
The Application of Machine Perfusion as an Enhanced ex vivo Model
for Optical Imaging*

Katie Doyle1, Morenike Magbagbeola1, Zainab L. Rai1,2,3, Dale Waterhouse1, Lukas Lindenroth1,
George Dwyer1, Amir Gander2,3, Agostino Stilli1, Brian R. Davidson1,2,3, and Danail Stoyanov1

Abstract— Optical imaging techniques such as spectral imag-
ing show promise for the assessment of tissue health dur-
ing surgery; however, the validation and translation of such
techniques into clinical practise is limited by the lack of
representative tissue models. In this paper, we demonstrate the
application of an organ perfusion machine as an ex vivo tissue
model for optical imaging. Three porcine livers are perfused at
stepped blood oxygen saturations. Over the duration of each
perfusion, spectral data of the tissue are captured via diffuse
optical spectroscopy and multispectral imaging. These data
are synchronised with blood oxygen saturation measurements
recorded by the perfusion machine. Shifts in the optical
properties of the tissue are demonstrated over the duration
of the each perfusion, as the tissue becomes reperfused and as
the oxygen saturation is varied.

I. INTRODUCTION

The primary form of imaging used during surgery is
performed by conventional colour digital cameras [1]. These
replicate human vision by detecting in the red, green,
and blue regions of the visible light spectrum [2]. Visible
and near-infrared light experiences a wide range of com-
plex interactions with tissue (typical wavelength ranges of
400–1000 nm) [3]. As conventional cameras only capture
three channels, most of the information obtained from these
interactions is lost and, aside from improvements in magnifi-
cation, such cameras do not provide any additional enhance-
ment to a surgeon’s ability to visually assess tissue viability
[4]. Using spectral imaging, the reflectance spectrum of
tissue may be captured for a number of spectral bands.
Depending on the number of wavelength bands imaged,
this technique can be termed multispectral imaging (MSI;
up to 10 spectral bands imaged) or hyperspectral imaging
(HSI; up to 100 spectral bands imaged) [4]. For simplicity,
MSI will be used throughout this article. The increased
spectral resolution of MSI over conventional colour imaging
allows for more information to be obtained from light-
tissue interactions. If a particular compound exhibits light
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absorption in the analysed wavelength region, absorption
measurements at multiple discrete wavelength bands can
be used to quantify the compound’s concentration. There
are many compounds present in biological tissue which,
when tracked using MSI, can act as biomarkers capable of
providing diagnostic information about the condition of the
tissue [3], [4]. Examples include monitoring tissue perfusion
by tracking levels of oxyhemoglobin (HbO) and deoxy-
hemoglobin (DHb) [4]–[6], assessment of edema through
the measurement of tissue water content [7], [8], cancer
detection through direct classification or functional parameter
measurement [6], [9], [10] or evaluating cellular metabolism
by monitoring the redox state of cytochrome-c-oxidase [11].

Despite showing promise as an optical assessment tool of
tissue health during surgery, there are a number of barriers in
the translation of MSI into clinical practise. One such barrier
is the difficulty involved in clinically validating potentially
useful biomarkers, due to a lack of ex vivo models. In order
for a biomarker to be useful in a clinical setting, it must
be connected with underlying biological processes, and the
relevant clinical performance characteristics must be defined
[3]. Ex vivo human tissue models are typically cadaveric or
excised tissue, without oxygenated blood supply. The lack of
active blood flow fundamentally alters the optical properties
of ex vivo tissue, directly affecting its comparability to in vivo
counterparts [3], [4]. Without an oxygenated blood supply,
tissue will begin to degrade in the first few hours post-
excision, causing changes in tissue optical properties due to
osmosis, shrinkage, and ischaemia [4], [12]. Halting degrada-
tion through freezing or fixing are not ideal countermeasures,
as these methods also introduce changes in tissue optical
properties [13]. Hemoglobin (Hb) is a compound within red
blood cells which greatly influences tissue reflectance, due
to its large molar extinction coefficient. The impact of Hb
on tissue optical properties is greatest in the visible region
of the electromagnetic spectrum, where Hb most readily
absorbs and scatters light. An increase in Hb concentration
causes a corresponding increase in absorption and scattering
due to the increased likelihood of light coming into contact
with Hb molecules. Additionally, the spectral absorbance of
Hb changes depending on blood oxygen content, causing a
shift in tissue optical properties as soon as oxygenated blood
supply is halted [14].

