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ABSTRACT
Objective: To study the potential of in vivo quantitative ultrasound
(QUS) imaging using Rényi Entropy (RE) and attenuation coefficient
measurements for non-invasive characterization of skin tissue
variations in breast cancer-related lymphedema (BCRL).
Methods: Ultrasound radiofrequency (RF) signals recorded from the
skin tissue of the arm in five women with Stage Il BCRL and five
healthy individuals as controls were analyzed. RE was computed from
the RF data to quantify tissue heterogeneity, while the attenuation
coefficient was estimated using the spectral-log difference method.
Corresponding B-mode images were used for anatomical reference,
and statistical comparisons were performed between two groups.
Results: Both RE and attenuation coefficient values were significantly
lower in lymphedematous dermis than in healthy skin (p<0.01),
showing decreased signal complexity and changed acoustic scatterer
characteristics associated with lymphatic fluid accumulation.
Furthermore, the attenuation coefficients from healthy skin dermis
fall into the same range as previously reported values, thus
confirming the measurement approach. Spatially quantitative
distributions were further demonstrated by parametric mapping of
entropy and attenuation, enabling robust differentiation between
control subjects and patients with BCRL.
Conclusion: The findings of this study showed that the joint analysis
of entropy and attenuation-based quantitative ultrasound metrics is
sensitive to edema-related changes in the dermal microstructure of
BCRL, detecting changes that are not readily discernible in
conventional qualitative B-mode imaging. QUS-derived metrics
provide complementary insight into tissue heterogeneity and
acoustic energy loss at the microtissue level, whereas B-mode
principally offers macroscopic anatomical information.
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Amag: Meme kanseriyle iligkili lenfodemde deri dokusu varyasyonlarini
invaziv olmayan bir sekilde karakterize etmek i¢in Rényi Entropisi (RE)
ve zayiflama katsayisi 6lgtimlerini kullanarak in vivo kantitatif ultrason
gorintllemenin potansiyelini incelemek.

Yontem: Evre Il meme kanseri kaynakli lenfodemli bes kadin ve kontrol
grubu olarak bes saglikli bireyin kol deri dokusundan kaydedilen
ultrason radyo frekansi (RF) sinyalleri analiz edildi. Doku heterojenligini
6lgmek icin RF verilerinden RE hesaplandi, zayiflama katsayisi ise
spektral-logaritmik fark yontemi kullanilarak tahmin edildi. Anatomik
referans igin karsilik gelen B-mod goruntuleri kullanildi ve iki grup
arasinda istatistiksel karsilastirmalar yapildi.

Bulgular: Hem RE hem de zayiflama katsayisi degerleri, lenfodemli
dermiste saglikli deriye gore anlamli derecede daha dusukti (p<0,01),
bu da lenfatik sivi birikimiyle iliskili olarak sinyal karmagsikliginda azalma
ve akustik sagici Ozelliklerinde degisiklik oldugunu goésterdi. Ayrica,
saglikli deri dermisinden elde edilen zayiflama katsayilari, daha 6nce
bildirilen degerlerle ayni araliga dismektedir, bu da 6lgtim yaklagimini
dogrulamaktadir. Entropi ve zayiflamanin parametrik haritalanmasiyla
mekansal olarak nicel dagilimlar daha da gosterilmis ve kontrol
denekleri ile lenfédemli hastalar arasinda saglam bir ayrim yapilmasi
saglanmistir.

Sonug: Bu galismanin bulgulari, entropi ve zayiflamaya dayali nicel
ultrason metriklerinin ortak analizinin, lenfédemin dermal mikro
yapisindaki 6demle ilgili degisikliklere duyarli oldugunu ve geleneksel
nitel B-mod goriintiilemede kolayca ayirt edilemeyen degisiklikleri
tespit ettigini gostermistir. Nicel ultrason kaynakh metrikler, doku
heterojenligi ve mikro doku duzeyinde akustik enerji kaybi hakkinda
tamamlayici bilgiler saglarken, B-mod esas olarak makroskopik
anatomik bilgiler sunmaktadir.
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Introduction

