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Jan H Nilsson

Abstract

Background: Liver parenchymal injuries such as steatosis, steatohepatitis, fibrosis and
sinusoidal obstruction syndrome can lead to increased morbidity and liver failure after liver
resection. Diffuse reflectance spectroscopy (DRS) is an optical measuring method that is fast,
convenient and established. DRS has previously been used on the liver with an invasive
technique consisting of a needle that is inserted into the parenchyma. We have developed a
DRS system with a hand-held probe that is applied to the liver surface. In this study we have
investigated the impact of the liver capsule on DRS measurements and whether liver surface
measurements are representative of the whole liver. We also wanted to confirm that we could

discriminate between tumor and liver parenchyma with DRS.

Materials and methods: The instrumentation setup consisted of a light source, a fiber optic
contact probe, and two spectrometers connected to a computer. Patients scheduled for liver
resection due to hepatic malignancy were included, and DRS measurements were performed
on the excised liver part with and without the liver capsule and alongside a new cut surface.
To estimate the scattering parameters and tissue chromophore volume fractions, including
blood, bile and fat, the measured diffuse reflectance spectra were applied to an analytical

model.

Results: In total, 960 DRS spectra from the excised liver tissue of 18 patients were analyzed.
All analyzed factors regarding tumor versus liver tissue were significantly different. When
measuring through the capsule, blood volume fraction was found to be 8.4+3.5%, lipid
volume fraction was 9.9+4.7% and bile volume fraction was 8.2+4.6%. No differences could
be found in surface measurements compared to cross-section measurements. In measurements
with/without the liver capsule the differences in volume fractions were for blood, lipid and

bile 1.63 (0.75 - 2.77)%, -0.54 (-2.97 - 0.32)% and -0.15 (-1.06 - 1.24)%, respectively.
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Conclusion: This study shows that it is possible to manage DRS measurements through the
liver capsule and that surface DRS measurements are representative of the whole liver. The
results are consistent with earlier published data on the combination of liver chromophores.
The results encourage us to proceed with in-vivo measurements for further quantification of

liver composition and assessment of parenchymal damage such as steatosis and fibrosis grade.
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Introduction

In liver surgery, assessment of parenchyma characteristics is valuable when considering the
resectability of liver tumors. Liver parenchymal injuries due to chronic liver disease and
preoperative chemotherapy can lead to increased morbidity and liver failure after liver
resection [1-3]. Although steatosis can be detected non-invasively with magnetic resonance
imaging, and liver fibrosis can be evaluated with elastography, histological analysis of a liver
biopsy remains the gold standard for assessing the degree of steatosis, fibrosis and
steatohepatitis [4-6]. Sinusoidal obstruction syndrome is a chemotherapy-induced liver
damage that is difficult to discover preoperatively [7]. As a predictive marker, volumetric
changes of the spleen size have been suggested for identification of sinusoidal obstruction
syndrome [8]. However, at the time of surgery, previously unknown liver damage may be
found or suspected, calling for methods for intraoperative identification and quantification of
this damage.

Diffuse reflectance spectroscopy (DRS) is an optical measuring method that is fast,
convenient and relatively established, and is used in different areas as lung, breast, skin and
gut [9-13]. The tissue is illuminated with light from a broadband light source and the diffusely
reflected light, after interacting with the tissue, is collected and analyzed. By fitting the
analyzed data to a mathematical model, tissue characteristics such as structure and
composition can be estimated.

Evers et al. have shown promising results using DRS in liver tissue in both ex-vivo and in-
vivo clinical studies where they have demonstrated high accuracy in discriminating between
liver and tumor parenchyma, and also the possibility to quantify parenchyma compounds such
as steatosis [14-16]. However, their equipment consists of a fiber optic needle that is inserted
into the parenchyma, which could be problematic to implement in a clinical setting.

