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ABSTRACT Objective: Advancing microcirculatory perfusion assessment methods is crucial for evaluating
organ status during ex-vivo organ preservation and expanding the donor pool. This study demonstrates the
feasibility of microcirculatory perfusion imaging in an ex-vivo liver model under normothermic machine per-
fusion, using two non-contact imaging techniques: laser Doppler perfusion imaging (LDPI) and laser speckle
contrast imaging (LSCI). Methods and procedures: An ex-vivo porcine liver was perfused with oxygenated
blood for 3 hours. Blood samples were collected every 30 minutes from the hepatic artery and portal vein to
evaluate the liver’s overall status. Each of the five liver lobes was imaged every 15 minutes using both the
in-house developed LDPI and wireless LSCI devices. Temporally averaged perfusion maps were analyzed to
assess spatiotemporal blood flow. Then, correlations between LDPI and LSCI perfusion indices were evalu-
ated. Results: Spatiotemporal perfusion images showed detailed superficial microcirculatory perfusion across
five imaged lobes. High correlations between LDPI and LSCI indices were observed in lobes 3—5 (R?> =
0.81), which were well-perfused. Blood lactate levels increased over time, indicating a shift in metabolic
activity due to ischemia. Also, correlation of LSCI perfusion indices with pH (R2,, = 0.95) was observed.
Conclusion: The ex-vivo liver model mimics in-vivo perfusion under controlled experimental conditions.
LDPI and LSCI provide rapid, independent assessments of local microcirculatory blood flow, demonstrate a
high inter-technique correlation, and reflect the overall deterioration of liver status, as evidenced by blood gas
parameters. Significance: A compact, wireless LSCI system—rvalidated against LDPI—enables non-invasive
evaluation of microcirculatory status and serves as a complementary tool for assessing deep tissue viability.

INDEX TERMS Laser Doppler perfusion imaging, laser speckle contrast imaging, ex-vivo liver model,
normothermic machine perfusion, blood gas parameters.

Clinical and Translational Impact Statement—We introduce a wireless, compact, and non-contact LSCI
system (validated by LDPI) enabling microcirculatory assessment during machine perfusion, complementing
deep tissue medical imaging methods and blood gas analysis to enhance organ viability evaluation and support
pre-transplantation treatment decisions (Category: Pre-Clinical Research).

I. INTRODUCTION various populations. The causes of organ dysfunction are
RGAN dysfunction remains a major global health chal- multi-factorial, involving lifestyle factors such as poor diet
lenge, contributing significantly to mortality across and lack of physical activity [1], exposure to environmental
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toxins [2], and genetic predispositions [3]. Organ transplan-
tation remains a life-saving intervention for patients suffering
from end-stage organ failure, where the affected organ is no
longer viable for sustaining life [4].

However, a critical issue persists: the global disparity
between the demand for organs and their availability. This
shortage leads to significant mortality, with many patients
dying while on the waiting list. In the United States alone,
of the 103,222 people on the transplant waiting list, 17 indi-
viduals die each day due to the lack of available organs [5].
To address this organ shortage, expanding the use of marginal
donors, including donation after circulatory death, has been
proposed as a viable solution [6]. This approach seeks to
increase the organ supply by utilizing donors who do not meet
the criteria for traditional donation after brain death, but can
still provide viable organs for transplantation.

The gold standard for organ transplantation is static cold
storage, in which the donor organ is flushed with a preser-
vation solution, cooled, and transported on ice [7]. While
effective for preserving healthy organs, this method limits the
viability of the organ to just a few hours, presenting signifi-
cant challenges, particularly for marginal organs. To address
these limitations, ex-vivo machine perfusion has emerged as
an alternative approach, allowing not only to maintain the
organ, but also to improve its condition. To do so, a controlled
environment that mimics physiological conditions, including
vascular circulation and temperature control is provided. One
commonly used method of ex-vivo perfusion is hypother-
mic machine perfusion, where the circulating perfusate is
kept between 1 °C and 10 °C [7]. However, despite its
advantages, hypothermic perfusion does not entirely prevent
cold ischemic injury, making it less suitable for preserving
marginal organs, which are more vulnerable to ischemic
damage.

Normothermic machine perfusion (NMP) is increasingly
preferred for organ preservation, where the perfusion fluid
is oxygenated and maintained at or near 37 °C. This
approach supports near-normal metabolic activity, prevent-
ing ischemic injury and meeting the organ’s physiological
requirements [6]. NMP allows for continuous metabolic
assessment of graft viability, making it especially useful
for marginal organs that require close monitoring [8]. It is
particularly beneficial for organs that have suffered ischemia-
reperfusion injury, are at risk of primary non-function,
or show delayed graft function. Recent studies demonstrate
that NMP can extend preservation times up to 24 hours, which
not only facilitates organ rehabilitation but also expands the
donor pool and enables functional evaluation of the organs
before transplantation [9].

Beyond graft preservation and transplantation, ex-vivo
organ models are increasingly being utilized as research
platforms for therapeutic interventions, such as radioem-
bolization and gene therapy [10], [11]. Driven by the growing
demand for patient-specific treatments, the most extensively
studied ex-vivo organ models under NMP include the kid-
ney [12], liver [13], lung [14], and heart [15]. During NMP,
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the quality of the organ tissue is typically assessed through
conventional methods, including visual inspection, clinical
risk scores based on predefined hypotheses, biopsy analy-
sis, and arterial and venous blood gas analyses. However,
such conventional methods are often subjective and quali-
tative. Emerging imaging technologies offer the potential to
improve the accuracy of organ assessments. These modalities
include computed tomography (CT) angiography, magnetic
resonance angiography, ultrasound imaging (including power
Doppler [16]), and optical imaging techniques (e.g., photoa-
coustics [12]), each providing more objective and quantitative
insights into organ quality [17], [18].

As avital organ with a high transplantation rate, the ex-vivo
liver model under NMP is crucial for research and clinical
study. With 8,250 liver transplants performed in 2018, the
liver ranks as the second most transplanted organ in both
the United States and Europe [19]. Hepatic perfusion imag-
ing is valuable for assessing how well the liver responds
to changes in blood flow or therapeutic interventions dur-
ing preservation. Dynamic contrast-enhanced ultrasound has
shown promise for imaging deep hepatic tissue, especially
in assessing tumor perfusion [20]. While optical imaging
modalities remain relatively experimental compared to other
diagnostic techniques, they have proven to be fast and effec-
tive tools for assessing superficial microcirculatory blood
flow, particularly in hepatic lobules [18]. The optical meth-
ods including diffuse reflectance spectroscopy, laser speckle
imaging, and optical coherence tomography provide valuable
insights into the condition of the liver and have the potential
for meaningful clinical applications [21], [22].