Organ perfusion machines (PMs) are used in clinical
practise to preserve ex vivo donor organs by maintaining oxy-
genated blood supply during organ transport and assessment
for transplant surgery [15], [16]. Such machines could also



be utilised in a research setting to provide oxygenated blood
flow to ex vivo tissue, making it a far more representative
model of in vivo tissue than unperfused ex vivo models [3],
[4]. Perfusate parameters such as blood oxygen saturation
(SpO2), temperature, pH, and pressure could be monitored
and controlled [16], [17], and additives such as dyes or nano
particle solutions could be added in exact quantities for the
given blood volume. This approach could aid in increasing
the longevity of ex vivo human tissue samples, allowing
more time for research to be performed, thus maximising
the usefulness of a limited resource. Additionally, access to
ex vivo perfused human tissue could reduce reliance on live
animal models.

In previous work, we presented the evaluation of an organ
PM, designed as platform for conducting research with per-
fused, ex vivo organs [18]. In this work, we demonstrate the
application of the PM as a perfused ex vivo tissue model for
optical imaging. The paper is structured as follows; in section
II, the methodology of each perfusion case is outlined,
and spectral acquisition modalities are described. The post-
processing and and analysis methods for each modality are
also detailed. Section III presents the spectral analysis of
each perfusion case, alongside perfusate SpO2 measurements
obtained from the PM. The changes in the optical properties
of the organ are measured as the organ is perfused, focusing
on the impact of hemoglobin, the dominant absorber. These
are compared with SpO2 levels, recorded by the PM. Finally,
section IV concludes the paper and identified as areas of
future work.

II. METHODS
A. Liver Perfusion

Three porcine livers, along with autologous blood, were
obtained from an abattoir and prepared in the same manner
outlined in previous work [18]. After transportation, the liver
was prepared to be connected to the perfusion system. The
portal vein (PV) and hepatic artery (HA), designated for
inflow, and the hepatic vein (HV), designated for outflow,
were cannulated using 6.35 mm tubing. Disposable perfo-
rated plastic sheeting was used to suspend the liver over the
organ chamber, which consisted of a supported metal bowl
with a drain feeding directly back to the perfusate reservoir.
Once suspended over the organ chamber, the multispectral
camera was placed in a fixed position over the liver, and
the spectroscopy probe was placed against the surface of the
liver using a retort stand and clamp.

The reservoir was filled with 3 l of blood which was cir-
culated through the perfusion system during priming. Once
the tubing was primed with blood, the inlet and outlet tubes
were clamped, connected to the liver tubing, and unclamped.
In each case, the liver was perfused with deoxygenated blood
for up to 10 minutes, after which, the oxygen supply to the
oxygenator was enabled. The supply of oxygen was increased
in stepped intervals over the duration of the experiments, up
to a maximum supply pressure of approximately 0.2 bar.
The total duration of perfusions was between 60 and 90
minutes in each case. Circulating blood was maintained at a

temperature of 29 ◦C, and SpO2 was measured by an oxygen
sensor for the duration of each perfusion. The location of the
oxygen sensor within the perfusion machine flow circuit is
indicated in figure 1.

