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Abstract. This study explores percutaneous single-fiber spectroscopy (SfS) of rat livers undergoing fatty infil-
tration. Eight test rats were fed a methionine-choline-deficient (MCD) diet, and four control rats were fed a normal
diet. Two test rats and one control rat were euthanized on days 12, 28, 49, and 77 following initiation of the diet,
after percutaneous SfS of the liver under transabdominal ultrasound guidance. Histology of each set of the two
euthanized test rats showed mild and mild hepatic lipid accumulations on day 12, moderate and severe on day
28, severe and mild on day 49, and moderate and mild on day 77. Livers with moderate or higher lipid accu-
mulation generally presented higher spectral reflectance intensity when compared to lean livers. Livers of the
eight test rats on day 12, two of which had mild lipid accumulation, revealed an average scattering power of
0.37 £ 0.14 in comparison to 0.07 + 0.14 for the four control rats (p < 0.01). When livers of the test rats with
various levels of fatty infiltration were combined, the average scattering power was 0.36 + 0.15 in comparison
to 0.14 £ 0.24 of the control rats (0.05 < p <0.1). Increasing lipid accumulation in concentration and size
seemed to cause an increase of the scattering power prior to increasing total spectral reflectance. © 2015
Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0O.20.11.117002]
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1 Introduction

Liver transplant is the second most common transplant in the
United States, with ~6000 transplants performed each year
and an annual active waiting list of more than 12,000
patients.! With the increase of the obese population in the
United States, the donor organ shortage for transplantable livers
can be expected to worsen. Discrepancies between the number
of suitable liver donors and the increased demand for transplan-
tation compels the need to expand liver donor acceptance cri-
teria, including consideration of organs of “marginal” quality,
such as fatty livers from living or deceased donors.? Steatosis
of the donor liver is a main risk factor for initial dysfunction
or nonfunction of the graft after orthotopic liver transplant,
because fatty livers are particularly susceptible to ischemia
reperfusion injury.> An accurate clinical assessment of hepatic
steatosis prior to organ procurement is thus crucial for success-
ful outcomes after liver transplantation.*

Histological evaluation of biopsied liver tissue using staining
specific to lipid (i.e., Oil Red O staining) is the “gold standard”
for the assessment of lipid infiltration in the liver, for which a
semiquantitative grading metric is as follows:’ insignificant or
no fatty change (<5%), mild (5 to <30%), moderate (30 to
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<60%), or severe (>60%). Logistically, histopathological analy-
sis for assessment of fatty change takes precious time and has
interobserver variability, and a pathologist is not always avail-
able at the time of procurement. As a result, many centers rely
mainly upon the procurement surgeon for gross assessment of
steatosis and organ quality.*® However, there is a poor associ-
ation between macroscopic liver appearance and the presence of
histological steatosis,® and precise evaluation of fat accumula-
tion by visual inspection and palpation during organ procure-
ment remains challenging, even in experienced surgical
hands.* Conventional imaging technologies have limitations
in quantification of hepatic steatosis.’” Ultrasound (US) diagno-
sis of fatty infiltration in liver based on changes of echogenicity
is not readily quantitive, varies among observers, and degrades
in sensitivity when applied to low levels of steatosis and obese
donors. Other imaging modalities, such as computed tomogra-
phy, magnetic resonance imaging (MRI), and magnetic
resonance spectroscopy (MRS), may be relatively time-consum-
ing and logistically difficult during organ collection.® These lim-
itations in the assessment have necessitated the search for tools
capable of accurate and preferably real-time quantification of
fatty content in liver tissue.®”
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Optical spectroscopic methods may be a useful alternative
toward real-time and accurate assessment of fatty infiltration
of liver tissue. Time-resolved near-infrared spectroscopy by
Kitai et al.'” on excised livers of rats with different levels of
fatty changes revealed that fatty liver presented a lower absorp-
tion coefficient (u,) and higher reduced scattering coefficient
(u}) when compared to normal liver, and there was a positive
correlation between . and the lipid deposition. Lipid is a strong
scatterer of light in the visible to near-infrared spectrum; there-
fore, the increased fatty infiltration of hepatic tissue was
expected to increase the tissue spectral reflectance, as lipid
would gradually dominate the scattering. Surface measurements
on human liver specimens by McLaughlin et al. using diffuse
reflectance spectroscopy (DRS) over a spectrum between 550
and 1040 nm with a 2-mm applicator probe containing three
transmission fibers and one collection fiber!! also showed a cor-
relation coefficient of 0.85 of the total diffuse reflectance inten-
sity with the histologically identified lipid mass fraction of liver
tissue. Recently, Evers et al.® used a 15-gauge optical needle
probe consisting of one transmitting fiber and two collecting
fibers inserted into the liver to perform DRS in vivo in 17
patients during liver surgery and ex vivo on liver resection spec-
imens from 41 patients. Evers’s system used one spectrometer in
the visible/near-infrared range between 400 and 1100 nm and a
second spectrometer sensitive to near-infrared wavelength from
800 nm to 1700 nm that covered the prominent absorption peak
of lipid at 1210 nm. The sensitivity to the lipid absorption peak
at 1210 nm was a major advantage for Evers’s study in demon-
strating a correlation of 0.925 between in vivo and ex vivo DRS
analyses of steatosis from the same liver tissue and a correlation
of 0.854 between the ex vivo DRS analysis and histology. These
studies have demonstrated that reflectance spectroscopy via
either surface probing or interstitial measurement has the poten-
tial to enhance liver steatosis quantification in liver surgery.® It
should be noted that a spectrometer sensitive to the lipid absorp-
tion signature at 1210 nm as was used by Evers et al.} is quite
expensive when compared to other equipment typical to visible/
near-infrared spectroscopy. The more widely accessible spec-
trometers (such as the first spectrometer used by Evers et al.®
and those used in Refs. 9 and 11) that typically operate within
the visible/near-infrared spectrum up to 1100 nm have much less
sensitivity to lipid absorption, making the spectral reflectance
intensity a key indicator to rely upon for inferring lipid domi-
nance in the scattering of hepatic tissue.'!