Furthermore, microcirculatory dysfunction, which can be
investigated using optical methods, is an independent pre-
dictor of morbidity and mortality in transplanted organs,
offering critical information on the organ’s pathophysio-
logical state [23]. Several optical techniques have been
introduced for studying hepatic microcirculation, including
dark field imaging with handheld vital microscopes to visu-
alize sinusoidal structures directly; orthogonal polarization
spectral imaging and indocyanine green fluorescence angiog-
raphy to visualize microvascular perfusion [24]; and laser
speckle contrast imaging (LSCI) to assess relative blood
flow in perfused areas [25] and resolve individual hepatic
microvessels [26].

In this study, we present for the first time the applica-
tion of two independent, noninvasive imaging techniques,
namely laser Doppler perfusion imaging (LDPI) and wireless
LSCI, to assess microcirculatory perfusion in an ex-vivo
liver model, referred to as the liver-twin. We aim to demon-
strate the feasibility of these dynamic light scattering imaging
methods for assessing the viability of an ex-vivo liver model
maintained under normothermic machine perfusion. Using
our LDPI and LSCI prototypes, we monitored with short
intervals the microcirculatory blood flow of the five liver
lobe areas spatially and temporally over a period of three
hours. We then performed a comparative analysis of the
estimated perfusion parameters from both techniques across
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FIGURE 1. Schematic representation of noninvasive blood flow imaging. (a;) Hypothetical demonstration of coherent light wave illumination i on a

tissue with microcirculatory blood flow and collection of backscattered light waves (S;, S,, ..

., Spn) using a lens on a camera. (a;) A speckle

intensity frame formed on the camera due to the interference of multiple light waves, reprinted from [27]. (b) A plot of two representative light
waves with the wavelength of 671nm and a frequency shift of 2kHz due to the interaction with a moving red blood cell of velocity v shown in (a;).
(c) A plot of squared summation of the two waves shown in (b) where the Doppler shift of 2kHz is modulated on the amplitude of the higher
frequency component. (d) Power spectra of the intensity fluctuations at each pixel of the camera to calculate its first order moment M,, that is
relative blood flow in laser Doppler perfusion imaging (LDPI) method P pp,. (e;) The relation between speckle contrast C and the logarithmic ratio
of camera exposure time T and correlation time of dynamic speckles z¢; (e,), predefined lookup tables relating predicted blood flow index P 5, to
the measured speckle contrast as a function of T in laser speckle contrast imaging (LSCI) method, reprinted from [28].

different liver lobe regions to validate the wireless LSCI
measurements against LDPI, which is considered the gold
standard in microcirculatory perfusion imaging. Additionally,
we explored the blood gas parameters measured during the
experiment as an indication of organ viability and observed
correlation of blood pH in the hepatic artery and portal vein
with the microcirculatory perfusion indices obtained from
LSCIL

Il. THEORY

A. DYNAMIC LIGHT SCATTERING BLOOD FLOWMETRY
Dynamic light scattering imaging encompasses a range of
noninvasive techniques, including laser Doppler perfusion
imaging (LDPI) and laser speckle contrast imaging (LSCI),
to study the complex dynamics of microcirculatory blood
flow in various tissues [29], [30]. Assume that the tissue
surface is illuminated by monochromatic light with wavevec-
tor k;. This light encounters a moving red blood cell (RBC)
with velocity , scattering in various directions. An observing
imaging system collects a Doppler-shifted wavevector from
this scattering event, denoted by k;, . The frequency shift due
to this Doppler effect is given by [31];

Avl = {)'(];, — l_ésl), (1)

where [ki| = |ky| = ko and [k; — ky| ~ 2 ko sin(})
with 6 representing the scattering angle between k; and kg, .
Therefore,

4

TxnV . 60
Avy = —— sin(=)cos(a), 2)
Ao 2

where 7 is the tissue refractive index, V = |v| is the RBC
speed, Ao is the central wavelength of the light source, and
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o is the angle between v and the Bragg scattering direction
(ki — ks, , shown as g in Fig. 1(ay)).

Now, consider a point on the photodetector where a
scattered, Doppler-shifted monochromatic wave u,, =
Ap sin(2w (vo + Avy) t + ¢1) interferes with another scat-
tered but non-Doppler-shifted monochromatic wave u;, =
Ap sin(2m vg t + ¢;). Here, Ag, vo, t,and ¢ represent the
amplitude, the central frequency of the light source, time,
and phase shift due to differing path lengths, respectively
(see Fig. 1(b)). These hypothetical waves interfere at the
detector surface; for simplicity, let Ag = 1. According to the
square-law detection principle, the optical intensity is given
by [321;

1(t) o (uy + up)*
= sin’(r v + Av) £ + ¢)).cos’(m Avy 1+ ¢h), (3)

where ¢} = (¢1 +¢2)/2 and ¢} = (¢1 — ¢)/2. Equation (3)
reveals a cosine-squared signal with the Doppler shift fre-
quency Av; (in the kHz range) modulating a sinusoidal
squared signal around the central light frequency (in the THz
range) (see Fig. 1(c)). This effect indicates that to detect
Doppler shifts corresponding to the velocity of moving scat-
terers, a sampling frequency on the order of the Doppler shift
frequency is sufficient, which is the fundamental principle of
laser Doppler flowmetry.

In practice, many moving RBCs with varying directions
and speeds produce multiple Doppler shifts in the scattered
light waves [33]. In a non-contact imaging system with a large
field of view, scattered light waves {S1, S», ..., S,} from a
specific spot on the tissue surface reach the corresponding
spot on the camera and interfere, represented as ur = u; +
ur + - -+ + u,. This interference pattern, known as optical
speckle, forms dynamically across the two-dimensional cam-
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era sensor (see Fig. 1(ap)). Analyzing these spatiotemporal
speckle patterns enables the quantitative measurement of rel-
ative microcirculatory blood flow. The normalized intensity
correlation function is defined as [27];

{(I() 1t + 1))
(IOt + 1)

decaying at a rate determined by the fluctuation timescale,
7., resulting from the motion of scatterers, including RBCs.
Here, () represents averaging.

In LDPI, when the sampling time is chosen to be much
shorter than the correlation time scale, the power spectral
density of the detected intensity, P(v) = |F{l (t)}|2, is cal-
culated, where F{.} represents Fourier transform. This power
spectral density corresponds to the absolute Fourier transform
of the normalized intensity correlation function introduced in
Eq. (4). Assuming a Gaussian speed distribution and a low
concentration of RBCs, the first moment (M) of the power
spectrum, p, .., = [ P(v) v dv, is proportional to the product
of RBC concentration and mean speed—serving as a measure
of blood flow (see Fig. 1(d)) [34].