Therefore, the aim of the present study was to develop a DRS system with a hand-held
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custom-made probe applied to the liver surface. As the penetration depth of light is limited to
a few mm in liver tissue, surface measurements are limited to the most superficial part of the
liver and require measurements through Glisson’s capsule. Glisson’s capsule is the membrane
covering the liver surface and is made up of elastin and collagen fiber networks [17]. The
impact on Glisson’s capsule on DRS measurements was investigated. Because of the short
penetration depth of light, it is necessary to examine whether liver surface measurements are
representative of the whole liver. Additionally, we wanted to confirm that we could

discriminate between tumor and liver parenchyma with DRS.

Materials and Methods
DRS system

The instrumentation setup consisted of a light source, a fiber optic contact probe, a probe
cylinder and two spectrometers connected to a computer with computer software for data
collection (Fig. 1). A Tungsten-Halogen light source (Ocean Optics HL-2000-HP, Ocean
Optics, FL, USA) was used emitting light from around 360 to 2000 nm through a custom-
designed 10 mm diameter trifurcated fiber bundle probe attached to a 25 mm probe cylinder,
thereby minimizing pressure effects, stabilizing the probe, and removing the impact of
ambient light. The fiber bundle consisted of a single 400 um diameter illuminating fiber in the
center and ten collecting 200 um diameter fibers placed in a ring with a source-detector
separation of 2.5 mm. A close-up image of the probe top is shown in Fig. 2. Every other
collecting fiber was connected to a spectrometer in the visible wavelength range (Ocean
Optics QE6500-VIS-NIR, Ocean Optics, FL, USA) and the others were connected to a
spectrometer in the near infrared range (Ocean Optics NIRQuest512, Ocean Optics, FL,
USA). Using these two spectrometers simultaneously, spectra were obtained in the range
400-1600 nm. To control the spectrometers and acquire data, computer software (Ocean-

View, Ocean Optics, FL, USA) was used on a standard personal computer laptop.
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Mathematical model

The wavelength dependence of scattering was described in terms of the separate contributions
of Rayleigh and Mie scattering at a reference wavelength (4,) set to 800 nm, u;(1) =

us(Ae) (p(A/20)72 + (1 — p)(A/25)~%), where the scaling factor u.(4,) corresponds to the
reduced scattering amplitude at this specific wavelength, b the Mie scattering slope and p

denotes the Mie-to-Rayleigh fraction of scattering [18].

In liver tissue the absorption in the visible wavelength range is dominated by hemoglobin and
bile, whereas water, lipid and collagen are the main absorbers in the near infrared wavelength
range [14,19,20]. The blood related absorption is represented through the effective absorption
coefficient for a volume of tissue containing blood vessels as u2°°4(1) = C(A)cy,rui®T (1),
where cy,r is the total hemoglobin volume fraction, St0, is the level of hemoglobin oxygen
saturation, and %7 (1) = St0,u %2 () + (1 — St0,)utP (2). uP%2(2) and plb (1)
correspond to the absorption coefficients of fully oxygenated and deoxygenated whole blood,
given an average hemoglobin concentration of 150 mg/ml. The pigment packaging factor
(C(A)) was used to account for inhomogeneous distribution of hemoglobin in vessels [21] and
is a function of the average vessel optical density C(1) = (1 — e‘ZR“ng(’U)/(ZRug’bT (/1)),
where R corresponds to the average vessel radius. Furthermore, as suggested by Nachabe
et al. [22], the absorption coefficients of lipid (uf;ipid (1)) and water (u¥%te" (1)) were
combined to avoid covariance since both substances absorb light over the same wavelength
range, resulting in a more stable fit 12/ (1) = ey [fripiatte?'*(A) + (1 = fripia) 25 (A)].
The coefficients ¢y, and f1;,iq represent the total volume fraction of water and lipid in the
probe volume and the lipid fraction within this volume, respectively. Finally, the absorption
Collagen

due to bile and collagen is represented as u3*"*" (1) = cpyeps™ (1) + Cconagenta ),

where cg;eand ceouqgenare the bile and collagen volume fractions respectively. Using
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available absorption spectra from the literature [19,23-28] as a priori knowledge to the model,
we assume that the linear combination puZs%€ (1) = uB°4 (1) + uL (1) + u2t"er (1) can
fully approximate the absorption coefficient within the liver tissue volume probed by the

light.