While evaluating the level of lipid accumulation is important,
a more challenging yet potentially more relevant aspect of
hepatic steatosis to assess for a transplant regime is whether
the steatosis is of the microvesicular or macrovesicular subtype.
Microvesicular steatosis is the condition of deposition of many
lipid droplets that are much smaller than the nucleus of the host
hepatocyte, whereas macrovesicular steatosis refers to the for-
mation of a single large lipid droplet occupying nearly the
entire hepatocyte, causing distortion of the subcellular morphol-
ogy and subsequently loss of the hepatocyte’s functionality.
Between the two subtypes, it is macrovesicular steatosis
that poses a risk for graft success and functionality after
transplantation.'? Histology of biopsied specimens is currently
the only method to assess the subtype of steatosis, as none of the
standard imaging modalities, including US, CT, MRI, and MRS,
has the physical sensitivity to differentiate subtypes of steatosis;
whereas reflectance spectroscopy using the lipid absorption sig-
natures such as the one at 1210 nm in Ref. 8 could render
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reliable estimation of the lipid fraction, the absorption features
will be insensitive to the subtypes of steatosis. The scattering
properties, on the other hand, may become the vehicle for differ-
entiating the subtypes of steatosis in addition to quantitating the
level of steatosis, as was hypothesized by Evers et al.,® because
the wavelength dependence of scattering (i.e., the shape of the
spectral reflectance in the absence of absorption) is sensitive to
the sizes of scatterers. As the lipid droplets constituting micro-
vesicular and macrovesicular subtypes of steatosis could differ
significantly in size, analysis of the wavelength dependence of
the scattering might allow finding some features of the measur-
able spectral reflectance that may be used as the markers for
differentiating microvesicular-dominant steatosis from macro-
vesicular-dominant steatosis. Additionally, it would be benefi-
cial to most users of visible/near-infrared spectroscopy to
examine if the change of the steatosis level in the same subject
will reveal any spectral reflectance features other than the
change in spectral reflectance intensity when the spectral
response for tissue probing lacks the sensitivity at 1210 nm
to the lipid absorption as in the study by Evers et al.’

One condition common to previous optical spectroscopy
studies, including that of Evers et al.,} was that the evaluations
were performed on exposed or resected livers or hepatic tissue
specimens, so what was revealed were the differences among
different liver tissues at the time of measurement, but not of
the same liver at different times in steatosis development.
Because steatosis development in liver is reported to undergo
different stages with differences in not only the amount but
also the size of lipid droplets,'® evaluating temporal develop-
ment of steatosis could enhance the understanding of the spec-
tral characteristics of lipid droplets of different sizes and
different levels of fatty infiltration.

Evaluation over the course of steatosis development entails
an optical spectroscopy technique that can be repeatedly applied
to the same subject with minimal invasiveness. Percutaneous
evaluation using a small fiber-probe that can pass through a
small-gauge hypodermic needle could be a viable approach.
Percutaneous assessment of tissue-scattering characteristics
using a 320-um polyamide fiber-probe has been applied by
our group to investigate the potential of quantifying mineral
degeneration of intervertebral discs to improve the outcomes
of laser-based treatment.'*!> Reflectance spectroscopy using a
single-fiber probe or a fiber-probe of small profile allowing
insertion through a needle or an endoscopic port has demon-
strated clinical potential for many applications, including stag-
ing of lung cancer through examination of mediastinal lymph
nodes,'® brain tumor detection,!” intraoperative differentiation
of healthy and demyelinated peripheral nerves,'® prediction
of cervical squamous intraepithelial lesions,' etc. Recently,
van Leeuwen-van Zaane et al.”® applied reflectance spectros-
copy using a single probe with cocentric fibers of multiple
sizes for in vivo quantification of the scattering properties of tis-
sue, including exposed liver, by contact measurement. The
present study used a single 320-um fiber-probe to percutane-
ously measure the reflectance spectrum of the liver tissue
over the duration of fatty liver development. The assessment
in this present study of lipid-induced light scattering within
the liver at different levels of fatty infiltration could provide
additional insights regarding which feature of the reflectance
spectroscopy at limited sensitivity to lipid absorption may be
useful in discriminating microvesicular from macrovesicular
steatosis.
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2 Materials and Methods

2.1 Diet and Animal Protocol

The animal protocol of this study was approved by the
Institutional Animal Care and Use Committee of Oklahoma
State University (protocol # VM-11-20). Twelve male
Sprague-Dawley rats weighing 250 to 280 grams (Harlan
Labs, Inc. Madison, Wisconsin) were housed individually in
the university’s Lab Animal Resources facility and allowed
food (control or test diet) and water ad libitum. All rats were
acclimated to laboratory conditions for a minimum of 7 days
and fed a standard rodent chow ad libitum (Laboratory
Rodent Diet 5001, LabDiet, St. Louis, Missouri). The 12 rats
were then randomly grouped to eight test rats and four control
rats. The test rats were fed a methionine-choline-deficient
(MCD) diet (Harlan Telkad—TD.90262) ad libitum, and the
control rats were fed an amino acid control diet ad libitum
(Harlan Telkad—TD.130936). Percutaneous single-fiber spec-
troscopy (SfS) measurements of the rat livers were performed
on day 0, day 12, day 28, day 49, and day 77 using transabdo-
minal US guidance (more details of the experimental procedures
are given in the following section in association with Fig. 1).
The time intervals of the days for evaluation were randomized.
On each day of evaluation (12, 28, 49, and 77 days) after ini-
tiation of the MCD diet, two test rats and one control rat were
euthanized after evaluating the liver by US and SfS measure-
ments. The identification of each animal was blinded to both
the US specialist and the SfS operator. Necropsies of the
three euthanized rats were performed and the hepatic tissue sam-
ples were harvested for histopathology. By day 77, at the com-
pletion of the study, when all animals had undergone in vivo
measurements and been euthanized and necropsied, the
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(\EEC[IS Acquisition)
Interface

Gating
module

Angle
polished
Fiber in
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US Probe
Fiber inserted through a needle

Fig. 1 The configuration for percutaneous single-fiber spectroscopy
(SfS) of rat liver. Light source and spectrometer were coupled to a
200-um bifurcated fiber bundle (shown at top left) to which a
320-um single-fiber probe was connected. The single fiber probed
into liver through a 22- (or 20-) gauge needle (schematic of angle pol-
ished fiber in needle shown at left) by ultrasound (US) guidance (see
the photograph in the middle panel). From the pneumatic pillow
(covered by the rat and the small air tubing shadowed by the US
cable), respiration of the rat was detected by a gating module for trig-
gering the SfS data acquisition (the triggering sequence is shown at
the top right).