Breast cancer is the second most common cause of
mortality in women.? There are several therapeutic
options for breast cancer patients. Among these,
surgery is a must for further diagnosis and treatment in
the majority of breast cancer patients.?2 Unfortunately,
these options are accompanied by many complications,
including infection, hematoma, and cellulitis, with
lymphedema being the most prominent, arising from
disruption of the normal physiology of the axillary
lymphatic vessels.?* One of the probable complications
is the progression of lymphedema, which is a chronic
and severe disease causing an abnormal accumulation
of protein-rich fluid in the interstitial tissue. This gives
rise to the formation of edema and changes in skin
tissue structure.*®

Four clinical stages (0 — 3) are used to classify the
progression and severity of breast cancer-related
lymphedema (BCRL). The initial stages (0 — 1) are mainly
linked to mild and possibly reversible fluid accumulation
that can be reversible with declivous position and night
rest.® In contrast, progressed stages (2 — 3) are
characterized by persistent edema that continually
becomes more severe, which is not only due to fluid
accumulation.  Instead, these stages entail
distinguishable structural changes in the epidermis,
subcutaneous skin, and underlying skeletal muscle.
Previous research has shown significant alterations in
the skin and subcutaneous fat regarding layer thickness
and tissue composition.”® In clinical settings, staging
BCRL is a straightforward subjective evaluation process
that includes tissue pitting. The patient is classified into
a particular stage if the skin becomes "pitted" after
applying finger pressure to the area. Although
straightforward, this technique lacks robustness and is
unable to reliably detect subsurface skin tissue changes.
Thus, there is a requirement to explore more advanced
diagnostic techniques for the assessment of
lymphedema. There are a variety of diagnostic tools for
lymphedema through a combination of clinical
evaluation, arm volume measurements, and imaging-
based approaches, but no standard diagnostic method
yet exists. Among imaging modalities, BCRL has been
previously evaluated by Magnetic Resonance Imaging
(MRI)®, Computed Tomography®® (CT) and ultrasound
(US).121* While MRI and CT are capable of revealing
structural changes in skin tissue, their high cost and
limited availability restrict routine clinical application.
US provides several benefits for the diagnosis and
longitudinal monitoring of BCRL with its low cost,
noninvasiveness, and portable nature. Conventional B-
mode ultrasound produces two-dimensional (2D)
images, in which tissue echogenicity is shown through
grayscale intensity changes. However, B-mode imaging

exhibits limited sensitivity in the characterization of
affected (lymphedema) and unaffected (healthy) skin.
This limitation arises from the fact that B-mode images
are constructed from the envelope of radio-frequency
RF signals backscattered by the tissue. The RF signals
originate from reflections at the interfaces between
acoustically distinct macroscopic structures larger than
the wavelength and from coherent and incoherent
scattering generated by tissue microstructures smaller
than the wavelength. The use of the signal envelope in
the construction of the B-mode image suppresses the
frequency information available in the RF signals. As a
result, microstructural tissue characteristics occurring
below the spatial resolution of conventional ultrasound
imaging cannot be properly detected.* Similarly, in
BCRL, early non-invasive diagnosis of tissue changes is
required to also improve prognosis and guide
intervention. This clinical limitation points out the value
of dedicated non-invasive diagnostic tools and justifies
the development of innovative imaging and
characterization techniques. Quantitative ultrasound
techniques rely on frequency analysis of raw RF signals
to obtain information about scattering structures
smaller than the ultrasonic wavelength, thereby
overcoming limitations and accessing microstructures
that are smaller than the spatial resolution of
conventional images. Indeed, RF signals contain
information on the heterogeneity, size, concentration,
and mechanical properties of the skin, subcutaneous
fat, and skeletal muscle of the arm. This may also help
the clinicians to stage the severity of lymphedema
according to changes in skin tissue morphology.

