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Abstract

Changes in the viscoelastic parameters of soft biological tissues often correlate with progression of
disease, trauma or injury, and response to treatment. Identifying the most appropriate viscoelastic
model, then estimating and monitoring the corresponding parameters of that model can improve
insight into the underlying tissue structural changes. MR Elastography (MRE) provides a
quantitative method of measuring tissue viscoelasticity. In a previous study of the authors [Mag.
Res. Med. 70:479-89;2013. doi: 10.1002/mrm.24495], a silicone-based phantom material was
examined over the frequency range of 200 Hz to 7.75 kHz using MRE, an unprecedented
bandwidth at that time. Six viscoelastic models including four integer order models and two
fractional order models, were fit to the wideband viscoelastic data (measured storage and loss
moduli as a function of frequency). The “fractional Voigt” model (spring and springpot in parallel)
exhibited the best fit and was even able to fit the entire frequency band well when it was identified
based only on a small portion of the band. This paper is an extension of that study with a wider
frequency range from 500 Hz to 16 kHz. Furthermore, more fractional order viscoelastic models
are added to the comparison pool. It is found that added complexity of the viscoelastic model
provides only marginal improvement over the “fractional VVoigt” model. And, again, the fractional
order models show significant improvement over integer order viscoelastic models that have as
many or more fitting parameters.
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Introduction

Magnetic Resonance Elastography (MRE) is a method that uses a conventional MR imaging
scanner to acquire images of mechanical wave propagation in viscoelastic material, such as
biological organs or engineered tissue, under external cyclic motion. In MRE, phase contrast
images can be obtained by applying synchronized motion encoding gradients (MEGS) [2, 3].
Wave propagation behavior in a medium relates to the medium’s viscoelastic properties,
which in turn may be a biomarker for certain diseases. Hence, as a hon-invasive quantitative
measurement method of viscoelasticity, MRE is studied for diagnosis of various diseases [4—
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8] and noninvasive monitoring of mechanical property changes of differentiating engineered
tissue [9].

The viscoelastic properties of biological tissue not only affect its motion behavior caused by
external dynamic loads, but might also reflect its intrinsic cell structure arrangement. For
instance, when considering a fractional Springpot viscoelastic model, the two viscoelastic
properties |, and a reflect the connectivity and alignment of the structural building blocks
in the organ, respectively. These two parameters can change as a result of pathology, which
reveals changes in the structure of the cell organization [10, 11]. Thus, identifying the most
suitable model and monitoring the viscoelastic property changes could be helpful in
diagnosing and monitoring specific attributes of the biological tissue structure. This, in turn,
may become a more sensitive and specific biomarker of disease progression and response to
therapy. Combining MRE measurements over a wide frequency range can generate curves
of the real and imaginary part of the complex shear modulus (storage and loss moduli) that
may better capture multiscale tissue behavior as compared to measurements over narrower
bands or single frequencies. Viscoelastic model types with fewer parameters that still
accurately capture the dynamic viscoelasticity behavior over a wide dynamic (frequency)
range are more valuable than more complex models that require more fitting parameters
with greater uncertainty and difficulty in interpretation and linking to intrinsic multiscale
tissue structure.

Other groups have conducted multi-frequency MRE studies on organ viscoelasticity. A
study on brain viscoelasticity was done from 25 Hz to 62.5 Hz with band resolution of 12.5
Hz. Four models — VVoigt, Maxwell, Zener and Springpot — were utilized for fitting; the
Springpot model was the best fit [10]. A similar study on liver over the frequency range of
25 Hz to 600 Hz was done by the same group [11, 12]. In these studies, it was also shown
that a fractional order model was more accurate than integer order models.

In the present study, MRE was conducted over a wider frequency range, from 500 Hz to 16
kHz, in three experiments of 500 Hz to 3 kHz, 1 kHz to 7.5 kHz, and 5 kHz to 16 kHz.
Because the wavelength is inversely proportional to the frequency under harmonic mation
where low frequency means long wavelength, and waves attenuate rapidly at high
frequency, the boundaries of the frequency range in each experiment are decided by the
criteria that a minimum of one full wave should be observed in the sample.