B. Spectral Aquisition

The livers were evaluated using two spectral assessment
modalities: MSI and diffuse optical spectroscopy (DOS).
Similar to MSI, DOS is a technique which can be used
to determine tissue optical properties and their wavelength
dependence. DOS permits a far higher spectral resolution
than spectral imaging; however, it is performed using a
contact-based probe, limiting it to a single spatial dimension
and making it more invasive than that of MSI. In contrast,
MSI is non-contact, and permits the assessment of two spatial
dimensions, usually by sacrificing spectral or temporal reso-
lution. The ability to assess tissue in two spatial dimensions
makes it more suitable than DOS for use in surgery, as it
can be compared to the surgeon’s visual assessment. As
DOS provides a high spectral resolution, it is still a useful
comparator for MSI.

DOS was carried out by securing a fiber optic reflection
probe (RP22 Reflection Probe with Round Leg, Thorlabs
Inc., Newton, New Jersey 07860, USA), supplied by a
tungsten-halogen light source (SLS201L Stabilized Light
Source, Thorlabs Inc., Newton, New Jersey 07860, USA),
in a fixed location against the surface of the liver. Reflected
light was collected by a charge coupled device spectrom-
eter (CCS200 Compact CCD Spectrometer, Thorlabs Inc.,
Newton, New Jersey 07860, USA). Spectra (500-1000 nm)
were recorded continuously, at a rate of 2 spectra per second,
for the duration of the experiment. Calibration measurements
with the light source on and off were taken with the probe
against a white calibration card (Spyder Checkr, Datacolor,
Lawrenceville, New Jersey 08648, USA), and against the
liver. A consistent integration time was used for all mea-
surements.

MSI was performed using a filter wheel camera (Spec-
troCam VIS, Largo, Florida 33777, USA) with 8 bandpass
filters (470/20, 480/25, 520/20, 540/18, 560/20, 578/10,
615/17, and 645/17 nm, centre wavelength/full width at half
maximum), secured to a tripod and positioned at a fixed focal
length located over the liver. Due to data storage restraints,
multispectral images (16-bit, 1408 × 1044 pixels) of the
liver were captured in intervals rather than being recorded
continuously. Each acquisition interval had a duration of ap-
proximately 40 seconds, during which 20 images for each of
the 8 filters were taken at a fixed exposure. Image acquisition
intervals for each perfusion are displayed in figure 3, (d),
(e), and (f). Calibration measurements were taken prior to
the liver perfusion by imaging a white calibration card, in
place of the liver, at the same position and focal distance.

C. DOF Spectral Processing and Analysis

The raw spectroscopy data were processed and analysed
using MATLAB R2021a (Mathworks, 01760 Natick, Mas-
sachusetts, USA); a summary schematic of the spectral signal



Fig. 1. Schematic of the perfusion system. For further information regarding the system, see [18]. The liver is suspended over the organ chamber, (a),
with outflow from the HV leading to the reservoir, (b), where blood is filtered before entering the oxygenator, (c), and recirculated back to the liver by the
centrifugal pump, (d). A peristaltic pump, (e), supplies the heat exchanger within the oxygenator with water warmed in the water reservoir, (f). Oxygen
gas is supplied to the oxygenator via a canister, (g).

processing workflow is shown in figure 2 (c). The theoretical
basis for obtaining the attenuated spectra from the raw
acquired spectra is described in section II-C.1.

Following processing, specific landmarks of the HbO and
DHb absorption spectra (indicated in figure 2, (b)) were
analysed in the attenuated spectra:

• the 760 nm peak height was analysed as a marker of
deoxygenated blood, as this peak only exists in the
spectrum of DHb

• the ratios of the isosbestic point at 815 nm and the
region of greatest difference in spectral intensity at 690
nm of the DHb and HbO spectra.