In LSCI, the sampling rate is typically limited to tens
of Hertz due to the use of compact and affordable imaging
instruments. Here, the exposure time 7 is set on the order of
the speckle correlation time (i.e., a few milliseconds). As a
result, the speckle patterns become blurred depending on the
flow rate. To quantify this effect, the normalized standard
deviation of the time-integrated intensity, or speckle contrast,
C = o7/(I), is calculated (Fig. 1(e)). From this speckle con-
trast, the LSCI perfusion index Py scy is calculated through a
model that is introduced in Supplementary Section L.

P = 4

B. FUNCTIONAL ANATOMY OF THE LIVER

The liver is a vital organ in vertebrates, responsible for nutri-
ent processing (e.g., blood glucose regulation), detoxification
of blood from substances such as alcohol and drugs, and fat
digestion through bile production [38]. In this study, we use a
porcine liver as our ex-vivo model due to its structural and
anatomical similarities to the human liver (see Fig. 2(a)).
A porcine liver consists of five primary lobes: left lateral, left
medial, right lateral, right medial, and caudate [39]. Oxygen-
rich blood flows from the heart to the liver via the hepatic
artery, while nutrient-rich blood arrives from the gastroin-
testinal tract via the portal vein. This blood flows through
each lobe into hexagonal-shaped liver lobules (see Fig. 2(b)).
Each corner of a lobule contains a triad composed of branches
of the hepatic artery and portal vein as inputs, and a bile duct
as an output that carries bile fluid to the gallbladder. The lob-
ule itself consists of liver cells, or hepatocytes, which are the
primary sites for metabolism. Blood flows through the lobules
via capillary networks called sinusoids, providing nutrients to
the hepatocytes. Deoxygenated blood is ultimately collected
in the center of each lobule and flows back to the heart via
the hepatic vein and vena cava. For an overview of the liver’s
critical roles in glucose homeostasis, detoxification, and fat
digestion, see Supplementary Section II.
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Ininterpreting preservation parameters during ex-vivo liver
perfusion, the predictive value of individual perfusion metrics
remains limited. Several biomarkers have been proposed to
assess optimal clinical and metabolic liver responses dur-
ing ex-vivo normothermic machine perfusion, including the
clearance of perfusate lactate and the maintenance of a stable
perfusate pH. Conventionally used as a marker of sepsis,
lactate levels can also rise due to tissue hypoxia—especially
since the liver normally clears about 50% of circulating serum
lactate—making lactate a surrogate marker of hypoxic injury
and impaired hepatocyte function. Additionally, monitoring
pH, pO,, and pCO, can provide further insights into the
liver’s metabolic state [40].

Assessing liver viability during ex-vivo normothermic
machine perfusion requires an integrated evaluation of both
microcirculatory function and metabolic status. Microcir-
culatory blood flow in the liver lobules—specifically, the
sinusoids—offers critical insight into the tissue’s ability to
deliver oxygen and nutrients. Accurately modeling the spatial
and time-dependent processes of perfusion and metabolism
within liver lobules using finite element methods [37]
requires precise representation of hepatic blood flow, which
can be informed by experimental measurements. In our
study, we employed noninvasive, wide field-of-view dynamic
light scattering imaging techniques (LDPI and LSCI) to
directly quantify relative microcirculatory perfusion across
entire liver lobes during ex-vivo perfusion. Simultaneously,
we monitored blood gas parameters (i.e., pH, lactate, pO,,
and pCO,) over a three-hour period to capture the metabolic
state and preservation quality of the liver. Together, these
complementary assessments provide a comprehensive evalu-
ation of liver viability by linking microvascular function with
metabolic integrity.

lIl. METHODS AND PROCEDURES

A. EX-VIVO PORCINE LIVER PREPARATION PROTOCOL

A porcine liver was retrieved from a local abattoir (Vion
Groenlo BV, Groenlo, The Netherlands) without interfering
with routine slaughter protocols, and in accordance with the
guidelines of the Netherlands Food and Consumer Product
Safety Authority [41]. The liver was prepared according to
an in-house developed protocol that was inspired by the
liver procurement protocol developed by XVIVO Perfusion
AB (Gothenburg, Sweden). Within 30 minutes from cardiac
arrest, the portal vein was cannulated, and the inferior vena
cava was dissected to flush the liver through the portal vein
cannula with a cold (1 — 5 °C) saline solution (NaCl 0.9%
infusion solution, B. Braun, Melsungen, Germany). First, 1 L
of heparinized (Heparin-Natrium LEO, LEO Pharma A/S,
Ballerup, Denmark) saline solution (25.000 IU/L) was used
to prevent coagulation in the liver, followed by an additional
2 L of saline solution to flush out any remaining blood clots.
After cannulation of the portal vein and initiation of the flush,
the liver was dissected from the other organs and put on ice
for transportation. The liver was transported to the lab, where
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FIGURE 2. Schematic drawings of a porcine liver, the liver-twin, and the speckle-based perfusion imaging systems. (a) Schematic top view of a
porcine liver with expanded lobes (adapted from [35]): (a;) hepatic artery; (a,) portal vein; (a3) inferior vena cava; (a;) gall bladder; (as) lobes. (b) A
magnified version of a hepatic lobule (adapted from the model in [36]) with a dimension of approximately 1.5 mm [37] as a building block of a lobe.
Lobules are made of sinusoidal structures that run through hepatocytes which are the main functional cells of the liver. (c) Porcine liver (c;) located
on a reservoir (c,) for collection of filtered blood from the vena cava. (d) Normothermic machine perfusion system connected to the ex-vivo porcine
liver shown in (c;) through the hepatic artery and the portal vein: (d, )arterial pump; (d,) controller of the arterial pump; (d;) venous pump; (d;)
controller of the venous pump; (ds) blood flow meter; (dg) arterial oxygenator; (d; and dg) heater-cooler system. (e) Laser Doppler perfusion
imaging setup: (e;) continuous wave laser of A = 671 nm; (e, and e;) mirrors for guiding the laser light; (e;) beam expander; (e5) high-speed
camera. (f), Wireless laser speckle contrast imaging system: (f;) continuous wave laser of \ = 660 nm; (f,) monochrome camera; (f) processing and

data transmission units.

the aorta was cannulated, and all arteries supplying blood to
organs other than the liver were ligated, all within four hours
of the initial flush (see Fig. 3(a)).