Clinical design

The regional ethics committee approved the study protocol (Dnr2014/788), and oral and
written informed consent was obtained from all patients. Patients scheduled for liver resection
due to hepatic malignancy were included. DRS measurements were incorporated in the
standard liver resection surgery procedure and were performed on the excised liver section
within 10 minutes after resection. The light source and the spectrometers were left on for at
least 15 minutes to warm up prior to measurements. A background spectrum was acquired by
simply shutting off the light input and thereafter measuring the output signal from each pixel
with no light incident onto the two detectors. To record the spectral power distribution of the
light source, the wavelength-dependent response of the instrument, and the throughput of the
fiber optic probe, an intensity calibration spectrum was measured on a spectrally flat white
reflectance standard (Spectralon SRS-99-010, Labsphere, Inc., USA). The calibration and
measurement procedures used the same integration time and the procedure was designed to
provide backscattered light in the same order of magnitude as liver tissue, enabling fixed
integration times. Background and intensity calibration spectra were recorded before and after
a set of tissue measurements. The probe, including approximately 2m of the fiber cable
system, was encased in sterile foil (Video camera laser drape, Microtek Medical B.V.,
Zutphen, The Netherlands). Measurements were first made directly on the liver parenchyma
with an intact capsule followed by measurements on approximately the same position after the
capsule had been removed. Secondly, a new cut surface was made through the

macroscopically normal tissue perpendicular to the liver surface and measurements were
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obtained in series following sequences of 5 mm starting from 0 mm up to a maximum of 30
mm depending on tissue thickness. Finally, measurements were made directly on tumor
tissue. The size of the excised liver section greatly varied resulting in that the number of
measurements that could be made on each specimen also varied. Each collected DRS
spectrum was made up from the average of ten different measurements, five from each
spectrometer. After DRS measurements, the excised liver tissue was fixed in 4% formalin for
histological analysis which was later performed by a pathologist, using hematoxylin and eosin
stain and trichrome stain. Steatosis was classified according to D’ Alessandro et al. [29]. To

rescale the lipid volume fraction to the area fraction used by the pathologist, the following

formula was used: Lipid, o me = %E (Lipidgyeq)’? [15,30].
Data analysis

All raw tissue spectra as well as the intensity calibration spectrum were background corrected
by subtracting the acquired background spectrum. Diffuse reflectance spectra were thereafter
calculated through standard intensity normalization. To form continuous spectra from 400 to
1600 nm, the overlapping wavelength region of the two spectrometers was used to compute a
merging factor. The merging factor depends on the optical contact state between the probe
and the tissue as well as on the homogeneity of the probe volume and should ideally be equal
to one. To estimate the scattering parameters and chromophore volume fractions of the probed
tissue volume, the measured diffuse reflectance spectra were applied over the wavelength
range from 550 to 1450 nm with the analytical model introduced by Farrell et al. [31]. The
applicability of this single source analytical light propagation model, derived from diffusion
theory, is a well-studied and validated inverse problem that requires the distance between the
emitting and collecting fibers at the tip of the probe as well as known wavelength-dependent

absorption coefficients of the relevant chromophores as input arguments [31-34]. The tissue
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regions from which the spectra were derived were assumed to be optically homogeneous, a
standard non-linear least squares fitting algorithm available in the MatLab software package
(MathWorks Inc., Natick, MA) was applied and the method described by Amelink et al. [35]
to assess the reliability of the estimated parameters was used. Quantitative estimates of the
scattering and absorption parameters were revised iteratively to minimize the difference

between the spectrum generated by the model and that acquired from the liver tissue.

Statistical analysis

Results are expressed as mean (standard deviation) or median (interquartile range). A Mann-
Whitney U-test was used to compare continuous data, and related samples were compared
with a Wilcoxon signed-rank test. A p<0.05 was considered statistically significant. Statistical

analysis was performed using IBM SPSS Statistics version 22 (IBM, Armonk, NY, USA).

