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Background: Lymphedema is a disease in which tissue swelling is caused by interstitial fluid retention in 
subcutaneous tissue. It is caused by a compromised lymphatic system. Lymphoscintigraphy is the current and 
primary modality used to assess lymphatic system dysfunction. Ultrasound elastography is a complementary 
tool used for evaluating the tissue stiffness of the lymphedematous limb. Tissue stiffness implies the 
existence of changes in tissue microstructures. However, ultrasound features related to tissue microstructures 
are neglected in clinical assessments of lymphedematous limbs. In this study, we aimed to evaluate the 
lymphedematous diagnostic values of ultrasound Nakagami and entropy imaging, which are, respectively, 
model- and nonmodel-based backscattered statistical analysis methods for scatterer characterization.
Methods: A total of 60 patients were recruited, and lymphoscintigraphy was used to score the patient’s 
clinical severity of each of their limb lymphedema (0: normal; 1: partial lymphatic obstruction; and 2: total 
lymphatic obstruction). We performed ultrasound examinations to acquire ultrasound backscattered signals 
for B-mode, Nakagami, and entropy imaging. The envelope amplitude, Nakagami, and entropy values, 
as a function of the patients’ lymphatic obstruction grades, were expressed in terms of their median and 
interquartile range (IQR). The values were then used in both an independent t test and a receiver operating 
characteristic (ROC) curve analysis.
Results: For each increase in a patient’s score from 0 to 2, the envelope amplitude values were 405.44 
(IQR: 238.72–488.17), 411.52 (IQR: 298.53–644.25), and 476.37 (IQR: 348.86–648.16), respectively. The 
Nakagami parameters were 0.16 (IQR: 0.14–0.22), 0.26 (IQR: 0.23–0.34), and 0.24 (IQR: 0.16–0.36), 
respectively, and the entropy values were 4.55 (IQR: 4.41–4.66), 4.86 (IQR: 4.78–4.99), and 4.87 (IQR: 
4.81–4.97), respectively. The P values between the normal control and lymphedema groups obtained from 
B-mode and Nakagami analysis were larger than 0.05; whereas that of entropy imaging was smaller than 0.05. 
The areas under the ROC curve for B-mode, Nakagami, and entropy imaging were 0.64 (sensitivity: 70%; 
specificity: 47.5%), 0.75 (sensitivity: 70%; specificity: 75%), and 0.94 (sensitivity: 95%; specificity: 87.5%), 
respectively.
Conclusions: The current findings demonstrated the diagnostic values of ultrasound Nakagami and 
entropy imaging techniques. In particular, the use of non-model-based entropy imaging enables for improved 
performance when characterizing limb lymphedema.
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Introduction

Lymphedema is an illness that arises from the impairment 
of the lymphatic drainage system. It can be caused by 
certain congenital and acquired reasons (1). Secondary 
lymphedema in the upper and lower limbs is frequently 
seen in cancer patients (2). Lymphedema causes swelling in 
the affected region because of the accumulation of protein-
rich interstitial fluid in subcutaneous tissue. For patients 
with chronic lymphedema, both physical disabilities and 
psychological stress generally increase with the progression 
of the disease (3). To reduce patient discomfort and improve 
quality of life, an accurate diagnosis of lymphedema is 
essential for prognosis and treatment planning.