Journal of Biomedical Optics

117002-3

identifications of all animals were revealed for the SfS operator
to compare the postprocessed spectroscopy results as well as the
ultrasonography readings with the histopathology observations.

The experimental procedures for percutaneous SfS of the
rat liver are illustrated in Fig. 1. At the time of examination,
the rat was anesthetized using intraperitoneal administration
(0.1 m1/100 g b.w.) of a “cocktail” of xylazine (1.5 ml of
100 mg/ml)/ketamine (10 ml of 100 mg/ml) and a pre-emptive
subcutaneous dose of 0.1 ml/100 g b.w. of buprenorphine
(buprenorphine diluted 1:5 with sterile saline). This anesthetic
regime was supplemented with oxygen and isofluorane as nec-
essary via a face mask. The rat was placed in a supine position
on an in-house—prepared U-shaped foam bed. A pneumatic pil-
low sensor (SA Instruments, Stony Brook, New York) was
inserted under the caudal and left-lateral aspect of the thoracic
area of the rat for respiration gating for SfS data acquisition. The
ventral abdomen extending cranial from the brim of the pelvis to
the xiphoid was clipped of hair and surgically prepped with an
antiseptic solution (chlorhexidine scrub—Vetco, St. Joseph,
Missouri). Using US guidance (Aloka Prosound Alpha 6 con-
sole and 9120 transducer at 8 MHz, sectional field-of-view of
radius 3.5 cm, gain setting of 75, and contrast setting of 10), a
sterile 22- or 20-gauge (depending on availability) 1.5-in. mye-
lographic needle was introduced through the skin, abdominal
musculature, and peritoneum into the liver. The liver paren-
chyma in which the needle was placed was absent of apparent
vasculature in the vicinity of the needle tip as evaluated by gray-
scale US and cross-checked by Doppler US when needed. The
US probe was held in position using an adaptable tripod with a
cable holder to maintain continuous stabilized visualization of
the needle within the intraparenchymal field during SfS
measurements.

After retracting the stylet of the needle, a sterile 320-xm sin-
gle-fiber probe (low-OH quartz fiber, H320R, New Star Lasers,
Roseville, California)”’15 was inserted through the needle.
Placement of the fiber-probe in the needle was monitored by
US until the fiber tip extended beyond the beveled needle tip
a few millimeters, as indicated by the arrows in Fig. 1. Five
repeated measurements, each with a 100-ms time of integration
of the signal after it was triggered by the respiration gating
output, were acquired from each subject. In the offline process-
ing, the five spectroscopy measurements were averaged for sub-
sequent scattering spectral analyses, to be detailed in the
subsequent section. After the percutaneous SfS measurements,
the rats to continue in the study were recovered and returned to
their cages for observation, and the anesthetized rats to be
euthanized underwent a ventral midline incision extending cra-
nially through the xiphoid and diaphragmatic reflection into the
thoracic cavity using a #10 scalpel blade and metzenbaum sur-
gical scissors. A 20-gauge needle with a 3-cc syringe was then
used to collect ~2 ml of whole blood by direct intracardiac
puncture for laboratory analysis. Immediately following
blood collection, direct intracardiac injection of 1 cc (390 mg)
of pentobarbital sodium (Beuthansia D, Schering Plough,
Union, New Jersey) was administered for euthanasia.
Necropsy was performed immediately, followed by fixation
of the hepatic tissue specimens in 10% neutral buffered for-
malin. The liver specimens were trimmed, weighed, and
keyed for identification. Histologic evaluation of the hematoxy-
lin/eosin (H&E) stained and Oil Red O stained (performed off
frozen sections for lipid determination) tissues was made by a
pathologist blinded to the groups, who ranked the sections based
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upon the amount of lipid accumulation. After ranking as
reported in the Results section, the animal identifications
were correlated with the degree of lipid accumulation.

2.2 Percutaneous Single-Fiber Spectroscopy
Measurement

A deuterium tungsten halogen light source (model DH2000-
FHS, Ocean Optics, Dunedin, FL)) was coupled to one branch
of a 200-um diameter bifurcated fiber bundle (BIF 200-VIS/
NIR, Ocean Optics, Inc.). Only the halogen source was used
after evaluating the spectral spikes of the deuterium source
and the overall spectral response of the system. The other
end of the bifurcated fiber bundle was connected to a spectrom-
eter (USB4000-VIS-NIR, Ocean Optics) with a custom slit and
sensor configuration. The combined end of the bifurcated fiber
bundle was connected to the H320R 320-um diameter fiber for
light delivery and collection. The tip of the fiber probe was pol-
ished in-house to an angle of ~15 deg to reduce specular back
reflection. When the fiber was placed in the needle and the posi-
tion in the liver parenchyma was confirmed by US, the spectros-
copy measurements were taken after being triggered by a
respiration gating signal. The respiration gating signal was origi-
nated from a pneumatic pillow (the long dashed arrow in Fig. 1
points to the position of the pillow underneath the rat), computer
interfaced by a small animal monitoring and gating module
(Model 1025T, SA Instruments, Inc., Stony Brook, New
York), and signal conditioned in a graphical user interface
(GUI) to produce a clean and stable trigger signal with adjust-
able thresholds for starting the spectroscopy data acquisition.
The GUI for conditioning of the respiration gating signal and
the subsequent spectroscopy measurements was programmed
in LabVIEW (National Instruments, Austin, Texas). The GUI
also output different pitches of sounds according to the condi-
tion of the gating input and the intensity level of the SfS signal,
providing an audio cue to the operational sequences.

2.3 Single-Fiber Spectroscopy Analysis

Due to the signal cutoff at shorter wavelengths and limits of the
system sensitivity at longer wavelengths, the SfS system used in
this study had a useful spectral range of only 540 to 1000 nm.
After normalization to remove the effect of the source spectral
variation, the postprocessing performed spectral analysis based
on reported models of single-fiber—based spectroscopy. By fit-
ting to the amount of chromophores, including oxygenated and
deoxygenated hemoglobin, water, and lipid compositions, the
scattering spectral contribution to the single-fiber measurement
was isolated for evaluation of locally sampled tissue scattering
in the absence of absorption contamination. The methods of
analyses are detailed in the following.

