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This study explored the feasibility of using the ultrasound Nakagami image to assess the degree of liver
fibrosis in rats. The rat has been widely used as a model in investigations of liver fibrosis. Ultrasound
grayscale imaging makes it possible to observe fibrotic rat livers in real time. Statistical analysis of the
envelopes of signals backscattered from rat livers may provide useful clues about the degree of liver fibro-
sis. The Nakagami-model-based image has been shown to be useful for characterizing scatterers in tis-
sues by reflecting the echo statistics, and hence the Nakagami image may serve as a functional
imaging tool for quantifying rat liver fibrosis. To validate this idea, fibrosis was induced in each rat liver
(n=21) by an intraperitoneal injection of 0.5% dimethylnitrosamine. Livers were excised from rats for
in vitro ultrasound scanning using a single-element transducer. The backscattered-signal envelopes of
the acquired raw ultrasound signals were used for Nakagami imaging. The Metavir score determined
by a pathologist was used to histologically quantify the degree of liver fibrosis. It was found that the
Nakagami image could be used to distinguish different degrees of liver fibrosis in rats, since the average
Nakagami parameter increased from 0.55 to 0.83 as the fibrosis score increased from O (i.e., normal) to 4.
This correlation may be due to liver fibrosis in rats involving an increase in the concentration of local scat-
terers and the appearance of the periodic structures or clustering of scatterers that would change the
backscattering statistics. The current findings indicate that the ultrasound Nakagami image has great
potential as a functional imaging tool to complement the use of the conventional B-scan in animal studies
of liver fibrosis.
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1. Introduction

Chronic infection with viral hepatitis is a critical cause of liver
cirrhosis and its sequelae [1]. Identifying the degree of liver fibrosis
is important for estimating the prognosis, surveillance, and treat-
ment decisions in patients with chronic viral hepatitis. A liver his-
tological diagnosis based on the use of a needle biopsy is the gold
standard for liver fibrosis assessments, but this cannot be per-
formed routinely in the clinic because it is an invasive method
associated with patient discomfort and, in rare cases, with serious
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complications. The accuracy of the liver biopsy method can also
adversely affected by sampling errors [2,3]. Thus, many researchers
have focused on developing noninvasive imaging technologies as a
routine tool for the assessment of liver fibrosis.

Before performing clinical trials involving humans, feasibility
studies must be performed on animal models. The rat is a very pop-
ular animal model for studying liver fibrosis [4-7]. In order to con-
veniently observe the formation of liver fibrosis without sacrificing
rats, researchers need imaging tools that provide real-time exami-
nation capabilities. Ultrasound grayscale (i.e., B-mode) imaging is a
very convenient and powerful tool for animal research due to its
low cost, use of nonionizing radiation, noninvasiveness, and porta-
bility. Nevertheless, the conventional B-mode image only qualita-
tively describes tissue structures and is unsuitable for
quantitative analyses of scatterer properties [8-10].

Developing new techniques to complement the B-scan may
make it possible to characterize scatterers in tissues. Liver tissue
may be considered to comprise a three-dimensional arrangement
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of many scatterers. Excitation by an ultrasound transducer will
result in the production of echoes from these scatterers. This
ultrasound backscattering is essentially a random process, and
therefore the statistical analysis of the ultrasound signals backscat-
tered from livers may further provide some useful clues about the
scatterer properties of livers for use in fibrosis assessments.

The Nakagami statistical distribution has received considerable
attention in the field of medical ultrasound, because the associated
Nakagami parameter can be used to identify various probability
density functions (pdfs) of the backscattered signals, making it
possible to characterize scatterers in a tissue [11-15]. The need
for imaging tools that can visually identify scatterer properties in
clinical and research applications further prompted the develop-
ment of the ultrasound Nakagami image. The concept of Nakagami
imaging originated from the suggestion of Shankar [16] and some
other preliminary studies [17,18]. The method for constructing the
Nakagami image was established in these and subsequent pilot
studies [19,20]. It has been shown that Nakagami imaging is capa-
ble of visualizing the difference in scatterer concentration between
normal and abnormal tissues, complementing the conventional B-
mode image and thereby improving diagnoses [21-26].

