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Abstract. Conventionally, liver fibrosis is diagnosed using
histopathological techniques. The traditional method is
time-consuming in that the specimen preparation proce-
dure requires sample fixation, slicing, and labeling. Our
goal is to apply multiphoton microscopy to efficiently im-
age and quantitatively analyze liver fibrosis specimens by-
passing steps required in histological preparation. In this
work, the combined imaging modality of multiphoton au-
tofluorescence (MAF) and second-harmonic generation
(SHG) was used for the qualitative imaging of liver fibrosis
of different METAVIR grades under label-free, ex vivo con-
ditions. We found that while MAF is effective in identify-
ing cellular architecture in the liver specimens, it is the
spectrally distinct SHG signal that allows the characteriza-
tion of the extent of fibrosis. We found that qualitative
SHG imaging can be used for the effective identification of
the associated features of liver fibrosis specimens graded
METAVIR 0 to 4. In addition, we attempted to associate
quantitative SHG signal to the different METAVIR grades
and found that an objective determination of the extent of
disease progression can be made. Our approach demon-
strates the potential of using multiphoton imaging in rapid
classification of ex vivo liver fibrosis in the clinical setting
and investigation of liver fibrosis—associated physiopathol-

ogy in animal models in vivo. © 2010 Society of Photo-Optical
Instrumentation Engineers. [DOI: 10.1117/1.3427146]
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1 Introduction

Conventional histopathology is regarded as the gold standard
in diagnosing tissue pathologies such as liver fibrosis. In this
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approach, sample preparation procedures are time-consuming
in that the specimens required fixation, sectioning, and label-
ing. In histopathological examination, the extent of liver fi-
brosis is examined by experienced pathologists using biopsy
specimens. Frequently, the METAVIR scoring system is used
for the semiquantitative determination of biopsied liver fibro-
sis specimens. This system classifies liver fibrosis into five
categories (grades 0 to 4) according to the morphological fea-
tures of collagen fiber formation within the biopsied speci-
mens. Specifically, the key morphological features of no fi-
brosis, portal fibrosis without septa, fibrosis with few septa,
numerous septa without cirrhosis, and cirrhosis are respec-
tively associated with METAVIR scores of 0 to 4 Ref. 1.
While the METAVIR system is heavily used in the clinical
setting, the qualitative nature of the grading process prevents
a more precise and quantitative determination of the extent of
liver fibrosis to be achieved. Furthermore, the histopathologi-
cal method is limiting in that the sample preparation proce-
dures can be time-consuming and in that this approach pre-
vents subsequent tissue dynamics to be followed in vivo.

In recent years, multiphoton microscopy emerged as a
promising technique for the qualitative imaging and quantita-
tive characterization of many tissues. Key advantages such as
high axial-depth discrimination, reduced photodamage, and
enhanced penetration depths enable this technique to be the
preferred tool for minimally invasive imaging.z’3 In addition
to fluorescence excitation, the nonlinear polarization effect of
second-harmonic generation (SHG) has also been demon-
strated to be useful for imaging and characterizing abnormali-
ties of the extracellular collagen matrix.*™®

To understand the SHG phenomenon, consider the polar-

ization ﬁ(t) of a material that depends on the susceptibility
tensor y and is a polynomial function of the applied external

electric field E(7):

B0 = el VEQ + XPB W + XVE@0 + -1 (1)

In the case of collagen fibers, the inherent noncentrosymmet-
ric structure gives rise to a nonvanishing second-order suscep-
tibility tensor x'?) that, when coupled to the external electric
field, generates a nonlinear optical signal at exactly half the
wavelength of the excitation source. Second-harmonic gen-
eration (SHG) signal has been demonstrated to be effective
for the label-free (in vivo or ex vivo) imaging of tissues such
as collagen and muscle fibers.>” ™" For pathological studies,
earlier studies have demonstrated that multiphoton autofluo-
rescence (MAF) and SHG imaging are effective in diagnosing
pathological tissues such as skin aging, basal cell carcinoma,
keratoconus, atherosclerosis, osteogenesis imperfecta, and
muscular diseases.>”'*""7

Similar studies have been performed for the diagnosis of
liver fibrosis, in a forward SHG detection conﬁguration.5’18 To
further demonstrate the clinical potential of such a method,
we investigated frozen sections of human liver fibrosis tissues
using backward-detected MAF and SHG signal. The ability
for in vivo liver imaging using such a backward-detection
setup has been demonstrated in our previous work."” ' In
addition, the use of human tissue allows us to compare the
quantitative analysis of the acquired images with the
METAVIR scoring system of human liver fibrosis specimens.
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Our aim is to show that the intrinsic multiphoton signatures
from the tissue specimens can identify features useful for the
qualitative evaluation of disease progression and to provide a
quantitative link between the SHG signal and liver fibrosis
tissues of different METAVIR grades.