We denote R (4) as the raw SfS measurements from the
tissue that contains the source spectral variation. Normalization
of Ry (1) according to the following formula:'*!?

Rtiss (ﬂ') - RHZO (ﬂ*)

o) I
Rair(’l) - RHZO(’D ( )

Rnorm (A) =

where R, (4) and Ry, (4) are, respectively, the baseline SfS sig-
nals from air and within water, gives rise to the following normal-
ized form of'*

Rnorm (i)

=¢- Rscat(ﬂ') : exp{_/’ta (’1) <L (ﬂ»} 2

Journal of Biomedical Optics

117002-4

that is free of the source spectral variation, where &=
[ﬂfib/air - ’7ﬁb/HZO]_1 and 77g,/x Tepresents the specular reflection
at the interface between the fiber and the respective medium “X.”
In Eq. (2), Ry (1) represents the contribution of tissue scattering
to the SfS signal in the absence of absorption and (L(4)) repre-
sents the average pathlength of the photons detected by the fiber-
probe [for a single-fiber probe of 320 ym in liver tissue, the spec-
tral-dependent photon pathlength was ~0.8 to 1 mm as estimated
by the following Eq. (4), indicating a sampling volume of a few
hundreds of micrometers in cross-section]. Recent Monte Carlo
simulations with experimental validations*' > have suggested the
following semiempirical representations of Ry.,(4) and {L(4)) as
applying to single-fiber probe of a diameter of dg,:

Ryeat(4) = Miim (1 + py exp[—p3pu;(4)dgp))
[uy (A)dgp P>

. 3
p3 + s (A)dgp] P ©)

P4 - dip

O = Ll (oo + i Ddan)

“4)

where 1}, is determined by the acceptance angle of the fiber and
the refractive index difference between the medium and the fiber,
and p; to pg are constants that may depend upon the scattering
phase function of the medium. For liver tissue, the following set
of parameters was suggested by previous multidiameter SfS stud-
ies:>*® p; = 0.63y2, p, = 0.57y, p3 = 23172, py = 1.05y%9,
ps = 0.18, pg = 0.64, where y = 1.87 is a parameter describing
the effect of large-angle scattering events on the reflectance signal
collected by single-fiber probe. Four chromophores, including
oxygenated hemoglobin, deoxygenated hemoglobin, water, and
lipid, are modeled into the absorption coefficient as

Ha(2) = [fig"° (2)StO, + fag™ (2)(1 = StO, )] [HbT]
+ (& (A) fr+ /()1 = fu)lvwer - &)

where 210 (1) and 4R (1) are, respectively, the absorption coef-
ficients of 1 uM oxyhemoglobin and 1 uM deoxyhemoglobin
(values exported from the spectral panel of VirtualPhotonics?®);
StO, is the hemoglobin oxygen saturation; [HbT] is the total
hemoglobin concentration (in #M); - (1) and 2% (1) are, respec-
tively, the absorption coefficients of lipid and water at 1% volume
fraction (values also exported from the spectral panel of
VirtualPhotonics?®); f; is the fraction of lipid in the water—
lipid body; and vy is the total fraction of water and lipid in
tissue, which was assumed to have a constant value of 93% fol-
lowing studies specific to liver”” The pigment packaging
effect’®?® was also implemented in the model but was found
insensitive on the results, as the Soret band of hemoglobin
was distant from the lower cutoff of the spectral response of
the system. The spectral dependence of u/ in Eq. (3) is repre-
sented by the widely adopted power-law expression of
ul = A2~b where A is the scattering amplitude and b is the scat-
tering power; the substitution of Eq. (3) into Eq. (2) leads to a new
constant of 7. = & - Njim»> and ne - AP2 becomes an effective
index of scattering intensity in the absence of absorption.
Integrating Eqs. (3)-(5) to Eq. (2) and substituting available
numerical values leads to the following form of
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0.10[AA~b] 19
Ruom (1) = e (1 + 1.26 exp[~2.59447")) [A2~7]

8.08 + 0.10[AA~?] 19

: exp<—{[ﬁi"’o (A)StO; + jig™ (4) (1 = StO,)][HbT] + 0.93[jig () fi. + fra (A)(1 = fL)]}

0.60

where all symbols containing 4 are known through meas-
urement and literature databases. A nonlinear least-
squares fitting of the measurement data with Eq. (6)
then gives the estimation of the following parameters
of interest: hemoglobin oxygen saturation, total hemoglo-
bin concentration, lipid fraction in the water—lipid body,
scattering power, and effective scattering intensity. Four
examples of the goodness-of-fit of the spectral fitting
involved in the analyses are presented in Fig. 2, where
the one at the bottom right exemplifies an overall less
desirable fit. The strong hemoglobin absorption signature
at the sub—600-nm band and the relatively weaker absorp-
tion feature at 760 nm were fitted accurately for the major-
ity of the spectral profiles. However, the fitting over 900 to
1000 nm was generally poor due to the limited spectral

AL (0,64 + 048 (& (1)St0, + AR (2) (1 — SO,)][HOT] + 093[L(A) 1 + AV (A)(1 - fL>]}°-64>>’ ©

response of the system and the overlapping of absorption
peaks of lipid and water within that range.

2.4 Statistical Analysis

Independent two sample #-test applying to different sample sizes
was used to determine whether there was a difference of a spe-
cific parameter between the test group (n = 8) and the control
group (n = 4) at the same time point. Paired #-test applying to
the same sample size was used to analyze whether a specific
parameter of the group (n = 8 for test rats or n = 4 for control
rats) changed over time. The following statistical inferences
were used: a value of p < 0.01 indicates a strong evidence of
a difference, a value of 0.01 < p < 0.05 weak evidence of a dif-
ference, a value of 0.05 < p < 0.1 evidence of a difference, and a
value of p > 0.10 little or no evidence of a difference.”®
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Fig.2 Examples of the fitting to the single-fiber spectroscopy measurements. (a) Day 0, control 1; (b) day
0, control 2; (c) day 12, test 6; and (d) day 77, test 1.
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3 Results

3.1 Histopathology of Fatty Infiltration in the Livers
of Euthanized Rats

The histological findings of fatty infiltration of livers of the rats
were available for each set of three rats, two from the test group
fed MCD diet and one from the control group, which were
euthanized respectively on days 12, 28, 49, and 77 after the ini-
tiation of the diets. Among the three rats euthanized on day 12,
both of the two test rats had mild lipid accumulation, and the
control rat had insignificant lipid accumulation in the liver as
revealed by both H&E staining and Oil Red O staining.
Among the three rats euthanized on day 28, the two test rats
had, respectively, moderate and severe lipid accumulations,
and the control rat had insignificant lipid accumulation.
Among the three rats euthanized on day 49, the two test rats
had, respectively, severe and mild (upper in the mild range)
lipid accumulations, and the control rat had insignificant lipid
accumulation. Among the three rats euthanized on day 77,
the two test rats had, respectively, moderate and mild lipid accu-
mulations. The control rat euthanized on day 77 had
unremarkable lipid accumulation seen by H&E staining but
slight lipid accumulation by Oil Red O staining; however,
lipid accumulation was less than found in the test rat euthanized
on the same day.

