liver exhibits an extremely strong non- Raman 
background signal at 785 nm excitation (near- infrared 
light) as measured using a CBex handheld Raman 
spectrometer, due to fluorescence or other non- Raman 
signal. This can be seen as a large, broad band span-
ning 400- 2,300 cm−1 (Supporting Fig. S5).

There was a significant reduction in the total sig-
nal obtained using the handheld Raman spectrometer 
in WI45 livers compared to T0 livers in the LML of 
all pigs (n  =  7) (Fig. 7). In all cases, the total signal 
then increased between WI45 and NRP120. This 
suggests that the correlation between congestion and 
Raman signal observed in isolated biopsies is mirrored 
by a change in the bulk optical properties of the liver 
when measured in situ. Handheld measurements from 
the right lateral lobe of the liver showed a less obvi-
ous trend, perhaps due to a difference in blood flow 
(Supporting Fig. S13). This is supported by the obser-
vation that the total signal measured was much lower 
when data were acquired within blood vessels (aorta 
and vena cava) compared to the surface of the liver 
parenchyma (Supporting Fig. S6).

Discussion
The use of marginal liver grafts is on the rise, so 

accurate assessment of liver health and function is 
more critical than ever. DCD WI is a complex pro-
cess, but there are few ways to monitor its effects on 
organ viability in a noninvasive manner.

Although it is possible to image the liver using 
noninvasive techniques such as ultrasound, MRI 
scans, and fluorescence spectroscopy, none of these 
techniques yield specific biochemical information, 
leading to limited diagnostic accuracy and insuffi-
cient information about liver function. In particular, 
microvascular damage is difficult to image in an accu-
rate, quantitative manner. Ultrasound is susceptible to 
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interoperator variability and has low depth penetra-
tion and resolution, while MRI scans require large, 
expensive machines, rendering them unsuitable for 
the transplant field.(19) Fluorescence spectroscopy, 
meanwhile, lacks sensitivity and specificity as exoge-
nous fluorescent tracers must be administered prior to 
imaging, and these have broad emission, which may 
overlap with intrinsic liver autofluorescence that can 
fluctuate according to multiple factors.(20)

In contrast, Raman spectroscopy gives quantitative, 
label- free molecular information. It can be imple-
mented at the micro scale for use in research— as 
we have demonstrated through high- resolution SRS 
images— and at the macro scale for use in the clinic— 
for example, by using a handheld Raman spectrometer.

A number of studies have suggested that RBCs are 
released into the peripheral liver parenchyma during 
WI due to microcirculatory failure. This extravasation 

is associated with damage to liver sinusoidal endo-
thelial cells and poor prognosis.(21,22) However, these 
studies have relied on stained biopsies or injection 
of fluorescent dyes and have been limited to rodent 
models. Moreover, it is unclear how extravasation can 
be prevented without pharmaceuticals.

Here, we show that erythrocytes accumulate 
within the peripheral parenchyma during a period 
of extended WI in a DCD model. By reducing the 
circulating volume of blood by 10%, extravasation 
was prevented. Thus, reducing blood volume prior to 
circulatory arrest could prevent vascular damage and 
improve organ viability. This finding warrants further 
research and could influence the transplant procedure.

Furthermore, we can detect RBC accumulation 
by virtue of the specific, easily identifiable hemoglo-
bin signal in an entirely label- free manner by Raman 
spectroscopy.

FIg. 5. SRS microspectroscopic images of constant blood group liver parenchyma at T0, WI45, and NRP120. In constant blood group 
animals, no blood was removed prior to circulatory arrest. Formalin- fixed, paraffin- embedded sections (4 μm thick) on glass slides were 
dewaxed. Images were obtained at a Raman shift of 1,585 cm−1 using a Leica Microsystem SP8 multiphoton confocal microscope with a 
×25/NA 0.95 HC PL water immersion objective and a CARS 1200S filterwheel. Data were acquired using a 100- mW Stokes (1,032 nm 
excitation) and a 200- mW pump laser (886.6 nm excitation) with a 227.3 gain, 1,024 × 1,024 resolution, and a line average of 5.
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We also found that 2 hours of NRP were sufficient 
to clear the parenchyma of RBCs in all but one pig, 
suggesting a possible mechanism through which NRP 
improves posttransplant function and reduces the 
incidence of ischemic cholangiopathy.(21,22)

HIStology
Pathological scoring shows that liver tissue was sig-

nificantly more injured and congested at WI45 com-
pared to T0 and NRP120 in animals with constant 