QUS tissue characterization and imaging offer higher
sensitivity and specificity values in comparison to
conventional ultrasound when differentiating healthy
from pathological tissue, resulting in enhancements in
diagnostic ultrasound imaging. Spectral study of the raw

backscattered RF signals (spectral-based
parameterization of RF signals), as well as the echo
amplitude envelope's statistical distribution

(characterization of the envelope statistics), is the basis
of QUS methods.** QUS parameters include backscatter
coefficient’> (BSC), attenuation®, sound speed?’,
backscatter envelope statistics parameter'® and scatter
number densities and sizes.1>%°

Ultrasound backscatter envelope statistics imaging
plays a key role in the group of QUS approaches,
including, particularly, information entropy imaging,
since this can allow one to characterize local scatterer
distribution patterns of a tissue visualized, such as
scatterer  concentration and  organizations.?*?
Ultrasound information entropy imaging approaches
are non-model based, in which entropy is used as a
biomarker to investigate signal complexity. Entropy is a
function of probability density and therefore is linked to
the distribution parameters. Shannon Entropy (SE) has
been widely measured to characterize a vast amount of



Demirkan et al., In vivo quantitative ultrasound imaging in breast cancer-related lymphedema

tissue types, where a probability histogram is frequently
used to estimate the entropy metric from local
ultrasound backscatter envelopes through the
consideration of a discrete probability distribution of
each bin.?*2¢ Ultrasound SE imaging has also been
shown to detect \variations in local scatter
concentrations, revealing underlying microstructural
changes.® RE is a generalized form of SE quantifying the
randomness of probability distribution by an adjustable
order parameter (a) controlling the relative emphasis
placed on different parts of the distribution?>23-2"-

QUS parameters have been increasingly explored for the
characterization of skin tissue under various
pathological conditions. For instance, in the study of
Fornage et al.,?® 20 MHz ultrasonic probe was used to
make examinations of 10 healthy volunteers' skin aged
between 21-43 years old (men and women) at eight
sites (forehead, dorsal forearm, dorsum of the hand and
palm, nail of the third finger, lower back, calf, and sole)
and to analyze 200 benign and malignant skin lesions
(i.e., scar, inflammation, nevus, actinic keratosis and
melanoma, and basal cell carcinoma). On the one hand,
they reported the inability of a 20 MHz US probe to
discriminate between benign and malignant lesions. On
the other hand, this scanner allowed us to monitor the
regularity or irregularity of margins and to measure skin
thickness in accordance with the lesion types non-
invasively. Moreover, Cammarota et al.%® reported US
examinations using 7.5, 10, 13, and 20 MHz probes to
represent a valid adjunct to clinical assessment in many
skin conditions, including neoplasms, inflammatory
states, and diseases of unknown origin. This study
concluded that high-frequency ultrasound could
provide a reliable morphologic representation and
thickness information of skin lesions. However, it is not
efficient to characterize the nature of the tissue, hence
distinguishing between benign and malignant lesions.
Among different quantitative ultrasonic parameters
that have been measured for skin tissue, measurement
of the attenuation coefficient and backscatter
coefficient seems particularly promising since both have
the potential to classify and differentiate between
healthy vs. pathological skin tissues. In the case of QUS
imaging for skin tissue, one of the studies in the
literature has shown that in vitro, both sound speed and
attenuation in skin tissue were directly linked to
collagen distribution and inversely related to water
content.3® Furthermore, Moran et al.3! measured sound
speed, attenuation, and backscatter coefficients from
freshly excised human skin, obtained from two
cadavers' upper and lower back, chest, and abdomen
body regions, between 20 to 30 MHz. The average
attenuation coefficients obtained for whole skin were
found in agreement with previously published results.
They reported no noticeable variation in speed of sound
with skin site existing. Introducing the power-law fit
model, a; refers to the attenuation coefficient value at