Results

Analysis was conducted on 960 DRS spectra from 192 measurement points, from 18 patients’
excised liver tissue. Capsular measurements were made on 15 patients, depth measurements
on 11 patients and tumor measurements on 15 patients. Fifty-four out of the total 192
measurement points were made on tumor tissue. Patient characteristics are shown in Table 1.
Typical DRS spectra as a function of wavelength for with/without capsule, surface/cross-
section and tumor/healthy liver tissue are shown in Fig. 3. Fig. 4 shows boxplots of DRS
factors for tumor versus healthy liver tissue. All analyzed factors regarding tumor versus liver
tissue were statistically significantly different. In Table 2, relevant model analysis results
regarding capsule versus no capsule and surface versus cross-section measurements are
shown. In all through capsule measurements, blood volume fraction was found to be
8.4+3.5%, lipid volume fraction 9.9+4.7% and bile volume fraction 8.2+4.6%. All included

patients had histological steatosis grade 0 or 1 and no patient had significant fibrosis.
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Discussion

In this study, a new method to perform surface measurements on human liver is presented.
Making surface DRS measurements of the liver with a hand-held probe is a, to the liver, non-
invasive technique that ultimately is intended to be used to evaluate liver parenchymal
damage in real time. By making surface measurements on multiple sites, the method is less
sensitive to sampling error as is the case with biopsy [36]. Evers et al. made DRS
measurements on human liver by using an invasive technique with a fiber optic needle. This
should be equated with needle biopsy where hemorrhage is a potential adverse event [37].
Thus, a surface measurement is preferable. Surface DRS probes have been used in several
settings [12,38], but never in measurements of internal organs of humans. In this study, non-
invasive DRS measurements with a surface probe on resected liver specimens originating

from 18 patients were made.

Our measurements were applied to an analytical model that has been used by others in similar
settings [16,31,33,39]. When measuring on the liver surface through Glisson’s capsule, the
volume fraction values found were 8.4% blood, 9.9% lipid and 8.2% bile. This lipid volume
fraction is equivalent to a lipid area fraction of 5.6%, reflecting the low steatosis grade of the
included patients. The values are also consistent with previous results using similar

technology [14,16].

In a previous study on human hepatic microcirculation with a hand-held microscope, the liver
capsule had to be removed to allow measurements [40]. The impact of the capsule was
therefore particularly interesting to evaluate when measuring with DRS. In this study,
measurements through the liver capsule resulted in a slightly reduced, but consistent, diffuse
reflectance in the visible wavelength range and no influence in the near infrared range (Fig.

3). The shape of the spectra was not affected. Apart from blood volume fraction, which was

10
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found to be somewhat greater with the capsule intact, no difference could be found in liver
parenchyma composition when measuring through the liver capsule compared to without liver
capsule (Table 2). The difference in blood volume could be related to the process of removing

the capsule, which inevitably involved removing some subcapsular blood.

The penetration depth in our DRS measurements is wavelength-dependent [31], with a
maximum, according to our calculations, of 7 mm at 1070 nm, which limits the measurements
to the most superficial part of the liver tissue. Although steatosis heterogeneity can be
significant [41], we have found nothing implying tissue structure is inhomogeneously
distributed regarding the parenchyma depth when making scattered measurements of the liver
surface. In our measurements, liver parenchyma composition was the same at the surface as
compared with cross-section. Thus, scattered surface measurements are proposed to be
representative of the normal liver. However, we have not analyzed severe pathology such as

steatosis and fibrosis, which remains to be investigated further.