FIg. 6. SRS microspectroscopic images of sections of blood withdrawal group liver parenchyma from T0, WI45, and NRP120 biopsies. 
The blood withdrawal group had 10% of circulating volume of blood removed prior to circulatory arrest. Formalin- fixed, paraffin- embedded 
sections (4 μm thick) on glass slides were dewaxed. Images were obtained at a Raman shift of 1,585 cm−1 using a Leica Microsystem SP8 
multiphoton confocal microscope with a ×25/NA 0.95 HC PL water immersion objective and a CARS 1200S filterwheel. Data were 
acquired using a 100- mW Stokes (1,032 nm excitation) and a 200- mW pump laser (886.6 nm excitation). Images were acquired with a 
227.3 gain, 1,024 × 1,024 resolution, and a line average of 5.
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blood volume (Fig. 2). However, congestion and 
Suzuki scores were not significantly different in WI45 
animals where 10% of circulating blood had been 
removed. This suggests that reducing blood volume 
could prevent microvascular damage after circulatory 
arrest. At NRP120, sinusoidal dilation was apparent 
in some cases, perhaps due to RBC accumulation.

laBel- FRee DeteCtIoN oF 
RBCs By RaMaN SpeCtRoSCopy

We detected changes in hemoglobin content in liver 
parenchyma biopsies in a label- free way using Raman 
microspectroscopy. There was a positive correlation 
between hemoglobin Raman signal and density of 
DAB- stained RBCs, measured by linear regression 
(Figs. 3 and 4). This strongly suggests that RBCs 
can be detected by their intrinsic Raman hemoglobin 
signal, a result supported by SRS images obtained by 
imaging the 1,585 cm−1 peak of hemoglobin (Fig. 5). 
We can therefore differentiate between preischemic 
and postischemic liver by virtue of hemoglobin in a 
label- free manner.

It is important to note that Raman spectroscopy 
seems to detect residual free hemoglobin in NRP120 
samples even after RBCs were cleared (Figs. 3 and 4). 
This is most likely because spectra were obtained with 
a highly sensitive spectrometer. All severely congested 
samples yielded a hemoglobin signal >79% (Fig. 3). By 

implementing such a sensitivity threshold, Raman spec-
troscopy could be used to noninvasively detect severe 
congestion, even where free hemoglobin is present.

CHaNgeS IN HepatIC optICal 
pRopeRtIeS IN a ClINICal 
SettINg

Significant changes in the optical properties of the 
left lobe after WI45 can be detected noninvasively 
using a handheld CBex spectrometer with 785  nm 
excitation (Fig. 7). These changes were not differ-
ences in Raman signal but rather a reduction during 
ischemia in the strong non- Raman background signal 
exhibited by bulk liver tissue. RBC accumulation likely 
overwhelms liver autofluorescence arising from colla-
gen, NADH, and vitamin A. The different responses 
of the left lateral lobe and right median lobe are pos-
sibly due to variations in blood flow. These results are 
consistent with rat studies in which, although auto-
fluorescence rose in the first 20 minutes of ischemia, 
liver autofluorescence was reduced compared to basal 
levels after 1 hour of WI.(20)

FUtURe WoRK aND 
applICatIoNS

These results show that Raman spectroscopy can 
be used to detect biomolecular changes during the 

FIg. 7. Bar charts showing total signal intensity of in situ porcine liver over a DCD time course at T0, WI45, and NRP120. Measurements 
were taken using a 785- nm CBex handheld Raman spectrometer from the surface of in situ liver (10 seconds acquisition, 10.8 mW laser 
power). (A) Total signal intensity was lower at WI45 compared to T0 and NRP120 in the LML. Repeated measures ANOVA shows this 
to be statistically significant (F[2,12] = 8.707, P = 0.005).
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transplant procedure. While pathology can provide 
additional information on whether a liver is suitable 
for transplant, this is subjective and time- consuming. 
A noninvasive, real- time assessment of liver conges-
tion using laser- based Raman spectroscopy would 
be invaluable and applicable to ex situ liver machine 
perfusion. The commercially available handheld spec-
trometer we used could not remove fluorescence sig-
nal, but we are now carrying out studies into liver 
function with handheld Raman systems that are able 
to overcome native liver autofluorescence to sense 
specific hemoglobin signal. We aim to detect vascular 
damage in vivo with the same specificity and sensitiv-
ity that we achieved on biopsies. Moreover, measure-
ment of RBC accumulation in a label- free way could 
be used to study the detrimental effects of liver con-
gestion, which may contribute to endothelial damage 
and development of ischemic biliary strictures.

Taken together, our results show that the optical 
properties of the liver are altered by the presence and 
absence of red blood cells in the sinusoids. Moreover, 
reducing the circulating volume of blood prior to cir-
culatory arrest may prevent liver congestion and thus 
minimize the deleterious effects of WI. These data 
could be used to inform the decision to use or reject 
a marginal liver, ensuring that the donor pool is as 
large as possible while being drawn upon safely and 
effectively.
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