The present study aimed to determine the feasibility of using
Nakagami imaging to assess liver fibrosis in rats. Like the B-scan,
the Nakagami image is based on a standard pulse-echo system
configuration, but the difference is that the Nakagami image may
provide scatterer information about rat liver fibrosis that comple-
ments that in the B-scan. This idea was tested by obtaining B-mode
and Nakagami images of rat livers having different degrees of fibro-
sis formation in vitro. The usefulness of the Nakagami image in
identifying the degree of rat liver fibrosis was evaluated.

This paper is organized as follows: Section 2 introduces the the-
oretical background, Section 3 describes the experimental materi-
als and methods, Section 4 presents the results, and Section 5
discusses the experimental findings and draws conclusions.

2. Theoretical background

The Nakagami parameter is a shape parameter of the Nakagami
statistical distribution, as given by [11]
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where I'(-) and U(-) are the gamma function and the unit step func-
tion, respectively. Let E(-) denote the statistical mean; then scaling
parameter Q and Nakagami parameter m associated with the Naka-
gami distribution can be respectively obtained from
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and
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Variation of the Nakagami parameter from 0 to 1 means a
change in the envelope statistics from a pre-Rayleigh to a Rayleigh
distribution, and a Nakagami parameter larger than 1 means that
the backscattering statistics conform to a post-Rayleigh
distribution.

According to previous studies [11,12,19], the pdf of the back-
scattered-signal envelope would follow the Rayleigh distribution
when the resolution cell of the ultrasound transducer contains a
large number of randomly distributed scatterers. If the resolution
cell contains scatterers that have randomly varying scattering cross
sections with a comparatively high degree of variation, the enve-
lope statistics conform to pre-Rayleigh distributions. If the resolu-
tion cell contains periodically located scatterers in addition to

randomly distributed scatterers, the envelope statistics follow
post-Rayleigh distributions. It has been shown that the Nakagami
distribution with a pdf shape determined by the Nakagami param-
eter is highly consistent with the envelope histogram of the
ultrasound backscattered signals [11], and hence the Nakagami
distribution provides a general model for ultrasound
backscattering.

The process of Nakagami imaging is detailed elsewhere [19]. In
brief, the Nakagami image is based on the Nakagami parameter
map, which is constructed by using a local sliding window to pro-
cess the raw envelope image. This involves first using a window
within the envelope image to collect the local backscattered-signal
envelopes for estimating the local Nakagami parameter (m),
which is assigned as the new pixel located in the center of the win-
dow. This step is then repeated with the window moving through-
out the entire envelope image in steps of one pixel, which yields
the Nakagami image as the map of m,, values. The window size
determines the resolution of the Nakagami image: using a smaller
window will improve the resolution but it will also yield fewer
envelope data points, which can lead to unstable estimates of m,
(overestimation). Therefore, prior to constructing the Nakagami
image it is necessary to determine the optimal size of the window
that can simultaneously satisfy the stable estimation of m,, and an
acceptable resolution of the Nakagami image.

In this study the window size was determined according to our
previously proposed procedure [19]. First, a reference homoge-
neous medium was scanned to obtain its envelope image. Each
envelope signal of the image scan line was used to calculate Naka-
gami parameter m. The average Nakagami parameter, m, was cal-
culated by averaging all m values, which represented the global
backscattering statistics of the scanned region. Second, each m,,
value in the scanned region and average value m,, were subse-
quently estimated using progressively larger sliding windows.
When the window was large enough to ensure the stable estima-
tion of my,, m, would approach m to reflect the identical backscat-
tering statistics. Consequently, the optimal window size was
determined once m,, = m.

Based on the conclusion in our previous study [19], using a win-
dow with a side length corresponding to three times the pulse
length of the incident ultrasound to construct the Nakagami image
can simultaneously satisfy both stable estimations of m,, and an
acceptable imaging resolution. The above criterion was established
based on measurements made using a 5 MHz transducer [19]. Sub-
sequent studies have demonstrated that same criterion for deter-
mining the window size is also suitable when using different
ultrasound transducers, including high-frequency transducers
(35-60 MHz) [21,22] and commercial array transducers (7 MHz)
[23,24]. For this reason, the side length of the window used to con-
struct the Nakagami image in the present study was three times
the pulse length of the employed transducer.