1 MHz, and the attenuation coefficient value for the
dermis is a; = 0.264 + 0.170 dB/cm, and the power,
n=1.69 + 0.08. The measured backscatter coefficient
was on the order of 10® 1/Sr.cmfor the dermis.
Moreover, the studies on animal models showed that
the attenuation and backscatter coefficients reflect
variations as a function of age®, burn injury3® and cut
healing in vitro.3* Guittet et al. showed that attenuation
is useful in detecting variations in skin due to aging in
vivo.®® Moreover, Rajuet al.reported in vivo
attenuation and backscatter coefficients from healthy
human dermis and subcutaneous fat in the frequency
range of 14 to 50 MHz. Attenuation coefficients were
found in good agreement with one another.3® Following
that, Rajuet al.also showed a decrease in the
attenuation coefficient slope and echogenicity at the
sites of contact dermatitis.3” More recently, Omura et
al.® studied the influences of acoustic and
histopathological characteristics on the backscatter
properties of ex vivo lymphedema (LE) dermis (human
tissues negative (n=5) and positive (n=5) with a custom-
made scanner with a 14 MHz transducer. Scatterer
diameter and acoustic concentration were both derived
from the compensated backscatter coefficients by the
attenuation values. Both experimental and predicted
EACs showed differences (in the 25.7 — 102%) between
negative and positive LE cases.

Even though these studies explore optimal methods
forin vitroandin vivoskin measurements and
determine the range of values obtained from skin
samples, inconsistent ultrasonic measurements are also
observed, indicating the effects of system-specific
characteristics (i.e., beam diffraction) and underlying
variations in the skin structure. There is also a
considerable disparity for attenuation measurements
across different ultrasound scanners for skin.3
Moreover, to date, the application of Rényi entropy for
characterization of skin tissue and related pathologies
has not been explored. In order to close this gap, this
study hypothesized that measuring attenuation and
Rényi entropy in the skin dermis layer together could
yield sensitive and complementary biomarkers for
describing skin tissue alterations associated with BCRL.
Accordingly, the objective of this study was to measure
attenuation coefficient and Rényi entropy in the dermis
of breast cancer survivors who had Stage Il ymphedema
and compare the results with those from a control
group.

Methods

Ultrasound Dataset

Attenuation coefficient and Rényi entropy (RE)
measurements were conducted using an open-source
BCRL ultrasound dataset.3>*° For this dataset, Alpinion
E-Cube 12 system (Bothell, WA, USA) with L3-12H high-
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density linear probe with 10 MHz center and 40 MHz
sampling frequencies was wused for ultrasound
imaging. From this dataset, analysis was performed on
RF signals corresponding to the third anatomical region
known to show pronounced structural changes.*® The
location of the region was defined as 80% of the interval
between the syloid process of the fifth digit and
olecranon.3®° Five women with Stage Il BCRL (n=5)
were included in the patient group, and five healthy
women's (n=5) ultrasound data were included in the
Control group.

The patient cohort consisted of 19 women (mean age:
56+14.8 years) with a body mass index (BMI) greater
than 24 kg/m?, enrolled through the McGill
Lymphedema Research Program. All women had
undergone a surgery and adjuvant treatment for breast
cancer more than six years before the data acquisition.
In this dataset, the focus was on the Stage Il BCRL since
Stage | is typically associated with minimal swelling, by
limited diagnosed tissue variations compared with
normal skin tissue.394°

Attenuation Imaging

In this study, the spectral difference method, based on
sliding-window approach, comparing two backscattered
RF signals acquired with the focal zone at depths z; and
7z,(Az = z, —z; > 0) within the skin dermis, was
performed by custom script in MATLAB (R2023b,
MathWorks, MA, USA). P acured (Z1,f) and
Prreasured (Z2, f) are the power spectra of the RF signals
windowed around the focal zone (window width: 154,
with A the wavelength at central frequency). The
attenuation a(f), expressed in dB/mm, was calculated
as in Equation 12%;

_ 1 Pmeasured (Zlﬂ f)
a(f) B mln (Pmeasured (ZZ: f)>’ (1)

in which f is the frequency. The measured attenuation
a(f) was then fitted with the power law a,f” to
estimate the attenuation coefficient a, in dB/
(mm. MHz?) and the exponent b.

