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Abstract—Quantitative ultrasound (QUS) techniques are 
diagnostically useful in assessing nonalcoholic fatty liver disease 
(NAFLD). From previous studies, the backscatter coefficient 
(BSC) correlates with liver fat fraction, but the mechanisms have 
not been determined. Understanding the ultrasound scattering 
mechanisms will lead to better acoustic scattering models and 
more accurate diagnostics. The purpose of this study is to test the 
following hypothesis: Fat droplet deposition in hepatocytes alters 
the locations of hepatocyte nuclei, changing the spatial 
distribution of the nuclei, which leads to the change in the 
structure function (SF), a factor of the BSC. The SF, determined 
by the distribution of the nuclei, is correlated with the fat 
fraction. To test this hypothesis, hematoxylin and eosin-stained 
liver histopathological slides from 48 participants were digitized 
(40×). One to 5 regions (453.6 µm × 453.6 µm) were selected from 
each participant’s slide(s), yielding 218 images in total. For each 
image, hepatocyte nuclei and fat droplets each were 
automatically recognized. SF versus frequency was calculated 
from the nuclear distribution. Liver fat fraction was determined 
from the fractional surface area of fat droplets. SF was positively 
correlated with the liver fat fraction (Pearson’s r ~ 0.4, p < 10-4) 
below 30 MHz (including clinically relevant frequencies 3 - 5 
MHz). In conclusion, this study shows the fat droplets change the 
distribution of hepatocyte nuclei, which is a factor contributing 
to the correlation between fat fraction and BSC. 

Keywords—structure function, acoustic scattering, histology, 
nuclei recognition, quantitative ultrasound  

I. INTRODUCTION 
 Quantitative imaging is playing an increasingly important 
role in medical diagnosis. Quantitative ultrasound (QUS), the 
extraction of quantitative parameters from ultrasound 
backscattered signals, has promising clinical applications in 
tissue characterization and disease diagnosis [1]. Among other 
successes, recent human studies have demonstrated the 
capabilities of spectral-based QUS techniques in quantifying 
liver steatosis [2-4]. The QUS attenuation coefficient (AC) 
and backscatter coefficient (BSC) have been shown to be 
significantly correlated to the fat content in the liver.  

 While the positive correlation between liver fat content 
and QUS parameters has been established in human studies, 
the causal relationship has not been elucidated. A clear 
understanding of the mechanisms by which liver fat droplet 
deposition causes changes in the QUS parameters will guide 
the proper use of the QUS techniques and also lead to further 
improvement of the techniques.  

 The purpose of this study is to investigate how liver fat 
droplets change the BSC, a fundamental QUS parameter, by 
using digitized hematoxylin and eosin (H&E)-stained 
histopathological liver slides. We have hypothesized two 
independent mechanisms. 1) Fat droplets constitute acoustic 
scatterers in the liver, causing more scattering and increasing 
the BSC. 2) Hepatocyte nuclei are also acoustic scatterers. Fat 
droplet deposition in hepatocytes alters the locations of the 
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hepatocyte nuclei within the hepatocytes, which changes the 
spatial distribution of the nuclei. The BSC is influenced by the 
spatial distribution of scatterers according to acoustic 
scattering theories. The effect of the scatterer spatial 
distribution on the BSC is quantified by the structure function 
(SF) as a factor of the BSC. Therefore, fat droplet deposition 
changes the hepatocyte nuclear distribution, which changes 
the SF and hence the BSC. Due to space limit, this study 
focuses on the second mechanism, i.e., fat droplets change the 
SF.  

II. STRUCTURE FUNCTION THEORY 
 The concept of the SF was originally developed in 
statistical mechanics, first applied to acoustic scattering by 
Twersky [5,6], and first used to describe biological scatterers 
by Fontaine et al. [7]. The SF has been shown to play a role in 
the ultrasound scattering of a wide variety of materials [8-15]. 
The SF theory is briefly introduced as follows.   