3. Materials and methods
3.1. Animal experiments

Twenty-one 7-week-old male Wistar rats weighing between
210 and 230 g were used. The institutional animal care and use

committee at Taiwan University Hospital approved the use of the
rats in this study. The rats were bred and maintained in an air-con-

ditioned animal house with food and water. Liver fibrosis was in-
duced in each rat by an intraperitoneal injection of 0.5%
dimethylnitrosamine (DMN) at 2 ml/kg body weight for three con-
secutive days each week [27]. In order to induce different degrees

of liver fibrosis in the rats, DMN was injected for different numbers
of weeks, as illustrated in Fig. 1. Each group comprised three
rats. Group 1 was the normal case, and animals in groups 2, 3, 4,
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Fig. 1. Schedule of DMN injections in each group.

5, 6, and 7 received DMN injections for 1, 2, 3, 4, 5, and 6 weeks,
respectively. Each rat was sacrificed after a rest period of 2 weeks,
and the liver was excised. Ultrasound scanning was applied to the
left lateral lobe of the liver. The left lobe had a thickness of
1.0-1.5 cm, and a length and width of 2-4 cm.

3.2. Data acquisition

A single-crystal ultrasound imaging system was constructed for
scanning the liver in vitro to acquire the ultrasound backscattered
signals associated with different degrees of liver fibrosis. The sys-
tem comprised a mechanical scanning assembly, a single-element
transducer, a pulser/receiver, and a data acquisition card, as shown
in Fig. 2 and explained below. The transducer was mechanically
scanned using a high-resolution motion stage driven by a piezo-
electric motor (Model HR8, Nanomotion, Yokneam, Israel); using
a piezoelectric motor reduced the noise level and thereby im-
proved the quality of the received ultrasound echoes. The trans-
ducer was driven by a pulser/receiver (Model 5072PR,
Panametrics-NDT, Waltham, MA, USA) for transmitting and receiv-
ing ultrasound signals. The received radio-frequency (RF) signals
backscattered from the liver were amplified by the built-in 59 dB
amplifier in the pulse/receiver and then digitized by an analog-
to-digital card (Model PXI-5152, National Instruments, Austin,
TX, USA) for data storage and offline analysis in a personal
computer.

A focused transducer with an element diameter of 6 mm was
used (Model V310, Panametrics-NDT). Pulse-echo testing of the
transducer revealed that its central frequency and pulse length
were 6.5 MHz and 0.3 mm, respectively. The focal length was de-
signed to be 1.1 cm, and therefore the theoretical —6 dB beam
width calculated using the f~-number was about 0.4 mm. We placed
the transducer and liver samples on a holder in a bath containing
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Fig. 2. System setup for ultrasound imaging measurements on liver specimens.

distilled water at room temperature. The liver was positioned at
the focus of the transducer (i.e., 1.1 cm from it). We performed five
independent B-scans of each liver specimen, each of which con-
sisted of 100 A-lines of the backscattered signals obtained at a
sampling rate of 50 MHz. Each backscattered signal corresponded
to a data length of about 12 mm. The interval between each A-line
was 0.1 mm. Each scan line was then demodulated using the Hil-
bert transform to obtain the envelope image, and the B-mode im-
age was formed based on the logarithm-compressed envelope
image at a dynamic range of 40 dB. The Nakagami image corre-
sponding to each B-mode image was formed according to the algo-
rithmic procedure described above. We constructed the Nakagami
images using a square window with a size of 0.9 x 0.9 mm?.

The following pseudocolor scale was designed to maximize the
display clarity of information in the Nakagami image: Nakagami
parameters smaller than 1 were assigned blue shading that chan-
ged from dark to light as the value increased, representing back-
scattered-signal envelopes that conformed to various pre-
Rayleigh statistical distributions; a value of 1 was shaded white
to indicate a Rayleigh distribution; and values larger than 1 were
assigned red shading from dark to light as the value increased, rep-
resenting backscattered-signal envelopes that conformed to vari-
ous post-Rayleigh statistical distributions.