1) Spectral Processing: The overall tissue absorption co-
efficient, µa (λ), depends on the molar concentrations, ci,
of the constituent chromophores, and their molar extinction
coefficients, εi (λ) [14]:

µa(λ) =
∑
i

ci · εi(λ) (1)

The Beer-Lambert law can be used to approximate the
absorption of diffuse light in tissue during diffuse reflectance
spectrometry, where L is the mean light path length through
the tissue, I0(λ) is the intensity of light exiting the uniform
material, I(λ) is the incident intensity of the measured light
entering the detector, and µa(λ) is the absorption coefficient

[14]:

I (λ) = I0 (λ) · exp (−µa (λ) · L) (2)

Equation 2 assumes that there are no scattering contributions
to the attenuation of the intensity and that the absorption
contributions from the individual absorbing units are in-
dependent of each other. Thus, it can only be applied as
an approximation if the contribution of absorption is much
greater than that of scattering. Rearranging 2 yields:

A (λ) = − ln

(
I (λ)

I0 (λ)

)
= µa (λ) · L (3)

Accounting for spectral non-uniformity of the light source,
and detector sensitivity, the attenuation, A(λ), is defined by
the following expression [14], [20]:

A (λ) = −ln

(
Iraw (λ)− Idark (λ)

Iwhite (λ)− Idark (λ)

)
(4)

where Iraw is the raw acquired signal, Idark is the reference
measurement obtained with the light source off, and Iwhite

is the reference measurement obtained with the probe on
a white calibration card (uniform diffuse reflectance near
unity).



Fig. 2. (a) Diagram of imaging and spectroscopy setup. (b) is the spectra of
the extinction coefficients of DHb and HbO, plotted from literature values
[19]. Spectral bandwidths imaged by the camera are overlaid in purple and
gray. Distinct landmarks in the DHb and HbO spectra, analysed using DOS,
are labelled: (b), (i)) is the peak at 660 nm, present in the HbO spectrum
only; (b), (ii)) is the region with the greatest difference in spectral intensity
at 690 nm; (b), (iii)) is the peak at 760 nm, present in the DHb spectrum
only; (d), (iv)) is the isosbestic point at 815 nm. (c) Summary schematic of
spectral signal processing workflow.

D. MSI Spectral Processing and Analysis

Processing and analysis of the spectral imaging data was
performed using MATLAB; a data cube was assembled for
each acquisition by combining the raw image files of each
spectral band. To compliment the spectroscopy measure-
ments which compared the isosbestic point between DHb
and HbO to the region of greatest difference between DHb
and HbO, the ratio of the 645 nm band to the isosbestic at
the 520 nm band was compared for the MSI measurements.
Additionally, spectral angle mapping (SAM), described in
section II-D.1 was used to compare individual MSI datacubes
to the overall MSI dataset.

1) Spectral Angle Mapping: Spectral angle mapping
(SAM) is used to compare individual multispectral image
cubes to the total set of image cubes. An m × n data
matrix is composed from the pixels of all MSI images in
the dataset, where m is the number of pixels and n = 8
is the number of wavelength bands. Max normalization is
performed on each pixel of the data matrix: the intensity
value for each wavelength band is divided by the maximum
intensity value of all wavelength bands for that pixel. k-
means clustering is applied to the data matrix to group pixels
with similar spectral characteristics. Pixels are grouped into
k = 3 clusters, resulting in a 3 × 8 matrix containing the 3
cluster centroids for each of the 8 wavelength bands (Figure
3, (g)). Each of the cluster centroids are normalized: the 8

columns are divided by the Euclidian normal of each row.
Individual multispectral image cubes are then compared

pixel-by-pixel to the cluster centroid matrix using SAM. The
SAM algorithm is run upon each pixel in an MSI image,
where the reference dataset, r, is an 8×1 matrix representing
the MSI pixel and the target dataset, t, is the 3×8 matrix of
cluster centroids. This results in a 3× 1 matrix to represent
each pixel. The spectral angle is the angle between two
spectra in n-dimensional space, where n is the number of
wavelength bands. It is computed using the dot product of
the two spectra, divided by the product of their magnitudes.
The result is a measure of how similar the two spectra are,
with angles closer to 0◦ indicating greater similarity [21].
The equation for calculating the spectral angle is defined as
[21], [22]:

θ = cos−1

(
t⃗ · r⃗

|| t⃗ || · || r⃗ ||

)
(5)

III. RESULTS AND DISCUSSION

An analysis of the peak heights of absorption spectra
recorded via DOS are shown in Figure 3 (a), (b), and (c). In
each case, as the relative change in the spectral properties of
the tissue was being examined across time, the probe was
to remain at a fixed position. As the spectroscopy probe
only has 1-D spatial resolution, measurements recorded were
extremely sensitive to any changes in position. As a result,
the DOS measurements analysed do not span the entirety
of the perfusion, as only measurements when the probe
was securely fixed in position could be included. With the
exception of liver 3, measurements taken before the perfusion
commenced are included for both the MSI and DOS datasets,
highlighting the difference in optical properties between
perfused and unperfused tissue.

A. Liver 1

Between 25 and 38 minutes, the 760 nm peak increases,
while the 660 nm peak decreases, indicating an increasing
ratio of DHb to HbO. This reflects the SpO2 measurements;
the majority of the Hb entering the liver during this time is
still predominantly DHb. In the same timeframe, there is an
increase in the 690 nm peak and a more marginal increase
in the 815 nm peak. As 815 nm is the isosbestic point, any
change in this peak will denote a fluctuation in the total Hb.
Between 38 and 43 minutes, the 760 nm peak decreases in
height and the 660 nm peak increases, showing an increase
in oxygenation, after a lowpoint at 38 minutes. Oxygenation
then decreases between 43 and 49 minutes. While the SpO2
of blood entering the liver was increasing, the decrease in
oxygenation seen in the spectroscopy results could be due to
an uptick in cellular metabolism.

In the imaging results (Figure 3, (d)), the isosbestic point
in the 520 nm band follows a similar pattern to the 815
nm isosbestic point in the spectroscopy results. The highest
point in the absorption in the 520 nm band is at 39 minutes,
coinciding with the increase in the 815 nm peak. Throughout
the perfusion, the absorption of the 615 nm band increases,
reaching a maximum around 39 minutes, before decreasing



Fig. 3. Top: comparison of SpO2, measured by the perfusion system oxygen sensor, and peak heights of attenuated spectra measured by the spectrometer
for liver 1 (a), liver 2 (b), and liver 3 (c). Middle: comparison of SpO2, measured by the perfusion system oxygen sensor, and the average absorption for
the 520, 540, 560, and 615 nm bands imaged by the multispectral camera for liver 1 (d), liver 2 (e), and liver 3 (f). (g) is the cluster centroids generated by
k-means clustering for each wavelength band used in the creation of the spectral angle mapping (SAM) images in (j). (h) is a colormapped representation
of the ratio of the 520 (isosbestic) and 615 nm bands. (i) is a pseudo RGB image set generated from the 645, 540 and 470 nm bands. (j) is a SAM
comparison of the cluster centroids in (g) and individual images, where the comparisons with clusters 1, 2, and 3 are mapped to the red, green, and blue
channels, respectively. Additional gray markers in (d) indicate the timestamps of the multispectral images for liver 1 displayed in (h), (i), and (j).

for the rest of the duration of the perfusion. Again, the peak
at 39 minutes corresponds well to the peak height changes
of the spectrometer measurements, showing that this was not
a localised change. Colormapped images are included for
Liver 1, shown in Figure 3, (h), (i), and (j). The shift in
tissue optical properties is most pronounced when the tissue
moves from an unperfused to a perfused state. Figure 3, (j)
compares individual images to 3 clusters generated from the
overall dataset. The earliest image at 1.93 minutes is largely
yellow and green, indicating that a mixture of clusters 1 and 2
are most representative of this image. In the two images after,

at 9.1 and 12.85 minutes, magenta becomes the dominant
color, indication a mixture of clusters 1 and 3. In the final
two images, 26.85 and 39.33 minutes, the dominant color
is still magenta, but with more red, indicating an increased
leaning towards cluster 1.