3.2 Representative Percutaneous Single-Fiber-
Spectroscopy Features of Different Levels of
Lipid Accumulation when Compared to
Histopathology and Ultrasonography

The representative results including US, percutaneous SfS, and
histology of the livers identified to have respectively insignifi-
cant, mild, moderate, and severe lipid accumulations are pre-
sented in Fig. 3. The top row corresponds to the baseline US
images of the rat on day 0. The second row displays the US
images taken on the day of euthanasia. The third row is the
plot of the percutaneous SfS measurement for the test rat
with respect to that of the control rat euthanized on the same
day. Shown in the fourth row are the H&E stained images,
and the bottom row are the Oil Red O stained images.
Because the H&E staining and Oil Red O staining were per-
formed on two tissue specimens of the same liver, the two
images shown of the same rat were not expected to match in
the morphology.

The first column, with a mark of “insignificant,” was from a
control rat sacrificed on day 12. The second column, with a
mark of “mild,” was from a test rat sacrificed on day 12 (the
control rat shown in the first column was euthanized on the
same day as this test rat, so the spectral profiles of these two
rats were plotted together). The third column, with a mark of
“moderate,” was from a test rat euthanized on day 28. The fourth
column, with a mark of “severe,” was from a test rat euthanized
on day 49. For the control rat in the first column, which was
euthanized on day 12, its sonographic features appeared normal
on day 12, as on day 0. For the test rat in the second column that
had a histologically mild lipid accumulation on day 12, its sono-
graphic features on day 12 showed unremarkable changes over
the normal-appearing ones on day 0. A comparison of the per-
cutaneous SfS results of this test rat and the control rat (the one
in the first column) indicates that the two spectral profiles were
different only at wavelengths longer than ~700 nm, with the
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spectral intensity of the test rat decreasing with respect to
that of the control rat as the wavelength increased. For the
test rat in the third column, which had a histologically moderate
lipid accumulation on day 28, its sonographic features on day 28
did not unambiguously reveal hyperechoic and diffused change
that would support a fatty liver diagnosis compared to day 0.
The percutaneous SfS results of this test rat and its correspond-
ing control rat were similar in terms of the overall spectral varia-
tion, with a clear difference in the spectral intensity, as that of the
test rat was ~30% higher than that of the control rat. For the test
rat in the fourth column, which had a histologically severe lipid
accumulation on day 45, the sonographic features of this rat pre-
sented strongly diffused hyperechoic appearances of the liver
that were clearly indicative of fatty infiltration. The percutane-
ous SfS results of this test rat and its corresponding control rat of
histologically lean liver were similar in terms of the global spec-
tral variation, with a clear difference in the spectral intensity, as
that of the test rat was substantially higher than that of the con-
trol rat, and the spectral intensity of the test rat slightly decreased
when compared to that of the control rat as the wavelength
increased.

3.3 Percutaneous Single-Fiber Spectral
Measurements of the Livers of the 12 Rats
In Vivo on Day 12 and Day of Euthanasia as
Compared to That on Day 0

On day 12, the livers of all 12 rats were ultrasonically
unremarkable when compared to their respective normal-
appearing baselines on day 0. Among these 12 rats, only the
three rats euthanized that day were of known histological con-
ditions of liver (two test livers with mild lipid accumulation and
one control lean liver). The percutaneous SfS profiles averaged,
respectively, for the four control rats and eight test rats on day 12
in comparison to those on day 0 are presented in Fig. 4. The
spectral reflectance profile of the control group is plotted as
the solid black line with the error bar indicating the standard
deviation, and the test group as a dashed red line with similar
error-bar metrics. The spectral profile averaged for the test rats
on day 0 was generally very close to but slightly higher than that
for the control rats of the same day over the entire spectral range.
The spectral profile of the test rats on day 0 was observed with
slightly smaller hemoglobin absorption, as indicated by the rel-
atively shallower dip (with respect to the overall spectral inten-
sity) at around 550 nm when compared to its control
counterpart. This relatively smaller hemoglobin absorption
was in concordance with the slightly higher spectral intensity
of the test rats over that of the control rats on day 0. In com-
parison, the spectral profile of the test rats on day 12 was notice-
ably different from that of the control rat on day 12. The spectral
profile of the control rats on day 12 was similar to its baseline on
day 0 in the global spectral patterns, including the relative level
of hemoglobin absorption at around 550 nm and the approxi-
mately horizontally running profile elsewhere. The spectral pro-
file of the test rats on day 12, despite the level of hemoglobin
absorption dip around 550 nm being nearly identical to that of its
own baseline on day 0 and similar to that of the control rats on
the same day 12, was registered elsewhere with a pattern of
reduced spectral intensity at longer wavelengths when compared
to either its control counterparts on the same day 12 or its own
baseline on day 0. This change of the spectral profile as
observed from the test rats on day 12 indicated a change of
the tissue scattering spectrum.
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Fig. 3 Column (1): The one marked as “insignificant” was from a control rat sacrificed on day 12. Column
(2): The one marked as “mild” was from a test rat sacrificed on day 12 (the same set of euthanasia includ-
ing the control rat shown here as “insignificant”). Column (3): The one marked as “moderate” was from a
test rat sacrificed on day 28. Column (4): The one marked as “severe” was from a test rat sacrificed on
day 49. Bar = 100 um.