The Rényi Entropy Imaging

In ultrasound imaging, RE quantifies the uncertainty of
RF signal amplitudes by measuring the randomness of
their probability distribution, thus offering information
about scatterer density and underlying tissue
microstructural heterogeneity.?>*! The RE of a discrete
distribution D with N elements is defined as?”4%4> :

1
RE, = —log, (X, p!), (2)

where each p; is the probability computed from the
distribution D, and b is the base number, b > 0, using

p = 2. Rényi’s entropy equals Shannon’s when p — 1.
To measure the entropy, the present study adapted and
implemented the block-wise approach for quantitative
analysis of BCRL.%® The analytic signal of the RF data was
computed through Hilbert transform, and the
magnitude of this representation was taken to produce
the two-dimensional (2D) envelope matrix Then, the
envelope matrix was divided into distinct blocks using
the built-in blockproc() function in MATLAB. To
compensate for the effect of gain-dependent intensity
variations in the estimations, the local envelope data
were normalized through their root-mean-square (RMS)
amplitude. This block-wise scanning approach
generated 2D parametric maps of RE estimates across
the full field of view, offering a spatial representation of
microstructural alterations within the BCRL ultrasound
dataset. Analysis windows for each block was defined
such that their side length approximately matched one
pulse length for entropy-based metrics.2>*% Rényi
entropy was also computed by custom script in MATLAB
(R2023b, MathWorks, MA, USA) in order to quantify
envelope-signal complexity revealing the tissue
heterogeneity.

Statistical Analysis

All statistical analyses for attenuation coefficients and
REs were performed using custom script in MATLAB
(R2023b, MathWorks, MA, USA). Group differences
between controls and BCRL patients were investigated
using the Mann-Whitney U test. For all experiments,
statistical significance was defined as follows: *, p<0.05;
** p<0.01.

Results

The attenuation coefficient and RE values from RF
signals recorded by the dermis layer of five
lymphedematous women patients with Stage Il and
from the same dermis region of five non-
lymphedematous control subjects. A comparative
statistical analysis proved the RE values were
significantly distinguishable between the control group
(median of 1.10; interquartile range of 1.07 — 1.44) and
the lymphedema patients (median of 0.79; interquartile
range of 0.60 — 0.96) (p = 0.007), as shown in Figure 1A.
Figure 2 also shows representative information entropy
images reflecting clear differences in the spatial
arrangement of healthy and lymphedematous dermis
layer. In Figure 2A, the skin layers are clearly visible in
healthy tissue; yet, lymphatic fluid accumulation
associated with lymphedema gives rise to partial
separation of these layers. The expanded and more
distinguishable dermis beneath the epidermis is
demonstrated by a red arrow in Figure 2B.
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Figure 1. Median values of differences between A) Rényi
Entropy (RE) and B) Attenuation coefficients in skin dermis of
non-lymphedematous and lymphedematous subjects.

A comparative statistical analysis further showed the
attenuation coefficient values differed significantly
between lymphedema (median of 0.07; interquartile
range of 0.06 — 0.08 dB/mm/MHz) and control
individuals (median of 0.13; interquartile range of 0.10
—0.15 dB/mm/MHz) (p = 0.008), as illustrated in Figure
1B. Figure 3 also demonstrates corresponding
representative attenuation imaging highlighting low and
high attenuating regions for non-lymphedematous and
lymphedematous dermal tissue.
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Figure 2. Ultrasound B-mode images and corresponding Rényi
entropy maps of (A) non-lymphedematous and (B)
lymphedematous subjects.

The attenuation coefficient values measured beneath
the epidermis in healthy volunteers were found to fall
within a comparable and overlapping range to those
reported in the literature.3>3%47-4° This finding suggested
that the acoustic properties of non-affected skin dermis
(median of 0.13; interquartile range of 0.10 — 0.15
dB/mm/MHz) were found relatively uniform, which
provides indirect evidence for the validity of proposed
attenuation coefficient measurement approach in
characterization of BCRL skin tissue alterations.
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Figure 3. Ultrasound B-mode images and corresponding
attenuation maps of (A) non-lymphedematous and (B)
lymphedematous subjects.