In general, the clinical severity of lymphedema can be 
classified by performing physical examinations that evaluate 
both the condition of swelling in the limb and the edema 
pitting scale. Several medical imaging modalities have 
also been applied to diagnose lymphedema; for example, 
X-ray lymphography, lymphoscintigraphy, computed 
tomography, magnetic resonance imaging, near-infrared 
fluorescence imaging, and ultrasound (4). Among these, 
lymphoscintigraphy is the primary imaging modality 
used to assess lymphatic system dysfunction; it has been 
considered the criterion standard for decades (5). However, 
lymphoscintigraphy cannot provide quantitative clues for 
measuring changes in the stiffness of the lymphedematous 
limb. Such stiffness is a major cause of discomfort and 
impaired limb function in patients. To address the 
deficiencies of lymphoscintigraphy, some studies have 
proposed using ultrasound elastography to evaluate the 
tissue stiffness of the lymphedematous limb. It has been 
shown that the measure of semi-quantitative ultrasound 
strain elastography correlates with indocyanine green 
lymphography (6,7). Recent studies have further used 
acoustic radiation force impulse (ARFI) elastography to 
perform quantitative measures of the shear-wave velocity. 
They do so as an evaluation of stiffness. This indicates 
that the stiffness of cutaneous and subcutaneous tissues in 
lymphedematous limbs is significantly higher than that of 
unaffected sides (8). In particular, ARFI elastography can 
be used to support the treatment planning of pneumatic 

compression for postmastectomy lymphedema (3).
In principle, stiffness increase in lymphedematous limbs 

implies the existence of changes in internal microstructures. 
This is supported by a previous study, demonstrating 
that chronic lymphedema induces complications such 
as inflammation, adipose tissue hypertrophy, fibrosis, 
and recurrent infections (9). This finding indicates 
that information associated with changes in tissue 
microstructures are complementary clues and should 
thus be considered in the ultrasound characterization 
of lymphedema. Generally, a biological tissue can be 
modeled as a scattering medium consisting of numerous 
scatterers. These scatterers interact with the incident 
ultrasound to contribute backscattered signals (10). 
The variety of scatterer arrangements results in various 
behavior of both the ultrasound wave interference and 
the corresponding backscattered signals. In the literature, 
several statistical models have been used to analyze the 
statistics of backscattered signals and characterize tissue 
microstructures. Of these, the Nakagami distribution, given 
its simplicity and low computational complexity, is the most 
frequently adopted approximation model (11,12). Besides 
these model-based approaches, information entropy has 
been proposed as a non-model-based method to estimate 
backscattered statistics to describe microstructural changes 
(13,14). Compared with the statistical distribution models, 
the entropy approach allows one to use any type of data 
(regardless of its distribution) to estimate the statistical 
properties of backscattered signals (signal uncertainty)  
(15-17).

In the imaging of lymphedematous limbs, the diagnostic 
value of the model- and non-model-based backscattered 
methods of statistical analysis remains unknown. Thus, 
in this study, we aimed to explore the performance of 
ultrasound Nakagami and entropy parametric imaging for 
characterizing lymphedema. In subsequent sections, we 
describe how we recruited patients with lymphedema for 
the acquisition and analysis of our clinical data. Our results 
indicate that compared with the model-based Nakagami 
imaging, ultrasound entropy imaging achieves superior 
diagnostic accuracy with regards to limb lymphedema.
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Methods

Participants

This study was approved by the Institutional Review 
Board at Chang Gung Memorial Hospital in Linkou, 
Taiwan. A total of 60 patients were recruited from the 
Department of Medical Imaging and Intervention; 
they all signed informed consent forms. All participants 
underwent lymphoscintigraphy to confirm the diagnosis 
of unilateral lower limb lymphedema. For each subject, 
the clinical severity of limb lymphedema was scored using 
the new Taiwan lymphoscintigraphy staging system (0: 
normal; 1: partial lymphatic obstruction; 2: total lymphatic 
obstruction) (18). Characteristics of the participants, namely 
age, sex, and body mass index (BMI), were recorded. 

Ultrasound data acquisition and analysis

After performing lymphoscintigraphy, all  patients 
underwent an ultrasound screening on bilateral lower limbs 
(at the medial surface of the leg 10 cm above the medial 
malleolus). The screening was conducted by a radiologist 
who was blinded to the lymphoscintigraphy reports. A 
clinical ultrasound scanner (ACUSON S3000, Siemens, 
Mountain View, CA, USA) was equipped with a linear array 
transducer with a 7.5 MHz central frequency (Model 9L4). 
It was used to acquire raw image data, consisting of 912 
A-lines of backscattered radiofrequency (RF) signals. The 
pulse length of the transducer was approximately 1 mm, and 
the sampling rate was 40 MHz.