The single-fiber spectral profiles of the livers of all 12 rats
euthanized, respectively, on four different days (12, 28, 49, and
77) are presented in Fig. 5, according to the set of day of eutha-
nasia. The histopathological grading of the hepatic lipid accu-
mulation of these euthanized rats is also marked according to
the scales described in the inset. The spectral profile of the
control rat is plotted as a solid black line, and the measure-
ments of the two rats fed the MCD diet are plotted, respec-
tively, as the dotted and dashed lines. The measurements of
each set of three rats on day 0 are also presented. The spectral
profiles of the two MCD-fed rats euthanized on day 12 (mild
and mild) did not present an unambiguous difference with
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respect to that of the control rat (lean). The profiles of
these three rats on day O or day 12 are part of the profiles
for day O or day 12 presented in Fig. 4. The spectral profiles
of the two MCD-fed rats euthanized on day 28 (moderate and
severe) were observed with higher spectral reflectance than the
control rat (lean). The spectral profiles of the two MCD-fed
rats euthanized on day 49 (severe and mild) were observed
with substantially higher spectral reflectance than the control
rat (lean). However, the spectral profiles of the two MCD-fed
rats euthanized on day 77 (moderate and mild) were close to
that of the control rat, which had slight lipid accumulation on
Oil Red O staining.
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Fig. 4 (a) The spectral reflectance of livers of all 12 rats from the baseline to (b) day 12. The spectral
profile averaged for the four rats in the control group is plotted as a solid black line and that of the eight
rats in the test group in a dashed red line.

1 1
° 000 Il (severe)
- 08| prezze O 00 Il (moderate)
‘ -I 0 (o) I (mild)
9600 700 800 900 0 0 (none)

N 04 000 Histological lipid
28 days D o> /u;: 00 accumulation

v = (]

0

49 days

g 600 700 800 900

A
( 77 days
N
600 700 800 900 0 600 700 800 900
(nm) (nm)
One control rat —____ Two testrats

Fig. 5 Comparison of the single-fiber spectral reflectance of the 12 rats from the baseline (left panel) to
the respective days of euthanasia. The measurement from the control rat is plotted as a solid black line.
The measurements from the two rats fed MCD diet are plotted as, respectively, dotted and dashed lines.
The first row corresponds to the three rats euthanized on day 12. The second row corresponds to the
three rats euthanized on day 28. The third row corresponds to the three rats euthanized on day 49. The
fourth row corresponds to the three rats euthanized on day 77. The histological results of the lipid accu-
mulation in liver are marked with the small circle or rectangle. The orange circle represents histological
confirmation of lipid accumulation, with one circle representing mild accumulation, two circles moderate,
and three circles severe. The rectangle represents control lean liver, but the one with a superscript * for
day 77 represents the histological finding of slight accumulation of lipid in the control liver when evaluated
by Oil Red O staining.
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Fig. 6 Total hemoglobin and relative scattering intensity of the control
group (bar at the left) and test group (bar at the right) on day 0, day 12,
and the day of euthanasia.

3.4 Spectral Analysis: The Change of Scattering
Power as an Indicator of the Fatty Infiltration

The total hemoglobin concentrations of the four control rats and
the eight test rats on day O were 517.1 £78.7 uM and
377.6 £ 199.5 uM, respectively (p > 0.2). The total hemoglo-
bin concentrations of the four control rats and the eight test rats
on day 12 were 574.8 £293.6 uM and 511.3 £164.5 uM,
respectively (p > 0.2). The total hemoglobin concentrations
of the four control rats and eight test rats on the day of eutha-
nasia were 394.9 +96.3 yuM and 311.8 +215.4 uM, respec-
tively (p > 0.2). The changes (reduction) of the total
hemoglobin of the eight test rats and four control rats on the
day of euthanasia in comparison to their respective baselines
on day O was not significant (p > 0.20 and p > 0.20). These
values of the total hemoglobin are plotted as the upper row
in Fig. 6. When compared to the counterpart of the control
group, the scattering intensity of the test group was similar
on day 0 (p > 0.20), slightly reduced on day 12 (p > 0.05),
and somewhat increased on day of euthanasia (p > 0.20).
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Fig. 7 Scattering power of the control group (bar at the left) and test
group (bar at the right) on day 0, day 12, and the day of euthanasia.
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These values of the relative scattering intensity are plotted as
the lower row in Fig. 6.

The scattering power, however, revealed a pattern of differ-
ence between the test rats and control rats on day 12 and the day
of euthanasia, as shown in Fig. 7. On day 0, the scattering power
of the eight rats in the test group was (0.09 & 0.19), and that of
the four rats in the control group was (0.17 £ 0.17) (p > 0.20).
On day 12, the scattering power of the eight rats in the test group
(0.37 £ 0.15) was significantly higher (p < 0.01) than that of
the control rats (0.07 & 0.14). The change of the scattering
power of the control group from day O to day 12 was not evident
(p > 0.20), but that of the test group was significant (p < 0.03).
On the day of euthanasia, the scattering power of the eight rats in
the test group (0.36 £ 0.15) was higher (0.05 < p < 0.1, indicat-
ing evidence of a difference) than that of the control rats
(0.14 £ 0.24). The change of the scattering power of the test
rats between day 0 and day of euthanasia, an increase, was sta-
tistically significant (p < 0.04).

4 Discussion

In this study, we have observed that the hepatic lipid accumu-
lations of the MCD-fed rats were higher on day 28 compared to
day 12, but lower on day 77 compared to day 49. This indicated
a temporal course of increasing-then-decreasing fatty infiltration
in the liver induced by MCD diet in agreement with previous
reports. Itagaki et al.” studied hepatic steatosis in mice induced
by MCD diet for 2, 4, 8, 16, or 30 weeks. Oil Red O staining of
the livers revealed fat deposition in hepatocytes after 2 weeks,
increasing in concentration until 16 weeks but decreasing by
week 30. The increasing-then-decreasing pattern of lipid infil-
tration in liver was also observed in other models of hepatic stea-
tosis. In a bile duct ligation rat model, Lin et al.’® showed that
accumulations of hepatic lipid droplets reached a maximum in
week 4 and then appeared to stop growing in week 6, as com-
pared to normal liver tissue.