B. THE LIVER-TWIN
A liver machine perfusion platform developed in-house was
used for normothermic ex-vivo perfusion of a porcine liver
with blood [42]. Briefly, the perfusion platform contained
two separate blood flow circuits for perfusion of the hepatic
artery and portal vein, which both originated from the same
reservoir (developed in-house, Fig. 2(c)). Each circuit con-
tained a pump (Xenios NovaLung iLA ACTIVVE, Xenios
AG, Heilbronn, Germany and Maquet Rotaflow, Maquet Car-
diopulmonary GmbH, Rastatt, Germany) and a hollow-fibre
oxygenator with integrated heat exchanger (PLS-i, Maquet,
Rastatt, Germany and Hilite 800 LT, Medos Me AG, Stolberg,
Germany), shown in Fig. 2(d). The oxygenators were con-
nected to a separate heater-cooler system (Hico Variotherm
550, Hico Medical Systems, Koln, Germany) to maintain a
blood temperature of 37 °C. Both circuits were connected to
the liver through the cannulas in the hepatic artery and in the
portal vein. The liver was placed on a flexible net that was
fixed above the reservoir. Blood flowing from the inferior
vena cava was collected in the reservoir for recirculation.
The liver was perfused for 180 minutes with blood oxy-
genated by introducing compressed air (see Table 1) and
monitored using a gas flow sensor (FR2000 Series, Key
Instruments, Croydon, Pennsylvania, USA), following a
modified version of the COR-DHOPE-NMP protocol [43].

VOLUME 13, 2025

TABLE 1. Controlled rewarming protocol for perfusion of the porcine liver.

t (min)  Qua (ml/min) Qprv T (°C)  Qgas
100 300 20 100

10 100 — 200 300 — 600 24 200
20 200 — 300 600 — 900 28 300
30 250 — 350 750 — 1050 32 400
40 300 — 400 900 — 1300 37 500
50 450 1300 37 500
180 450 1300 37 500

t: time; @Q: flow rate; HA: hepatic artery; PV: portal vein; T": temperature.

The compressed air was only supplied to the arterial oxy-
genator, mimicking the physiological oxygen concentration
difference between the hepatic artery and portal vein. At the
start of the experiment, the system was filled with 5 L
of heparinized porcine blood (15.000 IU/L), which was
retrieved simultaneously with the liver from the slaughter-
house. Further additives included 6 mL/L of saline solution
and 1.8 mL/L of 50% glucose solution (G — 50, B. Braun,
Melsungen, Germany). The blood flow rate, temperature,
and gas flow rate were gradually increased according to the
protocol. The blood flow rate and the temperature were mon-
itored using ultrasound clamp-on flow sensors (Sonoflow
C0.55/140 v2.0, Sonotec GmbH, Halle, Germany).

C. TOPCAM: TWENTE OPTICAL PERFUSION CAMERA

An in-house-built LDPI system (a fully upgraded version
of its predecessor [44]), including a continuous-wave laser
A = 671 = 1 nm and a high-speed camera mounted on a
flexible arm was used for perfusion imaging (Fig. 2(e)). For
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t >180

FIGURE 3. Spatiotemporal imaging of hepatic microcirculatory perfusion. (a) An RGB image (en-face) of the ex-vivo perfused porcine liver
through the hepatic artery and portal vein. Perfusion imaging has been carried out on the regions marked by numbers 1 — 5.

(b) Representative temporally averaged laser Doppler perfusion images of lobes 1 — 5, 75 minutes after the start. Bottom right, a comparison
between the corresponding power spectral densities of shown lobes 1 — 5 in which lobe 1 and lobe 5 are of the least and the highest
Doppler frequency components, respectively. (c) Time-lapse of hepatic microcirculatory perfusion. Temporally averaged laser Doppler
perfusion images of lobe 5 per intervals of 15 minutes. A continuous increase in perfusion is observed from 0 to ~ 60 minutes. From ~ 90 to
180 minutes, a consistent decrease is observed. The perfusion image at the last measurement moment corresponds to no-flow (ischemia).

details on laser light illumination and high-speed imaging, see
Supplementary Section IIL.A.

Prior to the measurements, the high-speed camera was
calibrated using a built-in physical shutter that corrects
for the dark frame. Each LDPI measurement consisted of
image series for 0.5 seconds duration (i.e., stacks of 12500,
8 — bit gray scale frames) taking 33.9 4+ 0.8 seconds to
be retrieved (Marvell AQtion 10 Gbps network adapter)
and 10.6 & 0.2 seconds to be saved (Alienware Intel(R)
Core(TM) i5, 9" Gen. — 9600K, CPU @3.7 GHz, 64 GB
RAM). The post-processing of high-speed images included
making subgroups of 1024 buffer frames (i.e., , = 41 ms
duration per subgroup) creating spatiotemporal intensity val-
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ues I,,(x, y, t) withn € {1, 2, ..., 11}. The Doppler power
spectra for each location (x, y) was calculated as
ntp .

Lix, y, e 2V ia?,  (5)

(n=D 1

Pu(x, y, v) =

where j = +/—1, and |[.| is the magnitude operator. Then, the
spatial power spectra was DC removed (i.e., P,(x, y, 0) = 0)
and normalized as

P,(x, y, v)

PO™(x, y, v) = S
" Py(x, ¥, Vnorm.)

Q)

where vporm. = 10 kHz is a high frequency at which the
power spectra from the imaged tissue remained invariant.
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Note that the dark noise and pixel-to-pixel variations were
already subtracted during the hardware-based camera shad-
ing. While power spectral normalization using square of
the DC component is common in laser Doppler perfusion
monitoring [45], our approach ensures that the power spectra
tail at 0 dB, making measurements more comparable across
different moments (see Fig. 3(b), bottom right). This method
effectively accounts for background noise without assuming
a fixed noise power spectrum, aligning with practices in
high-frequency signal processing [46].

The instantaneous spatial perfusion index was calculated
as

Vmax,
PIPPD(x, y) = / PR y, vyvdy, ()
Vmin.

where vnin, = 50 Hz to suppress low-frequency artifacts due
to the motion of the tissue and the motion of the imaging
device relative to the tissue, and vpax. = 2.5 kHz. Although
the sampling rate of the camera allowed integration up to
12.5 kHz, the power spectra of microcirculatory blood flow
in the liver lobes already flattened at 2.5 kHz. Additionally,
this limitation prevented the inclusion of the spectral peak
associated with the laser performance (see the sample power
spectral density in Supplementary Fig. S1). Finally, the tem-
porally averaged perfusion index was calculated as

Nmax.

Prom(, ) = > PP, ), (8)
Nmax. =
where npmax. = 11. An in-house MATLAB user interface

in App Designer [47] was developed for high speed camera
image acquisition and laser Doppler perfusion image analysis
(see Supplementary Section III-B and Fig. S1).