For each piece of raw data, the envelope image was 
obtained by taking the absolute value of the Hilbert 
transform of the backscattered RF signals. The B-mode 
image was constructed using the logarithm-compressed 
envelope image at a dynamic range of 40 dB. The 
uncompressed envelope image was concurrently processed 
using the sliding window technique to generate both 
ultrasound Nakagami and entropy parametric images. 
Details regarding the algorithmic scheme and the 
mathematical formula for estimating both the Nakagami 
and entropy values can be found in a previous study (16). 
For each window location, the Nakagami parameter m was 
estimated using the moment-based estimator, as given by
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where E(.) is the statistical mean operator, and A means the 

local data acquired by the window. The entropy value was 
calculated using the statistical histogram of backscattered 
envelope data w(y) (number of bins =100) in Eq. [2].
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where ymin and ymax represent the minimal and maximal values 
of the local data in the window. The window side length 
for constructing a Nakagami image was set at three times 
the pulse length of the transducer. For entropy imaging, 
we adopted one pulse length as the window side length. 
This is because entropy imaging allows for small-window 
parametric imaging (15,16). A window overlap ratio of 50% 
was used to achieve a compromise between image resolution 
and computational time. To quantitatively evaluate changes 
in the tissue microstructure with limb lymphedema, a 
region of interest (ROI), manually outlined on the B-mode 
image, was applied to the corresponding Nakagami and 
entropy images to calculate the average of the image pixel 
values within the ROI, which was empirically shown as an 
appropriate index for tissue quantitative analysis (15-17).

It can be expected that several factors associated with the 
ROI selection affect the results, including the ROI location, 
artifacts influence, and information contents; however, 
no standard criteria for determining the ROI on the 
images of lymphedema are currently available. To reduce 
the measurement bias in characterizing lymphedema, we 
established the following rules for determining the ROI: 
(I) the ROI location is placed on the subcutaneous layer, 
which is anatomically located between the cutaneous and 
muscular layers, for data analysis, (II) blurry boundaries 
caused by reverberation artifacts are excluded, and (III) 
the ROI should be as large as possible to provide sufficient 
backscattering information. 

Statistical analysis

The envelope amplitude, Nakagami, and entropy values, 
as a function of the lymphatic obstruction grades, were 
expressed in terms of the median and interquartile range 
(IQR). The independent t test was used to compare the data 
between each group (P<0.05 was considered statistically 
significant). We also used a receiver operating characteristic 
(ROC) curve analysis with a 95% confidence interval (CI) 
to evaluate the diagnostic performance of the Nakagami 
and entropy imaging. The area under the ROC (AUROC), 
accuracy, sensitivity, and specificity were determined. 
All statistical analyses were performed using SigmaPlot 
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software (Version 12.0, Systat Software, Inc., San Jose, CA, 
USA).

Results

The characteristics of participants with unilateral lower 
limb lymphedema are summarized in Table 1 .  The 
ultrasound B-mode, Nakagami, and entropy images for each 
stage of lymphatic obstruction are depicted in Figure 1. The 
brightness of these images increased with the increase in 
the severity of limb lymphedema. This indicates that during 
the formation of lymphedema, the image intensity varied, 
and the ultrasound model- and non-model-based statistical 
parametric images enable visualizing the changes in the 
backscattered statistics. Note that the colors appearing on 
the parametric images were assigned according to the pixel 
strength for the purpose of visualization only. The features 
(or textures) of an ultrasound parametric image should 
be quantified based on the statistical descriptions of the 
parameter values. For this reason, the user-defined pseudo 
color is not recommended as the feature to characterize 
lymphedema. As mentioned in Materials and Methods, the 

average of the parameter values in the ROI is a workable 
index for tissue quantitative analysis.