3.3. Histological analysis

To score the level of liver fibrosis for each rat, the liver specimen
was fixed in 10% neutral-buffered formalin, embedded in paraffin,
and sliced into 4-pum-thick sections for histological analysis with
the hematoxylin and eosin (H&E) staining method. The tissue sec-
tions used in the histological examinations were 10-15 mm in
diameter, and the regions examined histologically did not neces-
sarily correspond to the insonified regions. To avoid sampling er-
rors, we prepared five histological sections from different areas
of each liver specimen. The Metavir score, which quantifies the de-
gree of liver fibrosis, was determined by an experienced patholo-
gist who was blinded to the treatment protocol. The pathologist
identified that homogeneously distributed fibrosis had been in-
duced throughout the liver parenchyma, with the extent of liver
fibrosis being proportional to the duration of DMN injections.

4. Results

Table 1 summarizes the Metavir scores of the rats as deter-
mined by the pathologist. A fibrosis score of ‘0’ was assigned by
the pathologist when the degree of liver fibrosis did not satisfy
the scoring criterion for a fibrosis score of 1, and such cases were
considered to be normal. Overall, the fibrosis score increased with
the duration of DMN injections. There were 7, 5, 3, 3, and 3 rats
with fibrosis scores of 0, 1, 2, 3, and 4, respectively. Fig. 3a shows
typical H&E-stained sections for normal rat livers and for fibrotic
rat livers with fibrosis scores of 1-4. The amount of the connective
fibrous tissues extending out from the portal areas increased with
the fibrosis score, demonstrating that DMN injections successfully
induced liver fibrosis in the rats.

Fig. 3b shows B-mode images of rat livers with different degrees
of fibrosis. It can be seen that the B-scan images did not reflect the
progress of liver fibrosis in the rats, since the image intensity did
not vary significantly with the fibrosis score—except for the image
appearing to be brighter for a fibrosis score of 3, as demonstrated
in Fig. 4a. Clinically, the echo intensity is the most convenient in-
dex for assessing fibrosis formation [28], since the formation of fi-
brotic structures increases the echogenicities of scatterers in the
liver [29]. However, some previous studies have revealed that the
echo intensity may not be a reliable index, possibly due to inade-
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Table 1
Metavir scores of liver fibrosis in rats as determined by
the pathologist.

Metavir scores of the
three rats in each group

Group number
(n =3 for each group)

A Wws =00
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1
2
3
4
5
6
7
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quate reproducibility in the grading and staging of liver fibrosis
[28,30]. This problem also appeared to occur in our animal
experiments.

The information provided by the Nakagami image about the de-
gree of rat liver fibrosis differed from that available in the B-scan
image. Fig. 3c shows that the shading of the Nakagami image ap-
peared to be correlated with the formation of liver fibrosis in rats.
The amount of the red-blue-interlaced! shading in Nakagami
images of the rat livers increased with the fibrosis score. This fea-
ture of the Nakagami image was indicative of backscattering statis-
tics in rat livers that partially followed pre-Rayleigh distributions
and partially followed post-Rayleigh distributions. Moreover, the
proportion of red shading in the Nakagami image appeared to in-
crease with the degree of liver fibrosis. Blue shading predominated
in the Nakagami image of a normal rat liver, while the amount of
red shading (i.e., indicative of regions following post-Rayleigh dis-
tributions) increased with the fibrosis score. Fig. 4b shows the rela-
tionship between the average Nakagami parameter and the fibrosis
score. The average Nakagami parameter was calculated from the
pixel values in the Nakagami image corresponding to the liver re-
gion, which was manually tracked by a pathologist. The Nakagami
parameter increased from 0.55 +0.07 (mean = SD) to 0.83 +0.02,
representing that the global statistics of the backscattered-signal
envelope changed from a pre-Rayleigh distribution to a roughly
Rayleigh distribution when the fibrosis score increased from 0 to
4. This result means that the average pixel value of the Nakagami
image may be useful for scoring the degree of liver fibrosis in rats.