D. WIPI: WIRELESS PERFUSION IMAGER

An in-house wireless LSCI device (an upgraded version
of its predecessor, the handheld perfusion imager (HAPI)
[48]), operated in mounted mode, was used for perfusion
imaging in parallel with the LDPI system (see Fig. 2(f)).
The intra-operative handheld use of this device was first
introduced in [49] and [50]. The LSCI device operated inde-
pendently of the LDPI system in terms of laser illumination
and detection. It incorporated a continuous-wave laser source
with a center wavelength of A = 660 nm, along with
monochrome and RGB cameras for speckle and color image
acquisition, respectively.

The embedded Raspberry Pi processor was programmed to
preview perfusion and color images, enabling region adjust-
ment before each measurement. The device could buffer up
to 10 measurements prior to saving them in memory, and
it supported wireless data transfer to the workstation. For
details on the hardware design and data transfer network,
refer to Supplementary Section IV-A and Fig. S2.

To transfer data from the wireless LSCI device to a work-
station and facilitate data analysis, a user interface was
developed using MATLAB App Designer [47]. Upon estab-
lishing a connection via TCP/IP, the software searched for
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saved raw data on the wireless device and transferred them
to the host computer. The software then processed the raw
speckle frames in a fully automated manner, generating tem-
porally averaged perfusion images for each measurement to
support further analysis. For more details, see Supplementary
Section I'V-B and Fig. S3.

E. MEASUREMENT PROTOCOL

To assess the condition of the liver, blood samples were
collected from both the hepatic artery and portal vein and
analyzed using an i-STAT Alinity blood gas analyzer (Abbott
Point of Care, Chicago, IL, USA). Each sample was analyzed
with both a CG4+ and a CG8+ cartridge, to measure blood
parameters including pH, partial pressure of oxygen (pO,)
and carbon dioxide (pCO,), hemoglobin, glucose, and lactate
concentrations. Blood sampling was initiated at the start of
perfusion, at 15 and 30 minutes of perfusion and subsequently
at 30 — minute intervals for the duration of the experiment.

The liver surface was divided into 5 locations for imaging,
labeled lobes {1, 2, ..., 5} (see Fig. 3(a)). Approximately
every 15 minutes, all 5 locations were imaged using both the
LSCI and LDPI systems. Care was taken to (1) image the
same location in each lobe with both systems, (2) measure
the same area consistently across all iterations, and (3) man-
ually align the regions of interest for perfusion calculation
in mutual LDPI-LSCI measurements (see Supplementary
Section V and https://doi.org/10.6084/m9.figshare.28468802
Video 1). Also, the imaging distances to the tissue surface
were kept unchanged (Supplementary sections III-A and I'V-
A). On this basis, 13 measurement series were conducted with
the LDPI system, covering 3 hours of liver imaging under
normothermic machine perfusion, followed by a recording
during which blood flow was halted to induce ischemia. The
time origin was defined as the imaging of the first lobe with
the LDPI system.

The LSCI system recorded data in parallel with the LDPI
system. In addition to the 13 measurement moments, two
additional experiments with LSCI were performed: one prior
to the first LDPI measurement and one after the last LDPI
measurement. The LSCI system was equipped with an RGB
camera and captured a full-frame color image for each mea-
surement. These images were used to manually align the
imaged regions for each lobe.

IV. RESULTS
A. SPATIOTEMPORAL PERFUSION ANALYSIS
Figure 3(b) shows a representative LDPI image series at
minute 75, where the spatial perfusion across the five lobes
can be compared, followed by the power spectral densities
averaged over the entire imaging area. Here, lobe 5 exhibits
the highest relative perfusion, while lobe 1 shows the lowest.
This trend is also reflected in the power spectral density
curves.

A time-lapse representation of LDPI perfusion throughout
the measurement moments for lobe 5 is shown in Fig. 3(c),

443



|EEE Journal of Translational
Engineering in
Health and Medicine

A. Chizari et al.: Feasibility of Laser Speckle-Based Perfusion Imaging in an Ex-Vivo Liver Model

i

mm4 5

mlobel mm2 mm3

-20 0 20 40 60 80 100 120 140 160 180 200

-20 0 20 40 60 80 100 120 140 160 180 200
t (min)
(a)
Lobes 3-5
Lobe 3 Lobe 4 Lobe 5 80 ° 190
80 Lo e &0 80 5 5B
5 60F T 60 60 oo’ g
Z a0 ° - 40 - a0 g 40 . 100.5
I 5 A al " ‘ 20 50
200 %" pogsr 0L pogrr 28' R?=0.89 R?=0.81
O,
SERP L A ORODD H®RQPS 90 110
pLDPI(Xlo ) (b)

FIGURE 4. Temporal analysis of microcirculatory perfusion measurements. (a), Top, overview of laser Doppler perfusion imaging (LDPI) values
(meanzstd) associated with lobes 1 — 5 per measurement moment. Lobes 1 — 2 show rather invariant and low perfusion comparable to the no-flow
phase (i.e., last measurement moment). Perfusion in lobes 3 — 5 tends to increase during the first half of the experiment followed by a decrease in
the second half; (a), Bottom, microcirculatory perfusion of the 5 lobes measured by laser speckle contrast imaging (LSCI) where similar trends are
observed as in LDPI. The pump off moment labeled with the vertical black dashed line was executed at t = 174.8 min (see
https://doi.org/10.6084/m9.figshare.26820613 Video 2). (b), Comparison of LDPI and the closest LSCI measurement time points per lobe. Data are
meanzstd. Color-code indicates the measurement time per data point. Linear fit function (black dashed lines) was used to assess the correlation for
each lobe with R2 as the goodness of fit. The outlier measurement-pair shown by the cyan arrows (see Fig. S6) was excluded from the regression

analysis in Lobe 3 (left) and Lobes 3-5 (right). The R2 values including this outlier are 0.57 and 0.78, respectively.

illustrating the evolution of microcirculatory blood flow over
time. It can be seen that perfusion gradualy increases until
around minute 60, followed by a gradual decrease until the
end of the experiment. The final phase, representing a no-flow
condition (ischemia), shows a clear drop in microcirculatory
perfusion compared to the preceding time point. The instan-
taneous perfusion of lobe 5 was recorded for 10 seconds
during the onset of halted blood flow at around minute 180,
when both arterial and venous pumps were switched off (see
https://doi.org/10.6084/m9.figshare.26820613 Video 2). The
video shows that perfusion drops immediately after halting
the blood flow, around second 4.

An overview of the average LDPI perfusion for all imaged
lobes throughout the experiment is presented in Fig. 4(a), top.
It can be seen that lobes 1 — 2 maintain relatively constant
perfusion over time. For lobes 3—5, an increase is observed
lasting over an hour, followed by a continuous decrease, with
the trend varying depending on the lobe number.