The envelope amplitude, Nakagami, and entropy values 
corresponding to each lymphatic obstruction grade are 
presented in Figure 2. With every increase of the score 
from 0 to 2, the envelope amplitude values were 405.44 
(IQR: 238.72–488.17), 411.52 (IQR: 298.53–644.25), 
and 476.37 (IQR: 348.86–648.16), respectively; the 
Nakagami parameters were 0.16 (IQR: 0.14–0.22), 0.26 
(IQR: 0.23–0.34), and 0.24 (IQR: 0.16–0.36), respectively; 
and the entropy values were 4.55 (IQR: 4.41–4.66), 4.86 
(IQR: 4.78–4.99), and 4.87 (IQR: 4.81–4.97), respectively. 
Compared with the B-mode and Nakagami values, the 
entropy parameter had statistically significant difference 
between normal and partial or total lymphatic obstructions 
(P<0.05). The P value between the normal control and 
lymphedema groups obtained from the entropy analysis was 
also smaller than 0.05. According to the results displayed 
in Figure 3, ultrasound entropy imaging seemed to provide 
an improved characterization of limb lymphedema. The 
AUROC was 0.64 (sensitivity: 70%; specificity: 47.5%) 
for B-mode imaging, 0.75 (sensitivity: 70%; specificity: 
75%) for Nakagami imaging, and 0.94 (sensitivity: 95%; 
specificity: 87.5%) for ultrasound entropy imaging. 
Evidently, conventional B-mode imaging is unable to 
characterize limb lymphedema. However, the current 
findings confirmed the diagnostic value of ultrasound 
Nakagami and entropy imaging techniques in grading 
limb lymphedema. Specifically, non-model-based entropy 
imaging achieves superior performance. Performance 
comparisons between ultrasound B-mode, Nakagami, and 
entropy imaging are summarized in Table 2.

Discussion

Significance of this study

In this study, we evaluated the use of ultrasound Nakagami 
and entropy imaging for staging lymphedema. The 
literature has yet to pay attention to the analysis of 
ultrasound backscattered statistics for lymphedematous 
tissues. However, the current findings in this study support 
the value of using ultrasound backscattering analysis for 
diagnosing lymphedema. Specifically, compared with 
ultrasound parametric imaging based on the Nakagami 
statistical model, the information entropy approach 
achieves significantly better performance in the diagnosis 
and staging of limb lymphedema. This demonstrates that 

Table 1 Characteristics of participants with lower limb lymphedema

Characteristics Result

Male/female 6/54

Age, years

Mean ± standard deviation [range] 59±11.7 [29–85]

Median 61

BMI, kg/m2

Mean ± standard deviation (range) 25±4.4 (17–37.9)

Median 24.8

Lymphatic obstruction grade*

0 20

1 20

2 20

Cause of lymphedema

Primary 6

Secondary 54

Unless otherwise noted, data are numbers of patients. *The 
lymphatic obstruction grade on both affected and contralateral 
limbs were assessed by the novel Taiwan Lymphoscintigraphy 
Staging System (18). BMI, body mass index.
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the information uncertainty of ultrasound backscattered 
signals is a means of characterizing microstructures that is 
able to improve the clinical assessment of lymphedema. To 
the best of our knowledge, this study is the first to reveal 
the usefulness of ultrasound backscattered statistics in the 
clinical evaluation of lymphedema.  

The relationship between changes in microstructures and 
backscattered statistics

According to the results, ultrasound Nakagami and 
entropy values increase with the severity of lymphedema. 