 Consider a plane wave incident on a scattering volume that 
contains N discrete scatterers. The differential scattering cross 
section per unit volume, σd, observed in the far field, can be 
expressed as [13, 16] 

𝜎!(𝐊) =
"
#
&∑ Φ$(𝐊)𝑒%𝐊⋅𝐫!)

$*" &+	,                    (1) 

where 𝐫$  is the position of the jth scatterer, Φ$(𝐊)  is the 
complex scattering amplitude of the jth scatterer and K is the 
scattering vector, whose magnitude is given by |K| = 
2ksin(𝜃 /2), where 𝜃	 is the scattering angle, and k is the 
wavenumber. If the scatterers are spatially uncorrelated and N 
is large, the scattering is incoherent and the expected 
differential cross section per unit volume becomes  

σd,incoherent=
1
V
∑ &Φj(K)&

2N
j=1 .  (2) 

The SF is defined as 

 S(K)= σd(K)
σd,incoherent(K)

.               (3) 

  Assuming the complex scattering amplitudes Φ$(𝐊) are 
identical for all scatterers, (3) may be simplified as 

    S(K) = 1
N

|∑ e-iK∙rjN
j=1 |2,                      (4) 

which is used to determine the SF from histology (III-B). 

III. METHODOLOGY 

A. Automatic Nuclei Recognition  
The H&E-stained liver slides of 48 participants with and 

without nonalcoholic fatty liver disease (NAFLD) were 
digitized using a Leica AT2 scanner at 40× apparent 
magnification. One to 5 regions of interest (ROIs) were 
chosen from each slide, and 218 ROIs were obtained in total. 
Each ROI had a size of 453.6 µm × 453.6 µm, with a 
resolution of 3.97 pixels/µm. Fig. 1(a) is an example ROI.  

A series of operations were developed to automatically 
recognize hepatocyte nuclei. First, the k-means (k = 4) 
clustering technique was used to classify the pixels based on 
color into four categories: white, light pink, pink, and blue. 

Blue was considered to represent the nuclei and other colors 
were considered the background. A binary image consisting 
of the nuclei and the background was generated. 

Afterward, a series of morphological operations were 
applied to the resulting binary images to improve the nuclei 
recognition results. Specifically, opening was used to remove 
objects much smaller than typical hepatocyte nuclei. Closing 
was applied to fill in holes in the regions of nuclei. Erosion 
was applied to separate the boundaries of multiple nuclei in a 
cluster while dilation was used to extend the boundary. 

Finally, objects whose eccentricity was larger than 0.8 
were removed. This step removed lymphocytes and other 
particles that were not hepatocyte nuclei (Fig. 1(b)). 

 
Fig. 1 (a) An ROI of an original H&E image and zoomed-in view of the 
region indicated by the green box. The white regions are fat droplets. (b)  
An ROI superimposed with automatically recognized nuclei (in cyan). (c) 
An ROI superimposed with manually recognized nuclei (in red). Note that 
the lymphocyte in the zoomed-in view of (b) and (c) was not recognized as 
hepatocyte nuclei. 
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B. Structure Function Calculation from Histology 
The SF was calculated by using the 2-D version of (4) and 

the automatically recognized nuclear centers. Specifically, the 
vector K was chosen as 𝐊 = +.

/
.𝑛0𝑥1 + 𝑛1𝑦14,  where 

𝑛0 , 𝑛1, = ±1,±2,…, and 𝐿 is the side length of the ROI. The 
magnitude of 𝐊 was then determined by 𝑘 = +.

/ <𝑛0
+ + 𝑛1+ . 

Circular averaging was performed with a resolution of +.
/

 for 
𝑘. For backscattering, frequency was determined by f	=	kc/4π, 
where the speed of sound c = 1540 m/s. The frequency range 
used to calculate the SF was 3.4 to 40 MHz. The low 
frequency limit was determined by the ROI size [14, 15] and 
the upper frequency was extended beyond conventional 
clinical frequency ranges to provide theoretical insights. 