Material and Method

Sample Preparation

Similar to our previous study [13], all samples were made with two-part Smooth-On, Inc.
Ecoflex® 0010 Platinum Cure Silicone Rubber. Different from the previous study, Silicone
Thinner® Silicone Rubber Thinning Additive is added to this combination in this study in
order to better release air bubble as well as elongate the sample curing for enough
preparation time. A mixture of part A, part B and thinner in ratio of 1:1:0.1 by volume was
prepared in a big container before distributing to the three experiment test tubes. The
mixture was put in a vacuum chamber (5305-1212, Thermo Scientific-Nalgene, Rochester,
NY) for 15 minutes before distribution in order to speed up the air bubble escape.
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Because wavelength is inversely proportional to frequency under harmonic motion, three
sample tubes in different dimensions were selected in this study for low, mid and high
frequency experiments. All of the tubes have both ends open to minimize the effect from
compression waves. An inner diameter (ID) = ¢30 mm, outer diameter (OD) = ¢34 mm,
length L=35 mm Delrin® tube with both ends open was selected for low frequency
experiments from 500 Hz to 3 kHz. In order to avoid the mixture spilling from the tube
bottom, the tube bottom was sealed with a piece of laboratory parafilm (BEMIS®, WI, USA)
and then capped tightly with a flat cylinder before pouring the mixture into the tube. The
mixture was poured to the top of the tube. This sample is prepared while the mixture is still
in liquid state and doesn’t capture too much air during the pouring. An ID = ¢8 mm, OD =
#9.5 mmand an ID = ¢4 mm, OD = ¢4.9 mm Borosilicate Glass NUM tubes were selected
for mid frequency experiments from 1 kHz to 7.5 kHz and high frequency experiments from
5 kHz to 16 kHz, respectively. The mid frequency range and high frequency range glass
tubes had the bottom cut to the final length of 70 and 75 mm, respectively. Similar to the
Delrin® tube, the bottom of the glass tubes were sealed with a piece of parafilm and a lump
of clay to avoid spilling. The same mixture was slowly injected into and filled to the top of
the two glass tubes with a 5 ml syringe and PTFE dispensing needle (gauge 16, 1 %4 long,
McMaster-CARR®) to avoid introducing air bubbles into sample.

The curing time for Ecoflex given by the manufacturer is 4 hours at room temperature. In
order to ensure it is fully cured and reaches a stable state, the three samples were placed
vertically for one week. The sealing parafilm and cap/clay were removed before the
experiment.

MRE Experiment

MRE is a method based on the principle that when adding an oscillating magnetic gradient
to a present magnetic field gradient, phase shift caused by the motion of nuclear spin
accumulates in different amounts ® in the NMR signal[1]. When the sample is under a
continuous oscillatory motion at the same time with the gradient oscillation, the phase
accumulation @ for a given point on the image over a time At has a relation with the
oscillating gradient and the displacement at that point as below:

d= [MG(t) - u(t)dt (1)

where yis the gyromagnetic ratio of the nucleus, which is 42.576 MHz/T for hydrogen
nuclei. G(t) is the motion encoding gradient (MEG) in the time domain and u(t) is the
displacement vector in the time domain.

Assuming both MEG and mechanical motion are mono-frequency sinusoids of the same
frequency, G(t) = Ggsin(at + ¢) and u(t) = Ugsin(et + 6), the phase accumulation @ can be
expressed as:

(I):%’}/ TNG()U()COS(Q) (2)
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where T = 271w is the period of the mechanical vibration. N is the number of MEG cycles,
and 0= ¢ — 6, is the relative phase between the mechanical motion and the MEG [1, 5, 14].

In order to obtain the harmonic component of the vibration motion, multiple acoustic wave
images (typically four or eight) are obtained from multiple scans by adjusting the phase
offset dregularly spaced within a vibration cycle. By extracting the corresponding
information from the frequency domain by doing a Fast Fourier Transform (FFT) over these
phase contrast images, a complex displacement field can thus be reconstructed including the
information of the amplitude and the phase of the harmonic displacement in the spatial
domain|[3].

The MRE experiments in this study were completed in two different MRI scanners and three
different RF coils in order to cover all three frequency ranges efficiently. The low frequency
experiment was conducted in a 9.4 Tesla Agilent (310/ASR, Santa Clara, CA) horizontal
bore animal MR scanner with self-shielded gradient coils (maximum strength 1000 mTm-1).
The low frequency sample in an OD=¢34 mm tube was scanned in a ¢39 mm birdcage
quadrature radiofrequency (RF) coil. Mid and high frequency experiments were done in a
11.74 Tesla Bruker (Billerica, MA) 56-mm vertical bore MR scanner with a 19 mm gradient
coils (maximum strength 2000 mTm-1). The mid frequency sample in an OD=¢9.5 mm tube
was scanned in a 10 mm saddle Bruker RF coil for the frequency range from 1 kHz to 7.5
kHz. The high frequency sample in an OD=¢4.95 mm tube was scanned in a ¢5 mm Bruker
saddle coil for frequency range from 5 kHz to 16 kHz.