Physically, this means that the backscattered statistics of 
advanced stages of lymphedema are closer to the Rayleigh 
distribution. The signal uncertainty (or complexity) of 
ultrasound backscattering is also enhanced, corresponding 
to higher entropy values. A primary mechanism that causes 
increases in the Nakagami and entropy values could be 
histological changes in lymphedema. In lymphedematous 
limbs, stagnation of lymph fluid circulation gradually 
triggers changes in tissue microstructures such as adipose 
tissues and fibrosis deposition (19).  It should be noted that 
the fat cell also belongs to both an endocrine organ and a 
cytokine-activated cell (20). During chronic inflammation, 

Figure 1 Ultrasound parametric imaging for each stage of lymphatic obstruction (top: grade 0; middle: grade 1; bottom: grade 2). Images (A) 
to (C) are the B-mode images, (D) to (F) are the Nakagami images, and (G) to (I) are the entropy images. The brightness of the Nakagami 
and entropy images increased with each increase of the severity of limb lymphedema, indicating that ultrasound model- and non-model-
based statistical parametric images enable the visualization of changes in the backscattered statistics during the formation of lymphedema.
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excess adipose tissues to a slow lymph flow, and adipocytes 
transformed from macrophages accelerate lipogenesis and 
fat deposition (21). Thereafter, because of pinocytosis of the 
white blood cells and activation of fibroblasts, the connective 
tissues increase, hardening subcutaneous lymphedematous 
tissues (22,23). The aforementioned changes in histological 
features imply an increase in the number of scatterers in the 
resolution cell of the transducer, thereby strengthening the 
effect of constructive wave interference. As demonstrated in 

previous studies, this phenomenon reduces the difference 
between the backscattered statistics and the Rayleigh 
distribution. It also enlarges the uncertainty of ultrasound 
backscattered signals (16,24,25).

Comparison between the statistical model and information 
entropy

Our results indicate that the statistical model’s accuracy is 

Figure 2 Statistical analysis and comparisons for B-mode and parametric imaging of limb lymphedema. (A) to (C) B-mode, Nakagami, 
and entropy values corresponding to each lymphatic obstruction grade; (D) to (F) comparisons of the values obtained without and with 
lymphedema. The symbol ‘*’ means P<0.05. Envelope amplitude, Nakagami, and entropy values increased with each increase of lymphedema 
severity. The entropy parameter had statistically significant difference between normal and partial or total lymphatic obstructions. The 
difference between the normal control and lymphedema groups obtained from the entropy analysis was also statistically significant.
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inferior to information entropy’s for characterizing limb 
lymphedema. This suggests that information entropy 
has a diagnostic advantage in imaging lymphedema. 
One possible reason why Nakagami imaging performed 
worse is that it cannot be applied in the description of 
the backscattered statistics of lymphedematous limbs. A 
previous study determined that because of the existence 
of complex structures in the tissue background, Nakagami 
parameter estimation is susceptible to errors and incoherent 
results (26). Fundamentally, lymphedematous tissue is 
not a homogeneous scattering medium. The existence of 
structural information is the likely cause of the Nakagami 
parameter’s reduced diagnostic accuracy. Compared with 
the statistical model, information entropy was defined 
mathematically as informational content. In practical 
applications, information entropy can reveal the signal’s 
relative information quantity. This provides clues pertaining 
to tissue properties regardless of data distribution. We 
cannot deny the usefulness of the statistical model in 
tissue characterization, but with respect to the diagnosis 
of lymphedema, the use of statistical models needs to be 
further refined. Prior to such refinements, information 
entropy can be used as an appropriate quantitative approach 
for lymphedema detection.

Comparisons with ultrasound elastography and the 
conventional B-scan

Recall that a previous study has explored using the ARFI 
to measure lymphedematous limbs, improving clinical 
diagnosis of lymphedema by offering information on tissue 
stiffness (8). However, the ARFI technique only allows 
local measurements, hindering overall evaluations of 
subcutaneous tissues in lymphedematous limbs. Compared 
with the ARFI, ultrasound statistical parametric imaging 
provides information associated with changes in tissue 
microstructures as additional clues for characterization of 
lymphedema. The current results showed that the AUROC 
of ultrasound entropy imaging in diagnosing lymphedema 
was 0.94, which is higher than that of the ARFI (0.83) 
revealed in the previous study (8). Evidently, ultrasound 
entropy imaging has the potential in the assessment of 
lymphedema detection.

