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Abstract: During liver procurement, surgeons mostly rely on their subjective visual inspection
of the liver to assess the degree of fatty infiltration, for which misclassification is common.
We developed a Raman system, which consists of a 1064 nm laser, a handheld probe, optical
filters, photodiodes, and a lock-in amplifier for real-time assessment of liver fat contents. The
system performs consistently in normal and strong ambient light, and the excitation incident light
penetrates at least 1 mm into duck fat phantoms and duck liver samples. The signal intensity is
linearly correlated with MRI-calibrated fat contents of the phantoms and the liver samples.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Liver transplantation gives more than 30,000 patients who suffer from end-stage liver diseases a
second chance of life globally every year; however, at the same time, more than 30,000 patients
are awaiting a liver transplant (LT) [1,2]. Year after year, thousands of patients on the waiting
list die due to a persistent shortage of donor livers. In the meantime, tens of thousands of donor
livers are not used for various reasons. In Brazil, 27% of retrieved donor livers were discarded,
according to a study from 2015 to 2018 [3]. In the United States, although transplant centres
transplanted 90% of retrieved donor livers from 2003 to 2016, they rejected 31% of deceased
donor livers before organ procurement [4]. In the United Kingdom, 49% of donor livers were not
used from 2018 to 2020 [5], and 39% of discards resulted from fatty liver disease (FLD) [6].
More livers can be transplanted if a quick and accurate method for donor liver fat measurements
becomes available.

FLD, also known as hepatic steatosis (HS), has been associated with increased risks of liver
graft dysfunction. A liver with more than 5.5% triglyceride content in liver wet weight is
identified as a fatty liver [7]. With an increasing prevalence of obesity and non-alcoholic fatty
liver disease (NAFLD), HS is becoming the most frequent disorder in liver grafts available
for transplantation, especially in Western countries [8,9]. Transplant surgeons are increasingly
considering fatty livers eligible for transplantation to lessen the current shortage of donor organ
supply [10]. Mild steatosis (5.5%—30%) is usually accepted as safe and has minor impact on the
rate of primary nonfunction (PNF) or post-LT outcomes.
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Severe steatosis (>60%) is associated with more risks, and the PNF rate of transplanting these
livers is high [10,11]. Meanwhile, outcomes of transplanting moderately (30%—60%) steatotic
livers are varying and controversial [12—17]. Transplant surgeons usually make a comprehensive
assessment based on the donor’s risk factors and the recipient’s health conditions to decide
whether to accept or reject a donor liver for transplantation. The assessment is performed using
the Model For End-Stage Liver Disease (MELD) and the Balance of Risk (BAR) scoring system
[18]. Therefore, an accurate assessment of the fat content of moderately fatty livers is the most
clinically relevant in the organ procurement stage.

Machine perfusion and defatting strategies bring hope to enlarging the pool of liver grafts with
less recipient risk [19]. Recent advances in ex vivo normothermic machine perfusion (NMP)
offer opportunities to preserve livers under near-physiological conditions and pharmacologically
defat macrosteatotic livers [6,20]. However, the lack of accurate metrics to assess the success of
liver “rescue” is a significant challenge to the NMP and defatting techniques. The appropriate
time to stop the intervention and proceed with the transplant remains to be studied. Measuring
triglyceride contents in the perfusate and performing liver biopsies at multiple time points are
traditional methods in existing studies [21]; however, these tests are costly, time-consuming, and
sometimes invasive to the liver.

The gold standard method to quantify liver fat content is with a liver biopsy conducted by an
expert pathologist. However, due to its high cost and resource constraints in local hospitals (i.e.,
the retrieval sites), only a small proportion of donor livers are assessed by the biopsy during organ
retrieval. In most cases of pre-LT assessment during liver procurement, surgeons rely on their
subjective visual inspection of the liver to evaluate the degree of fatty infiltration. While most
experts can identify livers with mild and severe steatosis based on the macroscopic appearance
of the liver [10], many studies indicate an assessment of moderate steatosis is challenging even
in experienced hands, and misclassification is common [21,22]. Even if the visual estimation
could make a perfect classification of mild, moderate, and severe HS, the fat content range of
each category is too large for a reliable risk prediction of fatty donor livers, especially for those
with moderate HS.