In order to further evaluate the usefulness of the Nakagami im-
age in classifying normal and fibrotic livers, Fig. 5 compares the
values of the Nakagami parameter between the normal group
and the cases with different fibrosis scores. Fig. 5a and b compare
the average Nakagami parameters between normal cases and those
with fibrosis scores of 1 and 2, respectively. The probability values
(i.e., p values) calculated using the independent-samples t-test
were 0.54 and 0.07, respectively, meaning that the Nakagami im-
age could not distinguish between normal livers and the early
stage of liver fibrosis. Fig. 5c and d compare the average Nakagami
parameters between normal cases and those with fibrosis scores of
3 and 4, respectively. These two comparisons produced p values
smaller than 0.01, demonstrating that the Nakagami image could
be used to distinguish between normal cases and the more-severe
cases of fibrosis formation in rat livers.

Further comparisons were made to better understand the
behavior and usefulness of the Nakagami image in assessments
of rat liver fibrosis. We combined the rats into various group pairs,
and compared the Nakagami parameters between them. Fig. 6a
compares the Nakagami parameters of normal livers and fibrotic
livers with scores of 1-4, for which the p value was 0.09. In con-
trast, the p value for the comparison between normal cases com-
bined with those with a fibrosis score of 1 and those cases with

1 For interpretation of color in Fig. 3, the reader is referred to the web version of
this article.

scores of 2-4 was smaller than 0.01, as shown in Fig. 6b. The other
two comparisons are shown in Fig. 6¢ and d, respectively. The re-
sults in Fig. 6 indicate that the Nakagami image can be used to dis-
tinguish between less-severe (scores < 2) and more-severe (scores
of 2-4) cases of liver fibrosis in rats, while it cannot be used to dis-
tinguish between normal livers and cases with a fibrosis score of 1
(as also shown in Fig. 5).

5. Discussion and conclusion

The experimental results obtained in this study have demon-
strated that the Nakagami approach can be used to visualize and
distinguish the degree of liver fibrosis in rats. It appears that the
Nakagami parameter increased with the degree of liver fibrosis
due to the increased proportion of the sample area in which the lo-
cal backscattering statistics conformed to a post-Rayleigh distribu-
tion (i.e., red shading in the Nakagami image). The possible
underlying reasons are discussed below.

Rat liver tissues contain blood vessels that typically backscatter
ultrasound signals more strongly than do other liver tissues. A
blood vessel in a rat liver acts like a strong point reflector, as shown
in the B-scans in Fig. 3. Homogeneous liver tissue containing point
reflectors would exhibit a relatively high variation in the backscat-
tering cross-sections of scatterers, leading to a pre-Rayleigh distri-
bution. In other words, the pre-Rayleigh distributions for normal
rat liver tissue may be due to the effects of the blood vessels. On
the other hand, the Nakagami image of the fibrotic liver contained
more red regions, representing local post-Rayleigh distributions. It
is well known that liver fibrosis is the result of the wound-healing
response of the liver to repeated injury. After injury, parenchymal
cells regenerate and replace the necrotic or apoptotic cells. Such a
process is related to an inflammatory response and a limited depo-
sition of extracellular matrix (ECM). A prolonged hepatic injury can
result in the failure of liver regeneration, and with hepatocytes
being substituted by abundant ECM [31]. The ECM is an interlock-
ing mesh of fibrous proteins and glycosaminoglycans that provides
structural support to cells, in addition to performing various other
important functions. Thus, a greater severity of liver fibrosis may
increase the concentration of local scatterers and the appearance
of periodic structures or clustering of scatterers in the tissue back-
ground, resulting in the backscattered-signal envelopes conform-
ing to a post-Rayleigh statistical distribution.

Our experimental results demonstrated that the Nakagami im-
age is useful for visualizing the degree of rat liver fibrosis. How-
ever, this does not necessarily mean that the Nakagami image
can be used to detect liver fibrosis in humans. Referring to the pre-
vious literature [32,33], we found that the results obtained in our
animal study did not agree well with those from human re-
searches. For example, Yamada et al. [32] excised human liver
specimens from autopsies and placed them in a tank for ultrasound
scanning by a commercial clinical ultrasound scanner operating at
transmitting and receiving frequencies of 2 and 4 MHz, respec-
tively, and found that the signals backscattered from normal liver
tissues approximately conformed to a Rayleigh distribution, while
those from liver tissues with cirrhosis conformed to a pre-Rayleigh
distribution. We attribute this discrepancy to differences in the fi-
ber characteristics between rats and humans.