Discussion

This study explored the possibility ofin vivo QUS
imaging to characterize skin tissue changes between
control and BCRL individuals. Specifically, ultrasonic
backscatter-derived Rényi entropy and attenuation
coefficients were quantified within the dermal
(subcutaneous) layer. In addition, conventional B-mode
images, from which the QUS metrics were derived, were
also demonstrated, showing dermal thickness and
echogenicity. Thereby, the B-mode images supported
the robustness of the approach proposed in this study.
To the best of the author’'s knowledge,in
vivo characterization of BCRL dermis has not yet been
reported through the combination of non-model-based
information entropy and attenuation coefficient
measurements. Even though this study was limited to 5
women with diagnosed Stage 2 BCRL, the findings were
found promising and showed the potential of RE and
attenuation coefficient values to reveal structural
differences between healthy and lymphedematous skin
tissue.

Entropy refers to a quantitative measure serving as a
distribution biomarker of microstructural changes in
acoustic scattering media.***** Thus, a physical
relationship between RE and skin tissue microstructure
should be established for translating this approach into
clinical applications. In clinical settings, healthy soft
tissue can be treated as homogeneous surroundings
with a considerable number of randomly distributed
scatterers.353745 variations in scatterer organization in
the scattering medium may serve as a biomarker of the
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pathological transformation from normal to abnormal
conditions. In abnormal (inhomogeneous) media, high-
degree of variance in the scattering cross sections of
scatterers give rise to a local variance in the RF signal
amplitude, thereby decreasing the width of the
probability distribution of the signal. This leads to
reduction in the estimated value of entropy. For normal
(homogeneous) state, when scatterer density increases,
more scatterers within the media directly interact with
the ultrasound wave, leading to more complex
interference and greater variability in backscattered
signal amplitude, which can be quantified as higher
entropy values.?® Accordingly, in the context of BCRL,
these principles provide a biologically meaningful
explanation for interpretation. Lymphedema is a
chronic and severe disease causing an abnormal
accumulation of protein-rich fluid in the interstitial
tissue. This leads to development of edema and changes
in tissue structure, leading to progressive separation of
skin tissue layers and disruption of normal dermal and
subcutaneous microarchitecture®*® Accordingly, such
abnormal accumulation of protein-rich fluid in the
interstitial tissue may increase the average distance
between scatterers, contributing to a more
homogeneous scattering environment. As a
consequence, since the probability distribution of
backscattered amplitudes became narrower and less
complex, reduction in entropy values were observed in
lymphedematous dermal tissue. This finding was found
consistent with a report revealing a decrease in entropy
for a more homogeneous breast tissue.? Similar pattern
was also observed for attenuation coefficient.
Attenuation coefficient values for healthy dermal layer
(median of 0.13; interquartile range of 0.10 — 0.15
dB/mm/MHz) were comparable to that of a previous
study into forearm dermis (median of 0.21; interquartile
range of 0.08 — 0.39 dB/mm/MHz).3® A statistically
significant difference was found between healthy
subjects and individuals with lymphedema with p =
0.008. This can be attributed to edema-related
increases in interstitial fluid content, reducing tissue
viscosity and acoustic absorption and giving rise to a
more homogeneous surrounding. Thus, water-rich
lymphedema dermal layer attenuated ultrasound waves
less efficiently than more fibrotic or collagen dense
layers, consistent with corresponding decrease in
entropy.3*3 Moreover, the present findings were in
contrast with a previous report based on comparison of
attenuation values between ex vivo lymphedema-
negative LE(-) and lymphedema-positive LE(+) tissues.*’
This discrepancy can be explained by methodological
differences, including the use of ex vivo skin tissues and
attenuation estimation methods as well as the clinical
stage of lymphedema among the investigated
populations.

In conclusion, this study showed the applicability of in
vivo QUS to non-invasively characterize microstructural

changes in skin tissue to better understand breast
cancer-related lymphedema. Statistically significant
reductions in RE and attenuation coefficient values were
observed in lymphedematous skin relative to healthy
skin, consistent with edema-related increased
microstructural homogeneity and tissue thickening.
Although performing the approach on a limited sample
size, the findings of this study suggested that combined
entropy and attenuation-based QUS metrics may offer
objective biomarkers beyond qualitative B-mode
imaging. Further investigations on more data are
required to make a more definitive conclusion.
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