There are several non-invasive imaging methods to stage HS or quantify liver fat content,
including ultrasound (US) imaging, computed tomography (CT), and magnetic resonance imaging
(MRI). MRI is recognized as the most accurate non-invasive technique for liver fat quantification,
while US and CT are not considered reliable enough [23-25]. However, MRI is not suitable for
donors on life-support equipment.

Providing information on the vibrational and rotational states of C-H bonds in triglycerides,
Raman spectroscopy (RS) and infrared (IR) spectroscopy open up new opportunities in deter-
mining the fat content of donor livers in-situ during organ procurement. Although both RS and
IR spectroscopy techniques have demonstrated the ability to measure the content of hepatic fat
without sample preparation [26—29], water interference limits the utilization of IR spectroscopy.
The water band in Raman spectra is isolated from the spectral features of interest, thus Raman
spectra are more suitable for a precise assessment of liver steatosis. Hewitt et al. demonstrated
that RS with a 785-nm excitation wavelength could provide rapid fat content assessments, which
are highly correlated with the pathologist rating in rodent models [30]. Pacia et al. later confirmed
the potential of RS in rapid diagnostics of liver steatosis. They demonstrated that chemometric
analysis based on intensities of Raman characteristic peaks at 1000cm™" to 3200cm™! and
especially within the high wavenumber region ranging from 2800 cm™! to 3200 cm™!, is capable
of quantifying HS in mice models [31]. However, previous studies did not investigate the most
clinically relevant fat range (20%—60%).

The signal of conventional RS is feeble. Approximately one out of every 10® — 10° scattered
photons is a Raman photon. Consequently, Raman spectrometers are usually bulky because of
unavoidable chromatic dispersion elements and high sensitivity photoelectric detectors (e.g., liquid
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nitrogen-cooled CCD). They require the data collection to be conducted in a dark environment
and relatively complex chemometric analysis, which impedes the clinical application of RS for
assessing the fat content of potential donor livers.

As the scattering cross-section for fluorescence processes is an order of magnitude larger than
Raman processes, broad-band autofluorescence of biological tissues commonly drowns Raman
scattering. One common approach to suppressing autofluorescence is using longer wavelength
excitation. Mahadevan-Jansen was the first to report using 1064 nm excitation to provide almost
fluorescence-free Raman spectra of organs, including the liver [32].

In this work, we developed a Raman system consisting of a 1064 nm laser, a handheld
probe, optical filters, photodiodes, and a lock-in amplifier for real-time assessment of liver fat
content. The weak signal of characteristic Raman scattering peaks of lipids/proteins is identified
using a sensitive lock-in amplification technique, which allows for accurate detection of weak
informative signals in bright LED and ordinary luminescent ambient light. We conducted
parallel measurements of duck fat phantoms and duck liver samples using a tabletop FT-Raman
spectrometer and our Raman system. As the most accurate technique for liver fat quantification,
MRI is used to provide reference fat contents of the phantoms and liver samples.

2. Materials and methods

2.1. Hardware and data collection
2.1.1. Filter-based Raman system

The filter-based Raman system is composed of a handheld probe, a multi-channel wavelength
band selection system, and a lock-in amplification system. Figure 1(c) depicts a schematic of
the system. A 1064 nm CW Nd:YVOq laser (Model MLL-III-1064, CNI Optoelectronics Tech.,
Changchun, China) is used as the excitation source. The laser can deliver up to 500 mW of
continuous-wave power and has a transistor-transistor-logic input for modulation. A square wave
(50% duty cycle) signal from a signal generator is used to modulate the laser beam. We tested
square wave signals from 500 Hz to 10000 Hz and found 5600 Hz maximizes the output signal.