Moreover, artifact problems may appear in the Nakagami im-
age. The shadings in the top and bottom parts of each Nakagami
image corresponded to the background signals in the B-mode
image. The background signals mainly contain random white
noise and the damping signal, which is the small unwanted
residual vibration of the transducer excitation pulse. These sig-
nals could produce undesirable shadings (i.e., artifact) around
the examined tissue. In the experiments, the same system, set-
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Normal

Fibrosis

Fig. 3. (a) H&E-stained sections (100 x magnification), (b) B-mode, and (c) Nakagami images of rat livers with different degrees of liver fibrosis.

tings, and algorithm were used to form the Nakagami image.
Different features of the Nakagami artifact corresponding to
the background may be caused by the effects of white noise
and the damping signal that are dependent on the characteristics
of the RF cables that are used.

Background white noise not only produces artifacts but also af-
fects the usefulness of the Nakagami image. Owing to white noise
typically behaving as a random variable with a Gaussian distribu-
tion having a zero mean, the pdf of its envelope will follow
Rayleigh statistics. The coupling of background noise with the
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Fig. 5. Comparisons of the Nakagami parameter between normal and fibrotic cases with different Metavir scores.

ultrasound backscattered signals tends to move the total estimated
pdf toward a Rayleigh distribution, which in turn moves the
Nakagami parameter toward unity [34,35]. A previous study sug-
gested that the signal-to-noise ratio (SNR) of backscattered signals
needs to be higher than 11 dB to allow meaningful estimations of
the Nakagami parameter when characterizing tissues [34]. For this
reason, we roughly evaluated the SNR of the experimental system
by calculating the ratio of the echo intensity of the normal liver to
that of the background, revealing that the system SNR is approxi-
mately 16 dB, which indicates that the current experimental re-
sults are reliable. Some techniques of noise reduction and SNR
enhancement will be necessary in future in vivo applications in or-
der to implement a Nakagami approach with adequate sensitivity
and accuracy. For instance, signal processing could be applied to
remove some of the noise within the recorded signals. A measure-
ment system with an improved anti-noise ability is also useful in
isolating external noises. A highly focused transducer also could
enhance the SNR of the backscattered signals [36].

It should be noted that the backscattered signals measured by a
focused transducer can be degraded by transducer focusing and
beam diffraction, and produce weak and noisy echoes in the far
field of the transducer. These factors not only affect the statistical

parameter estimation but also limit the datalength acquired for
analysis. This previously prompted us to develop the noise-assisted
Nakagami parameter based on empirical mode decomposition of
noisy backscattered signals to allow scatterer characterization of
rat liver tissues using a nonfocused transducer [37]. It has been
shown that the noise-assisted Nakagami parameter is useful for
assessing liver fibrosis in rats, but it cannot be used for parametric
imaging because the wide beam of a nonfocused transducer results
in a poor lateral resolution. This explains why the noise-assisted
Nakagami parameter is only useful for regional measurements
[37].

When visualizing the degree of liver fibrosis in rats, it is bet-
ter to use the conventional Nakagami parameter estimated with
data obtained using a focused transducer. However, the effects of
transducer focusing and beam diffraction on the obtained image
are unavoidable. Recall that the brightness/depth (B/D) scanning
technique can be used to reduce the adverse effects of beam dif-
fraction on the image resolution [38,39]. Future studies should
investigate combining B/D scan and image reconstruction tech-
niques in order to further develop multifocus Nakagami imaging
for enhancing the usefulness of the Nakagami image in fibrosis
assessments.
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Fig. 6. Comparisons of the Nakagami parameter between group pairs.

In summary, this study performed ultrasound scanning of rat
livers in vitro to explore the feasibility of using the Nakagami image
to assess liver fibrosis in rats. The obtained experimental results
demonstrated that the Nakagami image has the ability to visualize
the degree of liver fibrosis and to score the liver fibrosis by estimat-
ing the Nakagami statistical parameter. The Nakagami image is ob-
tained using a standard pulse-echo system configuration, and
therefore it may be combined with the conventional B-scan image,
thereby allowing researchers to simultaneously observe the struc-
tures and characterize the scatterers within rat livers. The Naka-
gami image has the potential to serve as a functional imaging
tool for animal studies of liver fibrosis.
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