C. Manual Nuclei Recognition 
Manual recognition of hepatocyte nuclei was performed to 

evaluate the accuracy of automatic recognition (III-B) for 
purposes of SF calculation. Manual nuclei recognition (Fig. 
1(c)) was performed in a subset of ROIs (n=29). The SF versus 
frequency curves calculated based on the automatic and 
manual recognition were compared. The agreement was 
evaluated by the R2 value. 

D. Fat Fraction Determination Using Histology 
Fat droplets were recognized automatically to calculate fat 

fraction for each ROI. The fat fraction was calculated by the 
ratio of the area occupied by all fat droplets to the area of the 
ROI. Fat droplets were recognized based on their color, shape, 
and size. Specifically, fat droplets appeared to be white in all 
ROIs. The circularity of fat droplets was between 0.25 to 1.2. 
The size of a fat droplet was larger than the average size of a 
nucleus (radius = 3 µm). Those characteristics were used to 
determine the threshold for color, circularity, and size in fat 
droplet recognition.  

E. Correlation between Fat Fraction and SF 
Pearson correlation coefficient was used to evaluate the 

correlation between the fat fraction estimated in III-D and the 
SF at each frequency obtained in III-B. 

IV. RESULTS AND DISCUSSION 
The SF calculated from the automatically recognized 

nuclei showed good agreement with the SF calculated from 
the manually recognized nuclei, with an average R2 value of 
0.63. Fig. 2 is an example of the comparison between the SF 
curves calculated automatically recognized and manually 

recognized nuclei. The two SF curves showed similar trends. 
The R2 value was 0.62 in this case. These results justified the 
use of automatic nuclei recognition for SF calculation.  

 The average SF between 3.4 and 5.1 MHz versus fat 
fraction is shown in Fig. 3(a), where each point represents one 
ROI. The SF was positively correlated with the fat fraction 
(Pearson correlation coefficient r = 0.43 and p < 10-4. The fat 

 
Fig. 2 Comparison between SF versus frequency curves obtained from 
automatically recognized nuclei and manually recognized nuclei for the 
same ROI. 

 

 

 
 

 
 

 
Fig 3. (a) Scatter plot of average SF between 3.4 and 5.1 MHz versus fat 
fraction. (b) Pearson correlation coefficient between fat fraction and SF at 
each frequency within 3.4 – 40 MHz. (c) Corresponding p-values of the 
Pearson correlation analysis. 

 

 

(a) 

(b) 

(c) 
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fraction ranged between close to 0 and 35%. The SF ranged 
between 0.3 and 1.6. The SF deviated from unity, suggesting 
the non-random spatial distribution of hepatocyte nuclei. 

Pearson correlation coefficient values and the 
corresponding p-values were plotted in Fig. 3(b) and Fig. 
3(c), respectively, for each frequency between 3.4 and 40 
MHz. The correlation coefficient values fluctuated around 
0.4 at frequencies lower than 30 MHz, and the corresponding 
p-values were far lower than 0.01, indicating that the 
correlation between SF and fat fraction was significant in all 
frequencies below 30 MHz.  

The statistically significant positive correlation between 
SF and fat fraction suggested that the fat droplet deposition 
altered the nuclei spatial distribution and the SF, which in part 
explained the observed positive correlation between fat 
fraction and BSC in the literature. Also, the positive 
correlation between SF and fat fraction suggested the 
potential of developing the SF as an independent biomarker 
for liver fat quantification.  

V. CONCLUSION 
This study supports the hypothesis that the fat droplets 

change the spatial distribution of the hepatocyte nuclei and 
lead to changes in the structure function, which partially 
explains the positive correlation between BSC and fat 
fraction, and demonstrates the usefulness of the SF in 
understanding ultrasonic scattering in human liver.   
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