This study also observed that the spectral reflectance inten-
sities of the livers of MCD-fed rats relative to those of the con-
trol rats increased from day 12 to day 28 and from day 28 to day
49 but decreased from day 49 to day 77. This increasing-then-
decreasing pattern of relative spectral reflectance intensity of the
livers of MCD-fed rats seems to correlate with the levels of his-
tological fatty infiltration. With the removal of the absorption
contribution to the scattering spectrum, the scattering intensities
of the three rats euthanized on the same day (relative to that of
the control rat) are presented in Fig. 8 for all sets of rats. The
scattering intensity of the test rats relative to that of the control
rats increased from day 12 to day 28 and from day 28 to day 49
but reduced from day 49 to day 77. It should be noted that the
two MCD-fed rats on day 12 had lower-range mild lipid accu-
mulation, and the control rat on day 77 had a slight level of lipid
accumulation. The relative scattering intensities of the MCD-fed
rats had been shown to vary over a large range, causing the aver-
age of those values for the day of euthanasia not to be signifi-
cantly different from that of the control rats, as illustrated in the
lower row of Fig. 6.

Among the eight test rats, four had mild lipid accumulation,
two moderate, and two severe. The scattering powers of these
test rats corresponding to each level of lipid accumulation and of
the control rats are compared in Fig. 9. The scattering power was
shown to increase from mild to moderate but decreased from
moderate to severe levels of lipid accumulation. We postulate
that this change of the scattering power may be the result of
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Fig. 8 Scattering intensities of the three test (T) rats on the respective
days of euthanasia. The orange circle represents histological confir-
mation of lipid accumulation, with one circle representing mild accu-
mulation, two circles moderate, and three circles severe. The
rectangle represents control (C) lean liver, but the one with a super-
script * for day 77 represents the histological finding of slight accumu-
lation of lipid in the control liver when evaluated by Oil Red O staining.

initial accumulation of primarily small lipid droplets prior to the
lipid droplets increasing in size. Veteldinen et al.’! compared
time courses and the lipid vacuole morphology in steatosis
induced by choline-deficient or MCD diets in a rat model.
After 1 week of diet intake, the MCD-fed rats initially developed
mainly microvesicular steatosis with a macrovesicular compo-
nent. At 3 weeks, macrovesicular steatosis was the main feature
of steatosis, showing scattered foci of inflammatory cells. After
5 weeks of diet intake, the MCD-fed rats showed a diffuse and
extensive macrovesicular steatosis. At 7 weeks, extensive mac-
rovesicular steatosis throughout the section was observed. This
present study of hepatic steatosis induced by the MCD diet
observed that the two test rats euthanized on day 12 (or
close to 2 weeks) had mild lipid accumulation that was mainly
of the microvesicular type, the two test rats euthanized on day 28
(4 weeks) had moderate and severe lipid accumulations with
macrovesicular dominance, and the severely infiltrated liver
of the one test rat euthanized on day 49 (7 weeks) had large
lipid droplets of ~25 pm in diameter.

A simulation based on Mie theory may be useful to examin-
ing the patterns of scattering power changes in association with
the lipid accumulation. We estimated the reduced scattering
spectral profiles associated with different concentrations of
spherical lipid particles in a background scattering medium
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Fig.9 Scattering powers (mean values) corresponding to control rats
(n = 4), rats with mild lipid accumulation (n = 4), moderate lipid accu-
mulation (n = 2), and severe lipid accumulation (n = 2).
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mimicking the lean liver. The reduced scattering profile of
the background medium was assumed to be p(4),n
Apeand e, where Ap,, =2 and by, = 0.10. The scattering
power of 0.1 was chosen for the background medium, as it is
between the scattering power of 0.17 of the four control rats
on day 0 and 0.09 of the eight test rats on day 0. The total
reduced scattering coefficient of the medium is assumed
to be a linear combination of the reduced scattering
coefficients of the background medium and the lipid content.
Thus, at a lipid concentration of p%, the total reduced
scattering coefficient of the lipid-containing medium is
Hi(2) = (1= p%)pi(Arean + (P%)5(A)ipia> Where p(A)yipig =
NQra*(1 — g), N is the number density, Q is the scattering effi-
ciency, a is the radius of the sphere, and g is the scattering
anisotropy. The computation of w(4),q Was based on the
codes adapted from Wang and Wu,*? with the following param-
eters: the refractive index of the lipid is 1.46,% the specific
weight of the lipid is 0.901 g/cm?, and the specific weight
of the fat-free mass is 1.1 g/cm?** The computed profile of
ul (1) was then fitted by u/(A) = AegA b to resolve an effective
scattering power b;. The simulation was first conducted for
1-um lipid spheres at concentrations of 1%, 5%, and 15%, giv-
ing an effective scattering power of 0.13, 0.21, and 0.31, respec-
tively, as illustrated in Fig. 10(a). The simulation was then
conducted for 33% lipid concentration consisting of lipid
spheres of 2, 10, and 25 ym in diameter, giving an effective scat-
tering power of 0.30, 0.20, and 0.19, respectively, as illustrated
in Fig. 10(b). Despite the assumptions being very specific, the
simulations indicated a pattern of scattering power increasing
when 1-um small lipid particles built up in concentration,
and the scattering power decreasing when the lipid particles
at the same volume concentration of 33% increased in size
from 2 to 25 um.