2 Materials and Methods
2.1 Multiphoton Imaging System

The multiphoton imaging microscope used in this study is
similar to one previously described.”” In short, the 780-nm
output of a femtosecond, titanium-sapphire laser (Tsunami,
Spectra Physics, Mountain View, California) pumped by a
diode-pumped, solid-state laser (Millennia X, Spectra Phys-
ics) was used for excitation. The excitation source was guided
toward a modified upright microscope (E800, Nikon, Tokyo,
Japan) by a set of x-y galvanometer-driven, scanning mirrors
(model number 6210, Cambridge Technology, Cambridge,
Massachusetts). Upon entering the microscope, the laser was
beam-expanded to ensure overfilling of the objective’s back
aperture. The expanded laser beam is reflected into the high
numerical aperture focusing objective by the main dichroic
mirror (435DCXR, Chroma Technology, Rockingham, Ver-
mont). For high-resolution imaging, a high-numerical-
aperture, oil-immersion objective (Nikon S Fluor 40 X /NA
1.3) was used. Otherwise, an oil-immersion objective (Nikon
Plan Fluor 20 X /NA 0.75 MI) was used to acquire large-area
images for SHG signal quantification. The MAF and SHG
signals produced at the focal spot were collected in the epi-
illuminated geometry and separated by a secondary dichroic
and additional bandpass filters (E435LP 700SP, HQ 390/20,
Chroma Technology) for the collection and isolation of broad-
band  autofluorescence  (435to 700 nm) and SHG
(380 to 400 nm) signals, respectively. Single-photon count-
ing photomultiplier tubes (R7400P, Hamamatsu, Hamamatsu
City, Japan) and home-built discriminators were used for the
detection and processing of the signal photons. For the acqui-
sition of large-area, multiphoton images, a sample translation
stage (H101, Prior Scientific, Cambridge, UK) was used to
translate the specimen after each small-area optical scan. The
individual small images 110X 110 um? in area (S Fluor 40
X objective, Nikon) and 220X 220 ,um2 in area (Plan Fluor
20X objective, Nikon) are then assembled to form a large-
area image 1980 X 1540 um? (S Fluor 40X objective) for
qualitative multiphoton imaging and 3300 X 3300 um? (Plan
Fluor 20X objective) for quantitative SHG measurement. In
this manner, high resolution, large-area view, and quantifica-
tion of the severity of the tissue fibrosis can be achieved.

2.2 Preparation of Frozen Specimens

In order to demonstrate the imaging capabilities of multipho-
ton microscopy in label-free imaging of liver fibrosis speci-
mens, frozen tissues were used. One tissue block from each
patient was frozen at —80 °C after embedding with optical
cutting temperature compound. Each frozen tissue block was
sectioned into specimens approximately 10 wm in thickness.
One of two adjacent sections was used for multiphoton imag-
ing and the other sample was stained with Masson’s trichrome
labeling for collagen-specific, histological comparison to the
multiphoton results. In addition, since the intensity profile of
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the multiphoton signals was not uniform across the imaged
area, multiphoton images of the liver fibrosis specimens were
corrected using an image field flatness correction algorithm
developed in our laboratory.23

2.3 Label-Free Optical Biopsy and Quantification of
Liver Fibrosis

Following preparation of the liver fibrosis specimens as de-
scribed earlier, we performed MAF and SHG imaging of liver
fibrosis specimens that have been histologically graded using
the METAVIR system (scores 0 to 4), and the results are
compared to the histological images from the same patient.

The severity of liver fibrosis is highly correlated with the
growth of collagen fibers. Therefore, to quantify liver fibrosis
of the imaged specimens, we analyzed the collagen content in
the fibrotic tissues. The previous work of Sun et al. mentions
that the intensity of SHG signal from aggregated and distrib-
uted collagen can be used to examine the extent of liver fi-
brosis in animal specimens.5 In this work, we apply the ag-
gregated and total collagen (aggregated and dispersed
collagen) fibers as indicators for grading human liver fibrosis.
The ratio of the total collagen area to total specimen area
(TC-ratio) and area of aggregated collagen to total specimen
area (AC-ratio) are determined.

For the analysis of total collagen area, the pixel numbers of
the SHG image [Fig. 1(a)] having intensity above the thresh-
old value are counted as the total collagen area. Since the
intensity and distribution of aggregated collagen (black ar-
row) is much higher and denser than those of dispersed col-
lagen (white arrow), we applied a 3-pixel-wide boxcar aver-
age to smooth out the dispersed collagen in the SHG images.
The mean intensity of one random-selected region without
aggregated collagen in the smoothed SHG image was mea-
sured as the threshold value. Then, the aggregated collagen
area was isolated from the smoothed SHG image by setting
this threshold value. The pixel numbers above the threshold
value represent the aggregated collagen area.