The laser beam is guided to the handheld probe [Fig. 1(a) and 1(b)] by a multimode optical
fibre patch cable (Thorlabs, Newton, NJ, USA) with a 200-um core diameter and 0.22 numerical
aperture (NA). In the excitation path of the probe, a longpass dichroic beam splitter (DBS1) with
a cut-on wavelength of 1180 nm (Thorlabs) reflects the 1064-nm beam, and the beam is focused
on the surface of a sample. The working distance of the probe is the back focal distance of lens
L2 (16.60 mm for 1064-nm light). In the collection path, lenses collect back-scattered light from
the illuminated area of the sample, and the DBS1 transmits light with wavelengths longer than
1180 nm, which is coupled into an optical fibre patch cable with a 1000-pum diameter (Thorlabs).
This fibre patch cable guides the light to the multi-channel wavelength band selection system,
where a longpass filter with a cut-on wavelength of 1400 nm (Thorlabs) further filters the diffuse
reflection light at 1064 nm. A shortpass DBS (DBS2) with a cut-on wavelength of 1500 nm
(Thorlabs) splits the filtered beam into 1550/30-nm and 1064/3-nm channels.

In the 1550/30-nm channel, Raman scattered light with wavelengths longer than 1500 nm is
filtered by a 1550-nm bandpass filter (BPF1) with a full width at half maximum (FWHM) of
30 nm (Chroma Technology, Bellows Falls, VT, USA), then focused onto a 2-mm-in-diameter
InGaAs photodiode (D1) with a spectral range of 800-1700nm (Thorlabs). This channel detects
signals within 2879 cm™! to 3012cm™! range in terms of the Raman shift, which covers the
symmetric and asymmetric stretching modes of CH, and CHj3 in lipids and proteins and the
stretching modes of = C-H bonds in lipids [33,34]. The LPF blocks 99.98% of the 1064-nm light,
and the 1064/3-nm channel detects the transmitted 0.02%. In the 1064/3-nm channel, the light
with wavelengths shorter than 1500 nm is transmitted through DBS1, filtered by a 1064-nm laser
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Fig. 1. (a) 1:1 scale handheld probe held in the author’s hand. (b) 1:1 scale handheld probe
equipped with optical elements. (c) Schematic of the optical filter-based Raman system.
L1-L5: lenses; DBS1: 1180-nm longpass dichroic beam splitter; DBS2: 1500-nm shortpass
dichroic beam splitter; LPF: 1400-nm longpass filter; BPF1: 1550/30-nm bandpass filter;
BPF2: 1064/3-nm laser line filter; D1-D2: InGaAs photodiodes; TIA: transimpedance
amplifier; LIA: lock-in amplifier.

line filter with an FWHM of 3 nm (Thorlabs). The filtered light is considered a diffuse reflection
of the sample and focused onto an identical InGaAs photodiode (D2).

The lock-in amplifier (LIA) extracts weak Raman signals from the intense noise signals at
other frequencies or random phases, which are rejected through filtering. The signal from the
LIA is a product of the internal reference signal V,.; = V,sin(w? + 6,.r) and the Raman signal
Vsig = Visin(wt + by,) from the photodiode:

Via = V. Vgsin(wt + Href)sin(wt + Qs,‘g)
1
= EV,VS{COS[((L)[ + Ore) — (Wt + byig)] — cos[(wt + Orep) + (Wi + Oyig)]} 1)
= 3V, Vycos(Orer — Osig) — 5V Vi cOSQwt + Oper + Oi)

where w is the angular laser modulation frequency 5600 X 27, and V., Vi, 0, and 6y, are the
amplitudes and phases of the reference and Raman signals correspondingly.

The mixed signal consists of a DC component %Ver cos(0,r — bsig) and a high-frequency
component %V,VS cos(2wt + O + byg). An internal low-pass filter of the LIA filters out the
signal V4 and only let the DC component to pass through.
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The output signal of the LIA is:

Vour = %Vrvs COS(Href - Gsig) @)
By locking the phase 6,,s to make cos(8,.r — 0si5) = 1, Vou, can be maximized.

2.1.2. Fourier transform-Raman spectrometer

We used a Nicolet NXR 9650 Fourier Transform-Raman (FT-Raman) spectrometer (Thermo
Scientific, Madison, WI, USA) to collect full range Raman spectra of the phantoms and the liver
samples. The NXR 9650 system uses a 1064 nm Nd:YVOy excitation laser and has a spectral
resolution better than 0.8 cm™!. The spectrometer has a spectral range of 100-3500 cm™!, which
covers all the Stokes Raman characteristic peaks investigated in the previous studies [30-32].
In the current study, each sample was excited by a 300-mW laser beam, and each FT-Raman
spectrum was an average of 64 consecutive scans.