A time series of color images for lobe 5, corresponding to
the LSCI measurement moments, is shown in Fig. S4. It can
be observed that the color of this lobe darkens over time.
A comparison of the spatial LSCI perfusion for all lobes at
minute 75 is shown in Fig. S5(b). Similar to the LDPI results,
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the first two lobes exhibit lower perfusion than the others,
with lobe 5 showing the highest average perfusion at this time
point. Notably, lobe 3 demonstrates higher perfusion than
lobe 4.

The temporal evolution of LSCI perfusion in lobe 5,
corresponding to the time points closest to the LDPI
data, is shown in Fig. S5(c). An increase in micro-
circulatory perfusion is observed in the first half, fol-
lowed by a continuous decrease until the last time point.
In https://doi.org/10.6084/m9.figshare.27086932 Video 3,
the spatiotemporal perfusion of this lobe is animated. Sim-
ilar to the LDPI results, a clear dip in LSCI perfusion is
observed in the two measurements after switching off the
pumps. An overview of the average LSCI perfusion is shown
in Fig. 4(a), bottom. Similar to LDPI, lobes 1-2 exhibit
relatively invariant and low LSCI perfusion throughout the
experiment, while lobes 3— 5 initially show an increase fol-
lowed by a decrease in perfusion. Note that the standard
deviation for each bar graph is larger compared to LDPI.

A direct comparison of LDPI and the corresponding LSCI
perfusion values for lobes 3—5 is shown in Fig. 4(b). To assess
the linearity between the values of the two techniques, we per-
formed regression analysis and calculated the corresponding
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FIGURE 5. Monitoring blood gas parameters and their relationship with measured perfusion. (a,), partial pressure of oxygen and (a,), partial
pressure of carbon dioxide versus time t with samples taken from the hepatic artery and the portal vein. Time zero marks the start of the laser
Doppler perfusion imaging (LDPI). (b), Temporal values of measured blood lactate. At minute 168, the lactate level in the hepatic artery exceeded
20 mmol/l. (c), Measured pH of circulating blood versus time. The pH values for both the hepatic artery and portal vein show a sudden drop
followed by a bell-shaped change until the end of the experiment. (d), Measured pH of blood perfused in the hepatic artery and portal vein versus
laser speckle contrast imaging (LSCI) perfusion on lobe 3 (mean =+ std). Individual pH data points in (d-f) represent measured values at the closest
temporal neighborhood relative to LSCI perfusion; Solid and dashed lines indicate linear fit functions, with R2 representing the coefficient of
determination (goodness of fit) from the linear regression. (ef), Similar data as in (d), but for perfusion in lobes 4 and 5, respectively. The LSCI data
point marked as an outlier in Fig. (4) at ¢ = 133.4 min was not in the closest neighborhood of any pH measurement compared to other LSCI data

points and therefore did not influence this regression analysis.

goodness of fit (i.e., R?) values. All R? values are above
0.77 and the highest value is obtained for lobe 5 as 0.89.
When combining all data points, the resulted R* is 0.81. Note
that we observed one outlier in lobe 3 annotated in Fig. 4 at
(LDPI, LSCI) time points of (138.9, 133.4) minutes where
LSCI shows a peak perfusion index (see Fig. S6 for a com-
parison between the corresponding perfusion maps). This
point is considered an outlier because it exceeds three times
the standard deviation of the residuals, which quantifies its
deviation from the fitted line (see Supplementary section VI).

B. RELATION WITH BLOOD GAS PARAMETERS

In Fig. 5(a—c) the sampled blood gas parameters are depicted.
From minute 6.3 to minute 171.3, the partial pressure of
oxygen in the hepatic artery followed a continuous increase
of 10 — 12.8 kPa. On the other hand, following an ini-
tial rise, the partial pressure of carbon dioxide continuously
decreased in both the hepatic artery and portal vein. Between
[6.3,171.3] min, it dropped by 67.4% (8.6 to 2.8 kPa)
and 60% (13 to 5.2 kPa) in the hepatic artery and portal
vein, respectively. Blood lactate, however, shows a steady
increase of 32.7% (13.6 to 18.1 mmol/1) and 32.2% (13.5 to
17.9 mmol/1) in the hepatic artery and portal vein, respec-
tively, during the time interval [6.3, 141.3] min, indicating
that the liver progressively becomes more acidic. The blood
pH exhibits a bell-shaped curve, with peak values of 7.03 and
6.95 in the hepatic artery and portal vein, respectively,
at minutes 81.3 and 111.3. With a consistently lower pH, the
portal vein is more acidic compared to the hepatic artery.
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In Fig. 5(d—f), pH values in the hepatic artery and por-
tal vein for lobes 3 — 5 against the corresponding LSCI
microcirculatory perfusion values are plotted. A linear fit
function was applied to each case to evaluate the strength of
the correlations. For the hepatic artery, all R? values exceed
0.47, while for the portal vein, all R? values are greater than
0.67. The strength of the correlation depends on the lobe
index and the strongest correlation was found on lobe 5 where
R? reaches 0.95 and similar to LDPI.

V. DISCUSSION

In this study, we utilized LDPI and LSCI simultaneously
to examine the spatiotemporal characteristics of blood flow
within the superficial microcirculatory network of an ex-vivo
liver model subjected to normothermic machine perfusion
for three hours. Additionally, we observed the correlation
between the perfusate blood pH and the estimated LSCI
microcirculatory perfusion indices.

A. MICROCIRCULATORY PERFUSION IMAGING AND
EX-VIVO VARIABILITY

The wide-field spatial perfusion images (Figs. 3 and
S5) provide a rapid assessment of the liver’s microcir-
culatory perfusion across lobes, serving as an indicator
of overall liver status. After switching off the pumps,
we observed immediate perfusion drops of 30.3% and 46.9%
for LDPI and LSCI (in representative lobe 5), respec-
tively (see https://doi.org/10.6084/m9.figshare.26820613
Video 2), confirming the application of machine perfusion

445



|EEE Journal of Translational

Engineering in
Health and Medicine

A. Chizari et al.: Feasibility of Laser Speckle-Based Perfusion Imaging in an Ex-Vivo Liver Model

to the microcirculatory network. The presence of Brown-
ian motion of red blood cells, as well as factors such as
hydrostatic pressure differences at the liver outlet, might have
prevented the observation of a 100% perfusion drop, as both
techniques are sensitive to blood flow and volume.
Temporal perfusion analysis also offered critical insights
into the liver’s condition under machine perfusion (Fig. 4(a)).
The liver’s dual blood supply from the hepatic artery and
portal vein generally ensures uniform microcirculatory per-
fusion across various lobes in-vivo [51]. However, in ex-vivo
experiments, factors such as the absence of systemic regula-
tory mechanisms, thrombosis, or vascular collapse due to cold
storage and preparation may contribute to observed reduced
microcirculatory perfusion in lobes 1-2. These insights are
valuable for clinicians, particularly in the context of ex-vivo
liver model experiments, as they highlight the importance
of considering physiological differences between in-vivo and
ex-vivo assessments when evaluating organ viability.