Previous DRS studies on human liver tissue have shown that liver tissue contains more blood
and fat than tumor tissue [14,16]. This is consistent with the findings of the present study and
is probably due to normal liver tissue being extremely well vascularized [16]. As shown in
Fig. 3, there is a difference in diffuse reflectance spectra between tumor and liver tissue. This
is particularly evident in the wavelength range between 500 and 900 nm where hemoglobin
and bile are the dominant chromophores [16]. In the present study, liver parenchyma could be
distinguished from that of tumors with high certainty (Fig. 4), similar to previous results
[14,16]. However, the future purpose is not to detect tumors with this method, but to evaluate
liver parenchymal damages such as steatosis, steatohepatitis and sinusoidal obstruction
syndrome. These types of damage are common after preoperative chemotherapy and have
been shown to increase postoperative complications and worsen long-term prognosis after
liver resection for colorectal metastases [3,7,42-44]. Another possible use is in the setting of

11
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orthotopic liver transplantation for assessment of fatty liver grafts [10]. It has been shown that
>30 % hepatic steatosis is associated with decreased graft survival [45]. Hence, a reliable tool

for intraoperative evaluation of liver steatosis is required.

Limitations to the method of DRS surface measurements consist mainly of a potential
alteration of parenchyma composition due to pressure from the probe. To resolve this, a
custom-made probe cylinder (Fig. 2) was used in order to distribute tissue pressure more
consistently and the probe was only gently applied to the liver surface with as little pressure
as possible. In an experimental study on skin the impact of contact pressure-induced spectral
changes was investigated, showing decreased reflectance with the applied contact pressure

[46].

Although the included number of patients in this study was small, the total number of
collected DRS spectra was high, implying reliability of the data. As this study was an ex-vivo
study and absorption coefficients vary slightly with temperature there is a possibility that the
measurements will result in marginally different values in an in-vivo setting. To minimize this
possibility, the measurements were made in the operating theatre directly after the liver
specimen was resected in order to enable measurements on tissue as close to body

temperature as possible.

Conclusion
This study shows that it is possible to manage DRS measurements through the liver capsule

and that surface DRS measurements are representative of the whole liver. The method could
distinguish between tumor and liver tissue on all declared parameters. The results are
consistent with earlier published data on the combination of liver chromophores. The results
encourage us to proceed with in-vivo measurements for further quantification of liver

composition and assessment of parenchymal damage such as steatosis and fibrosis grade.
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Figure legends

Fig 1. Schematic picture of DRS instrumentation consisting of a light source, a fiber optic

contact probe, and two spectrometers connected to a computer.

Fig 2. Picture of the 10 mm diameter trifurcated probe attached to a custom made cylinder
with a diameter of 25 mm, thereby minimizing pressure effects, stabilizing the probe, and
removing the impact of ambient light.

Fig 3. Typical diffuse reflectance spectroscopy (DRS) spectra. Left: with (solid-line curve)
and without (point-marked curve) capsule on liver tissue. Middle: surface (point-marked
curve) and cross-section (solid-line curve) on liver tissue. Right: tumor without capsule
(point-marked curve) and liver tissue with capsule (solid-line curve).

Fig 4. Boxplots of tissue parameters for liver versus tumor tissue. Outliers are displayed with

ared + sign.
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Table 1. Patient characteristics.

No. of patients 18
Gender (male:female) 11:7
Age (years, range) 69.5 (45-78)
Diagnosis
Colorectal liver metastases 14
Hepatocellular carcinoma 3
Duodenal cancer metastases 1

Table 2. DRS results with/without capsule and surface/cross-section measurements.

Capsule Depth
Difference P Difference P
with/without surface/cross-section
Reduced scattering -0.33(-1.28-0.46)  0.156 -0.51 (-1.14-0.63) 0.477
coefficient at 800 nm (cm™)
Mie to total scattering 0.83(-12.97-9.78)  0.910 -0.02 (-11.48-3.19) 0.534
fraction (%)
Blood volume fraction (%)  1.63 (0.75 — 2.77) 0.001 -0.58 (-1.78 — 1.20) 0.477
Lipid volume fraction (%) -0.54 (-2.97 - 0.32) 0.100 -1.04 (-2.82 — 1.47) 0.477
Bile volume fraction (%) -0.15 (-1.06 —1.24)  0.955 -0.31 (-0.49 — 2.48) 0.374

Data are presented as median (interquartile range) calculated from the average differences in

each patient. DRS, diffuse reflectance spectroscopy.
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