2.1.8. Magnetic resonance imaging scanner

We used a 3T pre-clinical MRI scanner (Agilent, Menlo Park, CA, USA) to provide reference
quantification of fat content in the phantoms and liver samples. A quadrature radiofrequency (RF)
coil (Doty Scientific, Columbia, US) with an inner diameter of 30 mm is equipped to broadcast
128-MHz RF waves and acquire data.

Since the spatial resolution is not of interest in this study, we used a simple pulse-acquire
sequence to generate spectra from the bulk of the imaged volume of the sample, with a repetition
time (TR) of 8 seconds, a spectral width of 10 kHz, and eight signal averages. The protons in
triglyceride molecules have different proton resonance frequencies, with the most prominent
fat peaks shifted downfield by approximately 3.5 ppm (420Hz in a 3 T main field) from the
water peak [35]. By adequately defining the borders of the MR peaks of triglyceride and water
molecules, the fat content was calculated according to the areas of the peaks [36]:

Fat Content (%) = ek o009 (3)

Sfm peak +Swater peak

2.2. Fat-water phantoms and livers samples

Referring to a protocol developed by Bush et al. [37], we created MRI-compatible fat-water
phantoms with different fat contents by mixing a duck fat solution and an agar-water solution
in varying proportions, as shown in Table 1. The duck fat solution was composed of 300 ml
rendered and filtered pure duck fat (Rougié, Marieville, QC, Canada) and 3.0 ml of the oil-soluble
surfactant Span 80. The water solution was composed of 300 ml deionized water, 9.0 g food-grade
agar (Everland, Burnaby, BC, Canada), 0.30 g sodium benzoate, and 0.60 ml water-soluble
surfactant Tween 20. Each phantom was created by adding the water solution slowly into the oil
solution in an Erlenmeyer flask on a 280°C hotplate set to 1100 rpm. The heating and stirring
were not stopped until the Erlenmeyer flask mixture became white, creamy, and homogenous
emulsion. For fat content measurements, the emulsion was transferred to 10mm-in-diameter
glass NMR tubes (SP Wilmad-Labglass, Vineland, NJ, USA).

Flash-frozen grade-B duck foie gras (aka. fatty duck liver; Rougié, Marieville, QC, Canada)
and freeze-dried ordinary duck liver pieces (Pure Treats, Vaudreuil-Dorion, QC, Canada) were
mixed together to create duck liver samples with a variety of fat contents. We milled mushy duck
foie gras slices with pulverized freeze-dried duck liver powder in varying proportions (Table 2)
to make the mixtures as homogeneous as possible. For fat content measurements, the duck liver
mixtures were transferred to the NMR tubes. To compensate for the loss of free water of the
freeze-dried duck liver pieces, we added deionized water into the NMR tubes and stirred the
mixture to ensure homogenous absorption.



Research Article Vol. 13, No. 10/1 Oct 2022/ Biomedical Optics Express 5236 |

Biomedical Optics EXPRESS P

Table 1. The formula of agar-water phantoms and corresponding nominal fat content

# Agar-water solution (ml) Duck fat solution (ml) Nominal fat content (%)
P1 Arbitrary 0 0
P2 28.5 1.5 5
P3 27.0 3.0 10
P4 25.5 4.5 15
P5 24.0 6.0 20
P6 225 75 25
P7 21.0 9.0 30
P8 19.5 10.5 35
P9 18.0 12.0 40
P10 44 3.6 45
P11 15.0 15.0 50
P12 12.0 18.0 60
P13 0 Arbitrary 100

Table 2. The formula of duck liver samples

# Fatty duck liver (mg) Freeze-dried duck liver (mg) Deionized water (ul)
L1 3000 0 0
L2 2800 200 400
L3 2600 400 800
L4 2400 600 1200
L5 2200 800 1600
L6 2000 1000 2000
L7 1800 1200 2400
L8 1600 1400 2800
L9 1400 1600 3200
L10 1200 1800 3600
L11 1000 2000 4000

As all the animal materials in this study were classified as food, no ethics approval was required
according to the Ethics of Animal Investigation by the Canadian Council on Animal Care (CCAC)
and the guidelines of the Dalhousie University Committee on Laboratory Animals (UCLA).