B. MUTUAL PERFUSION CORRELATION

When comparing the correlation between the perfusion val-
ues obtained from the two techniques (Fig. 4(b)), we observed
a high correlation in the well-perfused lobes (i.e., lobes 3—
5), indicating the reliability of the LSCI technique when used
independently. This is a significant finding, as we are the first
to demonstrate such correlation on an ex-vivo liver model.
Previously, Millet et al. [52] explored this linearity on the skin
of healthy volunteers using a point-scanning laser Doppler
imaging system. Our study offers several advantages: (1)
the use of similar laser wavelengths for LDPI and LSCI,
providing comparable penetration depths (rather than 670 nm
and 780 nm in Millet et al.); (2) the use of a high-speed camera
to image a wide region simultaneously, eliminating motion
artifacts inherent in Millet et al.’s point-scanning approach,
which required several minutes per scan; and (3) imaging the
same tissue region in a non-contact manner, enabling a fair
comparison between the two techniques—made possible by
our compact wireless LSCI setup. In contrast, Millet et al.
were unable to image the same region due to their bulky LSCI
setup, and their use of a contact-based heating probe which
also likely influenced local tissue perfusion.

C. BLOOD GAS DYNAMICS AND METABOLIC SHIFTS

The partial pressure of oxygen (pO,) increased in the hepatic
artery, suggesting an enhanced oxygen supply (Fig. 5(ay)).
In contrast, the relatively stable pO, in the portal vein
implies reduced oxygen consumption, which may reflect
lower metabolic activity. The decrease in metabolic activ-
ity is further evidenced by the continuous decline in pCO,
(Fig. 5(ap)), a change that contributed to the observed rise in
blood pH (Fig. 5(c)) in both the hepatic artery and the portal
vein until approximately 100 minutes. Here, the pCO, values
were initially too high, and by adjusting the oxygen sup-
ply, we attempted to bring them within physiological levels
(i.e., 4-8kPa) throughout the experiment [53], [54], [55].
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In this study, by monitoring the partial pressures of oxygen
and carbon dioxide at the liver’s entrance, we opted for a
straightforward blood gas analysis approach to assess the
liver condition. In a future study, we will also monitor these
parameters in the blood exiting the liver by cannulating the
vena cava to calculate the liver’s oxygen consumption.

Furthermore, the steady increase in lactate concentration
(Fig. 5(b)) indicates a shift toward anaerobic metabolism,
which may result from either an insufficient oxygen supply or
increased cell mortality [56]. Even though increasing blood
flow to deliver more oxygen to the cells could help stabi-
lize lactate levels, we had already set the blood flow to its
maximum value (Table 1), and further increases could have
caused blood leakage between the tubing connections and the
hepatic artery and portal vein. To address this challenge in the
future, we will use pure oxygen rather than compressed air
(which contains &~ 20% oxygen). Also, to mimic physiologi-
cal conditions, we oxygenated only the hepatic artery, which
may have resulted in a time—varying difference in blood pH
between hepatic artery and portal vein (Fig. 5(c)). To explore
other possible factors underlying this variation, we plan to
monitor blood oxygen saturation in future research.

D. LOBE-SPECIFIC PERFUSION AND PH CORRELATION
The correlation between perfusate pH values and microcir-
culatory perfusion varied depending on the lobe measured
(Fig. 5(d-f)). Apart from experimental imaging factors,
another possible explanation is that the hepatic artery and
the portal vein perfuse different regions of the porcine
liver [57]: lobes 3 — 4 are predominantly perfused by the
portal vein, resulting in higher microcirculatory perfusion
correlations with the portal vein, whereas lobe 5 is predom-
inantly perfused by the hepatic artery, leading to a stronger
microcirculatory perfusion correlation with the hepatic artery.
In general, despite inter-lobar variability and blood pH levels
being below the typical physiological range of [7.35, 7.45],
we observed a high correlation between perfusate blood pH
and LSCI microcirculatory perfusion. These findings indicate
the feasibility of the employed dynamic light scattering tech-
niques to noninvasively monitor the liver’s overall metabolic
activity and status. Future studies with larger sample sizes
will be valuable to confirm and extend these results. It would
also be relevant to study the correlation between local tis-
sue pH and corresponding microcirculatory perfusion using
methods such as surface electrode pH sensing or magnetic
resonance spectroscopy. Additionally, with enhanced control
of the inlet parameters, including the partial pressures of oxy-
gen and carbon dioxide, we plan to investigate the correlation
between lactate (as an index of proper perfusion and oxygen
supply to the tissue) and optical microcirculatory blood flow
indices in future studies.

Fodor et al. [40] previously showed that the NIR (near-
infrared) index is positively correlated with perfusate pH
during normothermic machine perfusion of human livers. The
first difference in our study is that we employed a laser-based
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technique at wavelengths of 660 nm and 671 nm, focusing on
microcirculatory perfusion at a depth of & 1 mm, making it
a complementary study to Fodor et al., who showed such a
correlation for the blood vascular network located at a depth
of 4 — 6 mm (in the band of 850 — 900 nm hyperspectral
imaging). Secondly, in our study, we analyzed this correlation
separately across three different lobes, for both the hepatic
artery and portal veins, using a wireless and compact LSCI
device validated against LDPI with high-speed imaging as the
gold standard. Our approach provided a detailed and reliable
comparison across these conditions.

E. SOURCES OF MEASUREMENT VARIABILITY

The presence of the outlier (Fig. S6) in the correlation calcu-
lations, along with the differences in corresponding perfusion
values measured by the two techniques, can be attributed to
two possible factors: 1) Measurement time delay: A time
delay existed between the corresponding LDPI and LSCI
measurements, which may have resulted in capturing two
different moments in the rapidly changing physiological state
of the liver. This issue can be addressed by performing par-
allel imaging with a shared laser source for illumination; 2)
Spectral instability of laser sources: Temperature variations
in laser diodes can cause fluctuations in output intensity
and induce mode hopping, which may result in artifacts in
the power spectral density. This issue can be addressed by
enhancing both passive and active cooling systems and by
monitoring the laser intensity and spectrum during measure-
ments.

