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Abstract—The viscoelastic response of hydropolymers, 
which include glandular breast tissues, may be accurately char-
acterized for some applications with as few as 3 rheological 
parameters by applying the Kelvin-Voigt fractional derivative 
(KVFD) modeling approach. We describe a technique for ul-
trasonic imaging of KVFD parameters in media undergoing 
unconfined, quasi-static, uniaxial compression. We analyze the 
KVFD parameter values in simulated and experimental echo 
data acquired from phantoms and show that the KVFD pa-
rameters may concisely characterize the viscoelastic properties 
of hydropolymers. We then interpret the KVFD parameter 
values for normal and cancerous breast tissues and hypothesize 
that this modeling approach may ultimately be applied to tu-
mor differentiation.

I. Introduction

Mammography and sonography are often the initial 
imaging techniques applied to patients when breast 

tumors are to be diagnosed. Both modalities are consid-
ered able to better detect the presence of a lesion than to 
differentiate between benign and malignant lesions [1], [2]. 
Nearly all focal breast lesions appear as hypoechoic re-
gions in sonograms; diagnosis requires careful visual evalu-
ation of the lesion boundary, image texture, and shadow 
features. To help improve discriminability, elasticity im-
aging was proposed because of its ability to reveal the 
presence of a stiff desmoplastic reaction specific to regions 
surrounding some malignant tumors [3]. Recent clinical 
experience in examining diagnostic performance of elastic-
ity imaging for breast disease is very encouraging [4]–[6].

Static elasticity imaging techniques generate strain 
maps describing deformation patterns resulting from 
small, quasi-static, uniaxial compressions applied to the 
tissue surface as the tissue is scanned ultrasonically. How-
ever, strain images are just the tip of the diagnostic in-
formation iceberg provided by mechanical properties. It is 
now known from molecular biology studies that cancerous 
epithelial cells must send and receive molecular signals to 
and from surrounding stromal cells if they are to develop 
into malignant tumors [7]. To effect malignant transfor-
mation, tumorigenic signaling pathways induce structural 

modifications to the extracellular matrix (ECM) and alter 
the viscosity of extracellular fluids, thus inducing changes 
to viscoelastic properties of the tissue. The most notice-
able change is the palpable stiffening of breast stroma. 
Changes in the cellular mechanical environment can pro-
foundly influence the progression of disease [8], [9]. There-
fore, time-varying features of the viscoelastic (VE) re-
sponse of breast tissues to gentle deforming forces may be 
an important untapped source of information about both 
the biology of the malignant processes and the medicine of 
diagnosis and treatment monitoring.

Radio frequency (RF) echo signals from pulse-echo 
ultrasonic imaging systems are often used to image the 
strain response of tissues to applied stress stimuli [10]. 
Information about the VE properties of tissues is found 
from spatiotemporal variations in the corresponding 
strain fields. We form static strain images by processing 
ultrasonic RF echo frame sequences using a multi-reso-
lution cross-correlation-based displacement algorithm or 
a regularized optical-flow algorithm [11]; the algorithm 
choice depends on the amount of applied deformation. 
Both algorithms were designed to minimize strain noise 
for relatively large (>1%) deformations. Later generation 
algorithms [12], [13] provide superior strain estimates for 
the very small displacements (<0.1%) associated with ra-
diation force stimuli [14] and viscoelastic creep imaging 
techniques [15]–[17]. For each volume element of tissue 
imaged, a time sequence of strain estimates is measured 
from which VE imaging parameters are extracted.

Viscoelastic imaging parameters are selected from the 
parameters of rheological models applied to time-varying 
strain estimates. Model parameters summarize material 
properties of multiphasic polymeric media such as hydro-
gels and breast stroma. The best rheological models for 
our application yield just a few imaging parameters that 
are descriptive of the deformation physics and also are di-
rectly connected to the biology of disease. We found that 
a biphasic poroviscoelastic theory originally proposed by 
Mak [18], [19] and later modified by Suh and DiSilvestro 
[20] for articular cartilage could be adapted to reason-
ably represent the material behavior of hydrogels [17] and 
breast stroma [21]. The various components of the medi-
um are grouped into 2 phases: a solid phase, consisting of 
a collagenous ECM with associated glycoproteins [22] and 
cells, and a fluid phase consisting of an interfibrillar liquid. 
Gelatin hydrogels are structurally simpler than stromal 
tissues. Gels are an aggregate matrix of denatured type I 
collagen with electrically charged molecular side chains. 
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