3. Results

3.1.  Fat content calibration and verification of Raman signals

Duck fat phantoms P1 (i.e., pure agar-water solution) and P13 (i.e., pure duck liver fat) were used
as standard samples for calibrating MRI readings and providing reference FT-Raman spectra.
Figure 2(a) and 2(b) represent MR spectra and Raman spectra of duck fat phantoms P1, P11
(50% fat content in name), P13, and duck liver sample L1 (Fatty duck liver) in the —7.0 to 0 ppm
and the 2750 to 3050 cm™! regions, respectively. The duck fat phantoms’ highest MR water
peak and fat peak emerged at approximately —1.7 ppm and —5.2 ppm, respectively. The MR
fat and water peaks were broadened in the duck liver sample, owing to the inhomogeneity of
the main magnetic field caused by iron in the liver. Accordingly, we defined the MR fat-peak
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regions as —6.5 to —5 ppm for the phantoms and —6.5 to —3.7 ppm for the liver samples. As for
the MR water-peak region, we defined —3.5 to —1 ppm for the phantoms and —3.2 to O ppm for
the liver samples. The phantoms unavoidably contain iron elements. Iron is ferromagnetic and
causes inhomogeneity of magnetic field and interfere with the chemical shift [38,39]. With the
increment of fat fraction, the concentration of iron elements rises in the phantoms and causes
more severe inhomogeneity, MR signal dephasing, and consequently MR peak shifts.

—— Phantom P13 ------ Phantom P11 —— Phantom P13 ------ Phantom P11

------------- Phantom P1  —-—-- Liver sample L1 - Phantom P1  —-—--Liver sample L1
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Fig. 2. (a) MR spectra, (b) FT-Raman spectra, and (c)(d) filter-based Raman system phase
scans of phantom P1 (pure agar-water solution), P11 (50% fat content in name), P13 (pure
duck liver fat), and liver sample L1 (Fatty duck liver) . Each data point on the phase scans is
the mean value of ten repetitive collections at the same 6, with-100 ms intervals.

The FT-Raman peaks [Fig. 2(b)], as expected, did not shift with varying fat content. As the
figure shows, the spectra have strong Raman characteristic peaks of lipids/proteins in the region
of 2850 to 3000 cm™~!. Although agar has a recognizable Raman peak centered at 2926 cm~! due
to asymmetrical and symmetrical CH, stretch, the concentration of agar in our P1 phantom is
low, thus no Raman peaks of agar are recognizable [40]. The intensities of the Raman peaks are
positively correlated with the fat content in the phantoms and liver samples.

To calibrate our Raman system, we first placed the samples at positions where the distance
from the back surface of lens L2 to the front surface of the sample is equal to L2’s back focal
length. By changing the LIA internal reference phase 6,., we conducted phase scans within
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—180 and +180 deg with a step size of 2 deg to find the maximum of signals from 1550/30-nm
and 1064/3-nm channels for each of the four samples [Fig. 2(c) and 2(d)]. The maximum of the
signal was observed at 87 deg phase difference. All further measurements were conducted with
the LIA internal reference phase 6, locked to this value.

3.2.  Performance of the filter-based Raman system

To imitate a shadowless light environment in an operating room, we used a 10000 Im LED light
torch to illuminate the pure duck fat phantom P1, as Fig. 3(b) shows. Since the illuminated
area is smaller than 100 cm?, the illuminance E, = %‘—efl">107 Ix, which is larger than typical
illuminance in the operating room [41]. To compare the performance of our Raman system in
different background light environments, we conducted separate phase scans for P1. Figure 3(c)
represents the results of the phase scans obtained from our Raman system in ordinary fluorescent
light and intense LED ambient light. Each data point is a mean of ten measurements at the
same area of each phantom. The mean values of the differences of all-phase signal voltages are
found to be small in comparison with the informative signal voltage, especially within the phase
range of 80 to 100 deg (ratio ranges from 0.022% to 0.067%), indicating that the differences are
statistically negligible in both informative channels. This confirms that our Raman system is
impervious to normal and strong ambient light and should be fully functional in the typical light
conditions of the operating room. This is the first report of a Raman-based measurement system
operating under lighting conditions because of the lock-in amplification technique.