In clinical settings, conventional ultrasound B-mode 
imaging is still a convenient and fast screening tool for 
examinations of lymphedematous limbs; whereas, it is 
difficult to characterize tissue microstructures for further 
clinical decision making, as supported by the results in 
Figure 2. Although a lot of image processing and display 

Figure 3 Receiver operating characteristic (ROC) curves obtained 
from ultrasound B-mode, Nakagami, and entropy imaging. The 
area under the ROC (AUROC) for B-mode imaging was 0.64 
(sensitivity: 70%; specificity: 47.5%), and that for Nakagami 
parametric imaging was 0.75 (sensitivity: 70%; specificity: 75%). 
Compared with the B-mode envelope amplitude and Nakagami 
parameter, information entropy enables to stage lymphedematous 
limbs with a significantly improved diagnostic accuracy (the 
AUROC: 0.94; sensitivity: 95%; specificity: 87.5%).

Table 2 Diagnostic performance of ultrasound B-mode (using 
envelope amplitude) and parametric imaging (using Nakagami 
distribution and information entropy) for the assessment of limb 
lymphedema

Parameter
Envelope  
amplitude

Nakagami  
parameter

Shannon 
entropy

Cutoff value 460.7273 0.2004 4.7285

Sensitivity, % 70 70 95

Specificity, % 47.5 75 87.5

Accuracy, % 55 73.33 90

LR+ 1.33 2.8 7.6

LR− 0.63 0.4 0.06

PPV, % 40 58.33 79.17

NPV, % 76 83.33 97.22

AUROC  
(95% CI)

0.64  
(0.48–0.79)

0.75  
(0.62–0.87)

0.94  
(0.89–0.99)

LR+, positive likelihood ratio; LR−, negative likelihood ratio; 
PPV, positive predictive value; NPV, negative predictive value; 
AUROC, area under the receiver operating characteristic curve; 
CI, confidence interval.
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methods of ultrasound B-scan are available, concluding the 
best processing approach for the diagnosis of lymphedema 
is still challenging because the features of ultrasound B-scan 
are system-dependent, easily affected by user experiences, 
and vary with the stage of lymphedema. Therefore, prior to 
using conventional B-scan as a reliable diagnostic tool for 
lymphedema, systematic investigations and validations are 
needed in the future. On the contrary, ultrasound statistical 
parametric imaging using the unprocessed raw RF data 
provides a more objective evaluation of lymphedema.

Limitations and future suggestions

Some limitations of this study and suggestions for future 
directions in research are given in the following. First, 
the number of patients in our experimental design was 
limited. Using ultrasound backscattered data acquired from 
various machines may have also produced bias in parameter 
estimations. Thus, the standard cutoff values for staging 
lymphedema using Nakagami and entropy imaging ought 
to be investigated further. Second, cutaneous tissues were 
not considered in our measurements. This is because of 
difficulties obtaining a larger ROI for ultrasound parametric 
imaging and analysis. In the future, one can consider 
higher-frequency ultrasound for imaging cutaneous tissues 
with lymphedema for parametric analysis. We also suggest 
that prior to using the method of backscattered statistics 
as a diagnostic tool for limb lymphedema, cross-platform 
ultrasound systems should be used to conduct large-scale 
clinical validations.

Conclusions

In this study, we explored the diagnostic value of using 
model- and non-model-based backscattered statistical 
analysis  methods (the Nakagami distribution and 
information entropy) in imaging lymphedematous limbs 
for the clinical evaluation of disease severity. Conventional 
B-mode imaging was shown to be unable to characterize 
limb lymphedema; whereas, the experimental results 
supported the usefulness of both ultrasound Nakagami 
and entropy imaging in lymphedema characterization. 
Compared with the Nakagami parameter, information 
entropy enables superior diagnostic accuracy in the staging 
of lymphedematous limbs. This may be attributed to how 
entropy is still applicable for describing the statistical 
properties of backscattered signals even if the structural 
information able to change the data distribution exists. In 

future applications, ultrasound entropy imaging may be a 
useful tool for the assessment of limb lymphedema.
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