3 Results
3.1 Optical Biopsy of Liver Fibrosis

The METAVIR scoring of liver fibrosis is determined by the
fibrous expansion of the portal tract." The portal tract is a
component of the hepatic lobule and is composed of the he-
patic artery, hepatic portal vein, bile duct, and lymphatic ves-
sels. Shown in Fig. 2 and Fig. 3 are representative MAF and
SHG images of liver fibrosis tissues that show morphological
features corresponding to METAVIR grades O to 4, respec-
tively. Histological images obtained using Masson’s trichrome
stains are also shown for comparison. Since we used frozen
sections for multiphoton imaging, histological comparison is
made by identifying similar features in Masson’s trichrome—
prepared specimens from an adjacent section of the tissue
specimen.

Shown in Fig. 2(a) is the large-area, multiphoton image of
a grade 0 METAVIR tissue, and the histological comparison is
shown in Fig. 2(b). The selected region of interest (dashed
frame) is shown in Fig. 2(c) as a magnified view of the portal
tract surrounded by second-harmonic generating collagen fi-
bers (yellow arrow). In addition, since hepatocyte nuclei
(white arrow) lack autofluorescence, individual hepatocytes
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Fig. 1 (a) SHG imaging shows the distinction between aggregated
(black arrow) and dispersed collagen (white arrow). Scale bar is
100 um. (b) Relationship between AC-ratios, TC-ratios, and METAVIR
grades. The specimen numbers from METAVIR scores of O to 4 are 5,
3, 5, 7, and 5, respectively. * Both AC-ratios and TC-ratios of
METAVIR score 0; 1 and 2 have significant difference from those of
METAVIR score 4.

can be identified by round regions void of MAF surrounded
by autofluorescent cytoplasm (color online only). Similar fea-
tures are found in the histological image [Fig. 2(d)]. Note that
in the Masson’s trichrome—prepared specimen, the blue
pseudo color represents the collagen fibers (yellow arrow),
purple is the cytoplasm, and dark spots (white arrow) indicate
positions of hepatocyte nuclei (color online only). Therefore,
for collagen fibrosis identification, imaging with the spectrally
separated MAF and SHG signals can provide high-contrast,
label-free images comparable to that provided by conven-
tional histological examination. In comparison, a multiphoton
image of a METAVIR grade 1 specimen is shown in Fig.
3(1a). Note that the extension of liver fibrosis (yellow arrow)
from a portal tract is clearly visible. Similar features can be
observed in the histological comparison in Fig. 3(1b); (arrow).
For imaging of a METAVIR grade 2 specimen [Fig. 3(2)], the
formation of mild fibrotic bridging between two portal tracts,
the hallmark of the METAVIR grade 2 pathology, can be eas-
ily identified [Fig. 3(2a)]. Once again, histological compari-
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Portal Fract

Fig. 2 Imaging of METAVIR grade 0 tissue by (a) multiphoton micros-
copy and (b) histological comparison. The portal tract surrounded by
SHG collagen fibers (enclosed region) can be delineated. Magnified
images of the selected region of interest under (c) multiphoton and (d)
histological examination. The yellow arrow indicates the normal fi-
brous tissue of the portal tract, and the white arrow indicates the
hepatocyte nucleus. Scale bar is 200 um. (Color online only.)

son of the METAVIR grade 2 tissue with the multiphoton
results identifies similar morphological features. In multipho-
ton imaging of a METAVIR grade 3 specimen [Fig. 3(3a)],
marked bridging fibrosis showing thick fibrotic bands is evi-
dent (dashed line). The same feature can be seen in the histo-
logical comparison [Fig. 3(3b)]. Last, for imaging of the rep-
resentative grade 4 METAVIR tissue [Fig. 3(4)], the
multiphoton imaging modality and the histological compari-
son show the enclosing of fibrotic collagen tissues and the
formation of the cirrhotic nodule.

The results of liver fibrosis quantification analysis show
that the TC-ratio and AC-ratio increase with the METAVIR
scores [Fig. 1(b)]. The relationship between METAVIR grades
and the fibrotic collagen content is summarized in Table 1.
Both Fig. 1(b) and Table 1 show that the growth of fibrotic
collagen in human liver increases with the severity of the
METAVIR grades and that the increases of AC- and TC-ratios
are nonlinear with METAVIR scores. For example, the AC-
ratio increased threefold between METAVIR 3 and O speci-
mens, while the same ratio increased by 5.71-fold between
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Fig. 3 (T1a) to (4a) Multiphoton images of METAVIR grades 1 to 4
tissue, respectively. (1b) to (4b) The corresponding histological com-
parison for the images shown in (a). In the METAVIR grade 1 tissue,
fibrotic collagen emanating from the portal tract (enclosed region)
starts to appear, while in the METAVIR grade 2 tissue, mild bridging
fibrosis is evident. In the METAVIR grade 3 tissue, marked bridging
fibrosis (dashed lines) between adjacent portal tracks is visible, and in
the METAVIR grade 4 tissue, formation of a cirrhotic nodule is evident.
All scale bars are 200 um.