(a8)  Fluorescent room light —=— 1550/30-nm channel—— AV, (1550/30-nm)
60+ |—— 1064/3-nm channel ------ AV, rage (1064/3-nm)

‘ (normal light)

(9) 10000 Im LED light
(strong light)

22 \ -401
B
-

-60 4

-180  -120 -60 0 60 120 180
Reference Phase 6; (deg)

Fig. 3. Pure duck fat phantom under (a) ordinary fluorescent room light (normal light) and
(b) 10000 1m LED light (strong light). (c) Voltage signal differences (AV = Vyong light —
Viormal light) Of fat content measurements using the filter-based Raman system under strong
and normal light. The error bars are the standard deviations over three sequential repositioning
measurements (with a repetition rate of 10 and a time interval of 100 ms at each 6,,¢).

Figure 4(a) and 4(b) show the maximum recovered signal voltages obtained from the system as
a function of the MRI-estimated fat content in the duck phantoms P2-P13 and duck liver samples
L1-L11 ranging from 10% to 60%, which covers the clinically relevant range of 20%—60%. The
signal intensity from 1550/30-nm information channel is linearly correlated to MRI-calibrated
fat content of the phantoms (y = 11.54x — 79.10; r> = 0.980) and the duck liver samples
(v = 11.26x — 72.43; > = 0.964). The signal from 1550/30-nm information channel represents
Raman characteristic peaks of lipids/proteins in the 2750-3050 cm™' region. The linearity has
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been demonstrated experimentally that the intensity of observed Raman scattering is proportional
to the fat content fraction. This linear behaviour also indicates that the signal from 1550/30-nm

channel can be directly translated into the fat content readings.
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Fig. 4. Signal intensities of the 1550/30-nm channel and the 1064/3-nm channel of (a) duck
fat phantoms P2-P12 (5%—60% fat content in name) and (b) duck liver samples L1-L11. (c)
Duck fat phantoms P1-P13 (from left to right). (d) Duck liver samples L1-L11 (from left to
right). Comparisons of signal intensities of the 1550/30-nm channel with the FT-Raman
intensities using (e) duck fat phantoms P2-P12 and (f) duck liver samples L1-L11. The
fat contents were calibrated using the 3T MRI scanner. The error bars are the standard
deviations over three sequential repositioning by reinserting the containers into the MRI
RF coils and putting the handheld probe on different locations. The parameters of optical
properties were provided by Refractivelndex.INFO database.

The signal intensity from 1064/3-nm information channels shows the strength of diffuse
reflection of the samples [Fig. 4 (a) and 4(b)]. The signal intensity curves from 1064/3-nm
channel can be linearly fitted by y = 4.37x + 102.66 (+* = 0.958) for the phantoms and
y = 4.06x + 108.77 (> = 0.927) for the liver samples. However, the linear fittings lack physical
significance. We used Mie theory to model the reflectance of the phantoms and the livers [42-45].

According to the research on lipid-water emulsion by Nachabé et al. [42], our water-fat
phantoms [Fig. 4(c)] were assumed to be composed of 3.9 to 5.1 ym-in-diameter lipid spheres
within a water medium. When the fat content increases in the water-fat phantoms, the lipid
spheres become larger, and their concentration per unit volume increases. Mie theory predicted
the trend seen in Fig. 4(a) and 4(b).
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As the liver samples [Fig. 4(d)] were made by mixing fatty livers with freeze-dried livers, the
change in liver fat content was solely because of the concentration of the ballooning (fatty) liver
cells. A typical fatty chicken liver has fat droplets of different sizes ranging from 6 ym to 18 pm
in diameter [46]. Accordingly, we modelled our duck liver sample as 12-um-in-diameter lipid
spheres in a normal liver tissue medium. Figure 4(a) and 4(b) show that the modelled reflection
curve agrees with the measured reflection from the 1064/3-nm channel, indicating that the Mie
theory could explain the behaviour of diffuse reflectance of livers of various fat content.