This study indicated that as the lipid droplets started to
appear in the liver tissue, there was initially an increase of
the scattering power; and as the lipid accumulation increased,
there was an increase of the scattering intensity. Such changes
of the scattering spectral characteristics may be in agreement
with the development of fatty liver condition in this specific
diet-induced animal model.*> In another study by Croce
et al.’ that characterized in vivo autofluorescence properties
of exposed rat livers modeled for lipid accumulation induced
by hypercaloric MCD diet, changes of autofluorescence at 1
week of MCD diet reflected alterations both in tissue
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Fig. 10 (a) Effective scattering powers of the medium with 1-uzm lipid
droplets increasing in concentration from 1% to 5% to 15% in com-
parison to that of the baseline. (b) Effective scattering powers of
the medium at 33% concentration of lipid droplets with the size of
the droplets increasing from 2 yum to 10 um to 25 yum in comparison
to that of the baseline.
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composition and organization. The changes of hepatocyte mor-
phology at the earlier development of steatosis, however, were
usually poorly detectable by sonography. As reported by van
Werven et al.,’” although there was acceptable correlation of
US with histopathologic analysis, US showed poor diagnostic
performance in detecting hepatic steatosis in earlier develop-
ment, as was observed in this present study for the changes
occurring between day 0 and day 12. The relatively rapid devel-
opment of the steatosis induced by the MCD diet appeared to
alter the light scattering, as may be expected when considering
the course of lipid droplets developing in the liver. As small lipid
droplets start to appear in the liver, the small number of these
lipid droplets might not be able to increase the overall scattering
intensity compared to the tissue when the lipid droplets are
absent; however, the locally different refractive index of the
small lipid droplets compared to other hepatocyte constituents
may cause a modulation of the scattering power. As the number
of lipid droplets increases, the scattering intensity due to lipid
will increase, which is interplayed by less significant changes of
the scattering power compared to the initial stage of small lipid
droplets increasing in concentration as the size of the lipid drop-
lets increases. Therefore, the initial increase of the scattering
power and a later increase of the scattering intensity in the
mild to moderate fatty infiltration imply an initial appearance
of smaller lipid droplets and later increase of the total number
of the lipid droplets. The results also indicated that the spectral
intensity of the liver with a higher level of lipid infiltration is not
always greater than that with a lower level of lipid infiltration.
This might relate to heterogeneity of the lipid accumulation. It
could also be possible that as the size of the lipid droplets
increases, that will increase the total lipid volume fraction
and the total number of lipid droplets may decrease, thereby
reducing the overall scattering intensity. Although the changes
of the spectral profile of rats fed MCD diets longer than 49 days
were less explicit when compared to the control rat, the initial
increase of the scattering power among the test rats over the con-
trol rats as observed at 12 days after initiation of the diet dem-
onstrates the expected spectroscopic response to the initial
accumulation of primarily small lipid droplets prior to the
lipid droplets increasing in size.

This study is limited in the sample size and several other
aspects. One limitation is associated with the useful spectral
range of 540 to 1000 nm that barely covers the not-so-sharp
absorption peak of lipid at 930 nm and becomes noisy around
the water absorption peak at 980 nm. As a result, there is an
interplay between the lipid absorption and water absorption
spectra in the 900 to 1000 nm range, and the data analysis
did not find a difference of the estimated lipid consistent
with the histopathology results. Should the spectrometer-source
configuration have provided sufficient sensitivity beyond
1000 nm to make it adequately responsive to the lipid® and
water absorption peaks,’’ the estimated lipid composition to
absorption could have been more consistent with the histopa-
thology result. In estimating the chromophore contributions
to the absorption, the exclusion of bile?” due to unavailability
of the absorption spectra over the range of spectral measurement
might have introduced some errors, even though the fitting used
in this study had shown a near-ideal match of the absorption
features at the 540 to 600 nm range wherein the hemoglobin
absorption unquestionably dominates. Another limitation is
associated with the use of a single fiber, which, in spite of
the convenience and compatibility with a fine-needle-probing
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clinical protocol, cannot accurately extract the scattering coef-
ficient without prior knowledge of the phase function of the tis-
sue. This limitation resulted in a subtle interplay between
scattering phase function and scattering coefficient on reflec-
tance collected by a single fiber, and the interpretation of reflec-
tance in terms of reduced scattering coefficient (and hence in
scattering power b) is heuristic, but perhaps not definitive unless
the measurements were performed using fiber probes with
multiple fibers with different diameters.?*> A fourth limitation
is associated with the variability of the measurement itself. The
respiration gating was useful in suppressing the measurement
variability but insufficient to completely eliminate the variation
of the measurement. Many operational factors could influence
the measurements, including the quality of the fiber-tip polish-
ing, the probe orientation, the length of the probe extruding from
the needle, etc. The variations in the measurements protocol
would interfere with the estimated optical parameters. With
the variations of the measurement, one could expect that
although differences of the optical parameters are shown in
aggregate between rats of different diet groups and the optical
parameters seem to match certain physiological rationale for the
changes between the groups, the error or uncertainties on the
optical parameters suggest that individual measurements
could be less informative for the classification of individual sub-
jects. This concern cannot be fully addressed without user-inde-
pendent data acquisition, which may require automatic fixation
of the fiber within the needle or a fixed needle-fiber probe,®
much faster data acquisition enabled by stronger light source
and triggered by the cardiac signal, and more accurate calibra-
tion and quality control methods.

The heterogeneity of liver disease, including locally hetero-
geneous lipid infiltration, may impose spatial heterogeneities in
optical properties that require thoughtful sampling strategies in
evaluating the steatosis conditions of the liver. A minimally
invasive fine-fiber evaluation procedure like the single-fiber
approach that does not remove the tissue can in principle be
used for multiple sampling of tissue across different lobes of
the liver or continuous evaluation along the track of insertion.
A very fine fiber-needle probe that is less than 22 gauge may be
directed to sample small suspicious foci in liver under US guid-
ance of the needle/fiber trajectory to evaluate the tissue charac-
teristics, including malignancy in addition to fatty components.
Such potentials would be beneficial for a priori determination of
the candidacy for procurement procedure, and a quantitative
metric that may differentiate microvesicular steatosis from mac-
rovesicular steatosis will be useful in improving the outcomes of
procurement.

5 Conclusion

In conclusion, this explorative in vivo study evaluated how per-
cutaneous SfS responded to the onset of hepatic steatosis in rats
induced by an established diet-based model. Twelve rats were
separated to four as the control group that were fed a normal diet
and eight as the test group that were fed an MCD diet. In addi-
tion to the baseline test, percutaneous SfS of the rat livers was
performed under transabdominal US guidance and respiration
gated data acquisition on day 12, day 28, day 49, and day
77 after initiation of the diets. On each of these days, one control
rat and two test rats were euthanized after SfS for histopatho-
logic evaluation. Oil Red O staining of the livers determined
that four test rats had mild lipid accumulation, two test rats
had moderate lipid accumulation, and two test rats had severe
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lipid accumulation. The SfS measurements were model-fitted to
isolate the contribution by scattering from absorption, by which
the scattering power and the overall scattering intensity of the
locally sampled liver parenchyma were evaluated. There appears
to have been an earlier increase of the scattering power and a
later increase of the scattering intensity of the livers of test
rats when compared to those of their matched control rats.
The results may have implications in the differentiation of
microvesicular from macrovesicular steatosis for liver
transplantation.
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