F. PRACTICAL TRADE-OFFS

To enhance the reliability of the estimated microcirulatory
perfusion indices, we employed two independent imaging
systems: LDPI and LSCI. The LDPI system, widely regarded
as the most quantitative approach for noninvasive assessment
of tissue microcirculation, utilized a high-speed camera to
measure the optical Doppler shift distribution at each loca-
tion. However, the high frame rate required by this system
demands intense laser illumination, results in large file sizes
per measurement, and increases data transfer and process-
ing times. Additionally, the combination of a high-power
laser and high-speed camera makes the LDPI system costly
(approximately $78k) and bulky, as it must be mounted on a
trolley with an adjustable arm. In contrast, the wireless LSCI
system is compact and designed for handheld use. Its low-
frame-rate monochrome camera requires significantly less
laser intensity for tissue illumination. Consequently, the LSCI
system is more affordable (approximately $15k), with shorter
data transfer and processing times, and generates smaller file
sizes, making it a more practical and portable solution.

G. NORMALIZATION AND PRECISION IN PERFUSION
ESTIMATION

In this study, the calculation of LDPI perfusion involved
normalizing only the power spectral density to its higher
range (Eq. (6)). For studies comparing data across various
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liver models, it is crucial to also normalize the total signal.
This ensures that the data remain insensitive to variations
in laser attenuation or differences in the optical absorption
levels of different tissues, thereby preserving consistency in
the total sampled volume and optical pathlengths [33]. One
key advantage of the LDPI system is its ability to access
the power spectral density, which allows for the suppression
of intra-frame motion artifacts by excluding low frequencies
(Eq. (7)). This results in more precise perfusion estimation,
as reflected by the very low standard deviation values in the
calculation of mean perfusion (Fig. 4(a), top). Conversely,
from the practical point-of-view, the LSCI system facilitates
faster and broader measurement rounds on liver lobes by
enabling up to ten measurements, each lasting four seconds,
to be temporarily stored in a buffer before saving to memory.
However, the reliance on spatial speckle contrast rather than
the power spectra to estimate perfusion leads to less precise
results, as evidenced by the higher standard deviation values
(Fig. 4(a), bottom).

H. HIGH OPTICAL ABSORPTION IN LIVER TISSUE

The liver, characterized by its high blood content and dense
metabolic activity, exhibits a higher optical absorption coef-
ficient compared to other organs, making the study of its
blood perfusion particularly challenging. At a wavelength of
approximately 670 nm, the absorption coefficient of porcine
liver is u, = 0.29 mm~! [58], in contrast to that of the
kidney, which has a lower absorption coefficient of u, =
0.09 mm~! [59]. Using our LDPI and LSCI systems, the
laser intensities on the liver surface were 58.6 mW/cm? and
412.1 pu W/em?, respectively, resulting in spatial mean inten-
sity counts of 10.3% and 5.5% of the maximum possible
counts (i.e., 255 for an §—bit image) in the raw images. These
relatively low intensity levels may adversely affect the signal-
to-noise ratio. Future studies could address this limitation
by reducing the imaging distance, thereby increasing the
intensity on the surface. However, this approach would come
at the expense of a smaller imaging field-of-view.

I. SURFACE BLOOD ARTIFACTS

During machine perfusion, blood was observed on the sur-
faces of some lobes, potentially due to small leakage at
the connection points between the hepatic artery and por-
tal vein tubing and/or blood drainage from the vena cava
into the collection reservoir. Although these surfaces were
routinely wiped, residual blood remained in narrow surface
folds, where the Brownian motion of red blood cells cre-
ated regions of artificially high perfusion specially on LSCI
perfusion maps (see the vertical bright region in Supplemen-
tary Fig. S5(c), + &~ 0 min). These artifacts might have
interfered with accurate readings of microcirculatory per-
fusion. Enhancements could include improved cannulation
techniques for tubing connections, faster liver preparation,
and the use of pressurized air to remove blood from lobe
surfaces more effectively. Additionally, the current blood
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reservoir system only permits imaging of the liver’s top side.
Future improvements could enable imaging of the bottom
side through the incorporation of an optically transparent net
and strategically placed mirrors.

J. TOWARDS CLINICAL TRANSLATION

The findings of this study significantly advance microcircula-
tory perfusion imaging and sensing of ex-vivo organ models
during normothermic machine perfusion, providing a com-
plementary technique to dynamic contrast-enhanced ultra-
sound, computed tomography angiography, and hyperspec-
tral imaging. This approach has a wide range of clinical appli-
cations, including organ preservation prior to transplantation,
drug testing, and disease modeling. The ex-vivo liver model
used in this study, as an extreme case for optical imaging due
to its high light absorption, also paves the way for similar
testing on other organs, such as the kidney, heart, and lungs.

VI. CONCLUSION

In this study, we monitored the microcirculation of an ex-vivo
liver model under normothermic machine perfusion for over
3 hours using noninvasive and non-contact dynamic light
scattering methods: laser Doppler perfusion imaging (LDPI)
and laser speckle contrast imaging (LSCI). Spatiotemporal
analysis of perfusion indices provided valuable insights into
the liver’s physiological state. We conclude that both LDPI
and LSCI systems provide reliable measurements of micro-
circulatory perfusion, as their corresponding values show
high correlation in well-perfused lobes. Despite being sus-
ceptible to artifacts, such as the presence of blood on the
liver surface, the techniques effectively distinguish between
poorly- and well-perfused lobes, both spatially and over time.
As the primary goal of this study, we validated LSCI per-
fusion for noninvasive assessment of tissue microcirculatory
perfusion and demonstrated its potential as a complemen-
tary tool to blood sampling for monitoring organ metabolic
activity and status. Although we observed a high correlation
between perfusate pH and LSCI-derived microcirculatory
perfusion, we acknowledge the complexity of this rela-
tionship and recommend that future studies investigate the
correlation between local tissue pH and corresponding micro-
circulatory perfusion to support interpretive conclusions. Our
findings highlight the potential of dynamic light scattering
imaging methods such as LSCI for biosensing and emphasize
their value in normothermic machine perfusion, complement-
ing deep vessel angiography techniques for a broad range of
medical applications, including organ preservation and trans-
plantation. By demonstrating the feasibility of lobe-specific
perfusion monitoring using a compact and affordable LSCI
device, this study paves the way for clinical translation, with
the aim of improving intraoperative decision-making and
ultimately enhancing transplantation outcomes.

DATA AND CODE AVAILABILITY
The software developed for LDPI data processing (https://doi.
org/10.6084/m9.figshare.28024664 Supplementary Code 1
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LDPI) is available on Figshare repository with the corre-
sponding sample LDPI raw data (https://doi.org/10.6084/m9.
figshare.28025441 Supplementary Data 1 LDPI). Also, the
software developed for LSCI data processing (https://doi.org/
10.6084/m9.figshare.28025573 Supplementary Code 2 LSCI)
is available on Figshare repository with the corresponding
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