Figure 4(e) and 4(f) provide comparisons of intensities of signals collected using our Raman
system and the NXR 9650 FT-Raman spectrometer. While the signal from the Raman system
was measured directly, the FT-Raman signal was obtained using the following equation:

Irr = C-Z\ s omn b @
where C is a multiplication factor, and /,, is the intensity of light at a specific Raman shift along
the width of the 1550/30-nm optical filter, i.e., between 2879 cm~! and 3012 cm™!. Our Raman
system results agree well with the results obtained from the FT-Raman measurements, with linear
correlation coefficients 72 = 0.986 (phantoms) and > = 0.934 (liver samples).

According to Xu et al., human liver is covered by a double-layer membrane Glisson’s capsule,
the thickness of which is generally less than 20 um [47]. Hence, only when the penetration
depth of the incident 1064 nm light is larger than 20 pm a Raman based optical system is able
to measure liver fat content in situ. Meanwhile, although the spread of lipid in human livers
is relatively homogeneous [48], the system must provide information on fat content in regions
deeper than several layers of liver cells.

By placing the duck liver sample L1 beneath an optically identical cage-based Raman system,
we adjusted the distance from the back surface of the lens L2 to the front cover of the sample (as
Fig. 5(e)-5(g) present) and collected the signal voltages of both informative channels. When the
focal plane of lens L2 is just at the top surface of the sample, we defined this focal plane position
as 0. Positive values of the focal plane position indicate that the focal spot is inside the sample.
In contrast, the negative values of the focal plane position indicate that the focal spot is outside
the sample.

The system is theoretically able to collect scattering light from the entire depth of field;
therefore, if the light does not attenuate when transmitted through the sample, the larger the
sample volume is in the scope of the depth of field, the more scattered light the system collects.
The area illuminated by the focal spot always has the strongest Raman scattering.

In actual liver samples the light gets attenuated. When the focal plane is moved deeper into
the sample, the volume contributing to Raman scattering becomes larger; however, the focal
spot area contributes less photons to Raman scattering, as the incident light is attenuated more
along the sample. When the signal voltage reaches maximum, the Raman scattering increment
(due to the increase of illuminated volume) counteracts the Raman scattering decrement (due
to the decreased collection efficiency caused by attenuation). Therefore, the theoretic focal
plane position where the 1550/30-nm channel outputs the highest signal voltage is the minimum
penetration depth of the incident light. As presented in Fig. 5(a) and 5(c), the penetration depth
of the 1064-nm laser is at least | mm into the phantoms and liver samples, proving its capability
of penetrating the Glisson’s capsule and cell layers near the surface.

We also observed maximum signal voltages of the 1064/3-nm channel near the 1 mm focal
plane position [Fig. 5(b) and 5(d)]. However, the change of the 1064/3-nm signals was not
as intense as the 1550/30-nm signals because the 1064/3-nm signals represented the intensity
of diffuse reflectance of the samples. Secondary 1064-nm scattering photons of the diffuse
reflectance are likely to be collected by the lenses but not likely to excite more Raman photons.
A model of diffusion developed by Farrell et al [45]. could explain the diffuse reflectance of the
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Fig. 5. Signals voltages of (a) the 1550/30-nm channel and (b) the 1064/3-nm channel vs.
the focal plane position of duck fat phantoms P5 (20% fat content in name), P9 (40% fat
content in name) and P12 (60% fat content in name). Signals voltages of (c) the 1550/30-nm
channel and (d) the 1064/3-nm channel vs. the focal plane position of duck liver samples L1,
L5 and L9. (e) Natural-color image of the duck liver sample L1 at the focal plane position of
—6.35 mm. IR image of scattering of the duck liver sample L1 at the focal plane position of
(f) —6.35 mm, (g) 0, and (h) 6.35 mm. The error bars are the standard deviations over 300
sequential measurements with a time interval of 100 ms.
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incident light from tissues; however, the theoretical explanation is not in the scope of the current
study.

Although samples L5 and L9 have significant difference in 1550/30-nm signals, they yield
similar signals for the 1064/3-nm channel. This is very likely due to inherent differences in the
mixture of fatty and dried duck livers, including differences in equivalent lipid sizes and the size
of impurities.

4. Discussion and conclusions

The need for a rapid and accurate tool for hepatic steatosis (HS) assessment of donor livers
is increasing. In this work, we developed a Raman system consisting of a 1064 nm laser,
a handheld probe, appropriately selected optical filters, InGaAs photodiodes, and a lock-in
amplifier for real-time assessment of fat content in livers. We evaluated the performance of the
system by measuring fat content in the lab-made duck fat phantoms and duck liver samples and
cross-validating the results against an MRI scanner and an FT-Raman spectrometer.