B. Liver 2

At 18 minutes, the level of blood in the reservoir began to
become depleted, while consistent outflow from the liver was
not yet established. 80 ml of saline was added to the reservoir
which resulted in a decrease in the measured SpO2 from
the sensor. Oxygen supply was decreased as a precaution;



however, at 33 minutes, the oxygenator caused the perfusate
to develop bubbles which disrupted the oxygen sensor. The
oxygen supply was further reduced until the issue with the
oxygenator was resolved. It is likely, therefore, that the SpO2
readings are unreliable and the true SpO2 was lower than
the values measured by the sensor. Over the duration of the
perfusion, the 760 nm peak gradually increased while the 660
nm peak decreased, indicating a steady increase in DHb and
a corresponding decrease in HbO. Comparing the isosbestic
points, fluctuations in the total Hb can be seen in both the
spectroscopy data and imaging data at numerous timestamps,
such as the maxima at 6, 28, and 37 minutes, and the minima
at 10 and 57 minutes.

C. Liver 3

In the time intervals recorded, all peak heights remain
quite stable, consistent with the SpO2 data. There are two
increases in the 690 and 815 nm peak heights at 31 and
35 minutes, which are also present in the 520 and 615 nm
bands, indicating a global fluctuation in total Hb during
this period. Over the duration of this perfusion, there is
a gradual increase in the 660 nm peak and decrease in
the 760 nm peak, while the peak height of the isosbestic
point marginally decreases. This implies a gradual increase
in HbO, alongside a decrease in total Hb. Contrary to the
spectroscopy data, the isosbestic point at the 520 nm band
in the MSI data indicates an increase in total Hb over the
duration of the perfusion. This indicates that the decrease
in total Hb was localised to the area monitored by DOS
probe, and not to the liver as a whole. The absorption of the
other bands are also seen to increase during the remainder
of the perfusion and even after perfusion has stopped. This
may be indicative of tissue degradation and warrants further
investigation. No compounds were added to the perfusate
to maintain metabolic activity, osmotic balance, or oncotic
balance, and therefore gradual degradation of the tissue is to
be expected. In order to adequately assess the effectiveness
of the PM at maintaining tissue optical properties, longer
perfusion times, and a control will be included in future
work.

IV. CONCLUSION

The perfusion system facilitated the measurement of the
shift in the optical properties of the tissue as it was perfused.
As expected, the total tissue Hb and the SpO2 both had a
notable influence on the optical properties of the tissue. The
data discussed in this paper were recorded during a prelimi-
nary assessment phase of the PM, alongside the measurement
of other performance criteria specific to the PM itself. As
such, the methodology of these experiments was performed
in a demonstrative capacity within certain constraints. Im-
provements to both the PM system and methodology have
been identified. The former would increase the effectiveness
of the PM as a testbed for optical imaging modalities; the
latter would permit a more quantitative assessment of future
optical data collected. Improvements to the PM include:

• the addition of an oxygen sensor on the outflow from
the organ would enable the quantification of the total
reduction in SpO2 between the blood entering and
exiting the organ; these could be compared to tissue
SpO2 estimation determined by spectral analysis;

• the addition of load cells onto the mount for the organ
chamber in order to record the change in weight of the
organ as it is perfused; this could be compared with
spectral assessments of total Hb;

• automated control of the oxygen supply valve, to allow
for more precise and repeatable changes in oxygen
supplied to the blood.

Improvements to the methodology include:
• inclusion of a control in the form of a liver containing

some blood but which is not undergoing any form of
perfusion;

• a repeat of the procedure of the original experiments
with changes in the stepping of the oxygen supply,
such as a reversal (commencing at the highest oxygen
supply), or cyclic stepping of oxygen supply (stepping
oxygen supply up, then down, in a cyclic fashion);

• increased data storage and automation of image capture
to gather imaging data with an improved temporal
resolution.
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