METAVIR 4 and O specimens. The statistical significance of
the quantification of liver fibrosis was assessed by a one-way
ANOVA analysis of variance and subsequent post hoc test
using Bonferroni’s Multiple Comparison Test. With P <<0.05
considered to be statistically significant, our analysis showed
that both AC- and TC-ratios of METAVIR scores 0, 1, and 2
are significantly different from those of METAVIR score 4.
Although the AC- and TC-ratios show increasing trends from
METAVIR scores 0 to 3, the ratios cannot statistically differ-
entiate between samples with those scores.

4 Conclusion

In this work, we have demonstrated the application of multi-
photon and second-harmonic generation microscopy for the
label-free imaging and diagnosis of ex vivo liver fibrosis
specimens with METAVIR grades of 0 to 4. Key morphologi-
cal features of differently graded liver fibrosis can be identi-
fied without extrinsic labeling. In addition, we showed that
the increase of fibrotic collagen is nonlinear with the
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Table 1 Relationship between differently graded METAVIR liver fibrosis specimens, TC-ratios, and AC-

ratios.
METAVIR score 0 1 2 3 4
Specimen number 5 3 5 7 5
TC-ratio 0.217 0.242 0.269 0.310 0.427
SD (TC) 0.062 0.045 0.078 0.042 0.126
AC-ratio 0.021 0.024 0.039 0.063 0.120
SD (AC) 0.013 0.015 0.027 0.018 0.070
METAVIR grades. Clinically, our method can be used as a 7. M.J. Koehler, K. Konig, P. Elsner, R. Buckle, and M. Kaatz, “In vivo
rapid, label-free, optical biopsy tool for diagnosing liver fi- assessment of human skin aging by multiphoton laser scanning to-
. . - . . . mography,” Opt. Lert. 31(19), 2879-2881 (2006).
brosis specimens without histological preparations such as the A . . . .
R . 2, . 8. K. Konig, “Clinical multiphoton tomography,” J. Biophotonics 1(1),
use of Masson’s trichrome staining. The spectrally distinct 13-23 (2008).
MAF and SHG signals can provide high-contrast tissue char- 9. P.J. Campagnola and L. M. Loew, “Second-harmonic imaging mi-
acterization. Furthermore, SHG signal analysis can be used to croscopy for visualizing biom?leC)ular arrays in(CeHS’)tissueS and or-
uantify the amount of fibrotic collagen and can provide an ganisms,” Nat. Biotechnol. 21(11), 1356-1360 (2003).
qb' W oo & . P o 10. W. R. Zipfel, R. M. Williams, and W. W. Webb, “Nonlincar magic:
Cf jective determination of co age?n .Comem m. 1ver rOSI.S multiphoton microscopy in the biosciences,” Nat. Biotechnol. 21(11),
tissues. From the result of the statistical analysis, our quanti- 1369-1377 (2003).
fication approach could be used to discriminate normal and 11. A. Zoumi, A. Yeh, and B. J. Tromberg, “Imaging cells and extracel-
METAVIR score 4 liver fibrosis tissues. Further discrimina- lular matrix in vivo by using second-harmonic gen(f.ration and two-
tion between tissues with METAVIR scores 1, 2, and 3 would DO 016 (ap0) ccneer Froc. Nath Acad: Sct. USA 907),
likely require morphometric analysis in addition to SHG in- 12. S.J. Lin, S. H. Jee, C. J. Kuo, R. J. Wu, W. C. Lin. J. S. Chen, Y. H.
tensity analysis. Last, since multiphoton microscopy has been Liao, C.J. Hsu, T. F. Tsai, Y. F. Chen, and C. Y. Dong, “Discrimina-
demonstrated to be feasible in the in vivo investigation of liver tion of basal cell carcinoma from normal(de)rmal stroma b{ quaf)ltita-
p . p 19,20 - : tive multiphoton imaging,” Opt. Lett. 31(18), 27562758 (2006).
disease in animal models, "™ additional development using 13. H.Y.Tan, Y. Sun, W. Lo, . J. Lin, C. H. Hsiao, Y. F. Chen, S. C. M.
endoscopic techmques vx{ould epable multlphotop microscopy Huang, W. C. Lin, S. H. Jee, H. S. Yu, and C. Y, Dong, “Multiphoton
to become a real-time diagnostic tool for the clinical evalua- fluorescence and second-harmonic generation imaging of the struc-
tion of liver fibrosis.>* tural alterations in keratoconus ex vivo,” Invest. Ophthalmol. Visual
Sci. 47(12), 5251-5259 (2006).
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