The fluorescence which commonly interferes with Raman signals in tissues was avoided by
using a 1064 nm excitation light. The weak signals of characteristic Raman scattering peaks
and the diffuse reflectance of the samples were identified using a sensitive lock-in amplification
technique.

The 1550/30-nm informative channel of the Raman system provides a signature of Raman
scattering in the region of 2879 to 3012 cm™!, which represents the symmetric and asymmetric
stretching modes of CH, and CH3 in lipid and proteins, as well as the stretching modes of = C-H
bonds in lipids. The intensity of signal from 1550/30-nm information channel is linearly correlated
with 3 T MRI-calibrated fat content of the phantoms (y = 11.54x — 79.10; > = 0.980) and the
duck liver samples (y = 11.26x — 72.43; > = 0.964). The signal voltages agree with the Raman
intensity provided by the FT-Raman spectrometer, with linear correlation coefficients 7> = 0.986
(phantoms) and r? = 0.934 (liver samples). Compared with a moderate resolution FT-Raman
system, our Raman system has clear advantages as it is smaller in size, simple in terms of design
and data analysis, and fifteen-fold cheaper ($5,000 vs. $75,000).

The signal from the 1064/3-nm channel represents the intensity of diffuse reflection of the
samples. The signal intensity vs. MRI-calibrated fat content curves from 1064/3-nm channel can
be linearly fitted by y = 4.37x + 102.66 (> = 0.958) for the phantoms and y = 4.06x + 108.77
(r> = 0.927) for the liver samples. The Mie theorey could explain the reflectance, and it is
more suitable for the liver samples. Since the physical mechanisms of Raman scattering and
diffuse reflection are different, the 1550/30-nm channel, which was shown to have stronger signal
voltages and better linearity, can act as a major channel, and the 1064/3-nm channel can provide
cross-validations of the liver fat content readings in the clinically relevant range.

Overcoming Raman spectroscopy’s susceptibility to background light interference, our Raman
system performs consistently in the normal and the strong ambient light, which is confirmed by
the phase-scan results. This is because the fractions of 1064-nm and 1550-nm light are negligible
in the emission spectra of fluorescent and LED light sources, and more importantly, the lock-in
detection subtracts periodic voltages signal at 5600 Hz and blocks voltage signals of fluorescent
and LED light at 50-60 Hz, in together with other non-periodic background light.

The system achieves a penetration depth of at least 1 mm into the phantoms and liver samples,
which enables collecting information from a considerable volume of liver parenchyma beneath the
double-layer Glisson’s capsule. These two features make the system capable of in-situ diagnosis
of the degree of HS and the liver fat content in the operating room under bright LED surgical
light. Compared with the volume of livers, the penetration depth is shallow. Fortunately, to some
extent, there is homogeneity of hepatic lipid distribution in most cases of NAFLD, which makes
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the superficial measurement by our customized probe representative of intrahepatic fat content
[49-51].

Glisson’s capsule consists of connective tissue of typical Type-I collagen fibrils [52]. The
absorption of type I collagen to light above 1064 nm is in the range of 0.04 to 2.5cm™! [53].
Considering the thickness of which is generally less than 20 pm, the absorption of the Glisson’s
capsule is reasonably negligible [47].

The laser fluence will be influenced by scattering and absorption processes. The structure of
the tissue (e.g., lipid particle size, cell size, and collagen) and its photoactive components (e.g.,
bilirubin) will ultimately determine the minimum penetration depth.

This is the first report of a Raman-based measurement system operating under normal lighting
conditions because of the use of a lock-in amplification technique. This technique enables
analyzing signals of characteristic Raman peaks without a spectrometer. Our optical filter-based
Raman system has many advantages over surgeon’s visual inspection and other non-invasive tools.
It is accurate, non-invasive, cost effective, fast, and expected to be easy to use in an operating
room. It can provide an objective assessment of the liver fat content from which liver transplant
surgeons could benefit to make more confident estimations about the risks of liver grafts. The
next step of this study will be examining ex situ and in vivo human livers in transplant centres.
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