In each of the three experiments, the sample container was driven by a piezoelectric
actuator. The MRE setup for mid and high frequency experiments is the same as our
previous study [13]. A piezoceramic stack actuator (6.5x.5x18 mm, Thor Labs. Inc)
providing 11.6 pm displacement amplitude at 100 Volts was selected for these two
experiments. The setup for the low frequency experiment in the 9.4 Tesla Agilent horizontal
bore system is shown in Figure 1. A preloaded piezo-actuator (P-840.1) from Physik
Instrumente (PI) (GmbH & Co. KG, Germany) is selected for this low frequency
experiment. The actuator is mounted on a plastic cradle, connected to the test tube via a long
plastic rod and a tube holder. This actuator can provide 30 um displacement at 100 volts.
The peak to peak voltage applied to the piezoelectric actuators was 32 Volts for all
experiments. A DC supply is added into the circuit in order to give a positive bias to the
voltage and avoid negative voltage to the piezoelectric actuator. The actuator shakes the
entire test tube transversely. Because the Ecoflex clings to the test tube wall persistently
after it is cured, the tube’s transversal motion generates shear waves on the boundary of the
sample, which then circularly propagate towards to the center in a focusing fashion.

A gradient echo based sample interval modulation for the simultaneous acquisition (SLIM)
MRE pulse sequence [15], which can obtain motion in all three directions in one scan, was
utilized in all experiments. Due to the low SNR and wave attenuation at the upper boundary
of each frequency range in all three experiments, parameters including repetition time (TR),
flip angle (FA), gradient power on slice direction and the MEG duration were adjusted for
each frequency accordingly. Table 1 gives the detailed values for these parameters. The
image acquisition matrix was 128x128 for all scans. The actuator was triggered 20

Phys Med Biol. Author manuscript; available in PMC 2015 December 21.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 5

milliseconds before the MEG pulse starts in order to have the sample reach steady states.
The MEG duration was kept to be around 2 milliseconds with an integer MEG number for
most of the scans to keep the echo time (TE) short enough for a high SNR free induction
decay (FID) signal. For the ultra-high frequency range, 13 kHz to 16 kHz, the MEG duration
was increased approximately to 3 milliseconds with an integer MEG number in order to
achieve more phase accumulations.

Complex Shear Modulus Estimation

The geometrical focusing MRE experiment method [16] was utilized in this study. In this
method, the cylinder under axisymmetric steady state vertical harmonic motion, u = u,,
exp(jet), shown in Figure 2a, generates shear waves from the wall of the cylinder. These
shear waves propagate towards the center of the cylinder (cylindrical wave propagation)
with less attenuation than planar wave propagation due to the geometric focusing
phenomenon. For a homogenous and isotropic viscoelastic medium, the displacement along
the radial position and far enough away from the free surface at the top and bottom can be
written as below:

Jo(ksT) o p
uy(r,t, kﬁ):uzam%ej t? kg=w i, 3)
where J= \/—_1,J0(z) is the O™ order Bessel function of the first kind, p is the medium
density, and | and 1, are the real and imaginary parts of the shear modulus representing the
storage and loss property of the medium, respectively. The advantage of this method is that,
the shear wave focuses at the center of the sample, and compensates for the attenuation [17].
Figure 2b and ¢ show the real and imaginary parts of the displacement at phase O for a
propagating planar wave and a cylindrically propagating wave for a medium with density p
= 1,000 kg/m3, pr = 60 kPa, |, = 15 kPa and radius of 15 mm under a 2 kHz harmonic
vibration with amplitude of 1 um. It can be observed that the shear wave amplitude may
even get amplified in the center of the cylinder.

In order to estimate the complex shear modulus of Ecoflex, 18 line profiles with 10°
separation passing through the center of the complex MRE wave image encoded in the in-
plane direction were taken as shown in Figure 3a, b, ¢ and d for frequencies 2.75 kHz, 7
kHz, 11 Hz and 16 kHz, respectively. Each line profile was fit to the closed form solution, as
given in equation (3), in order to estimate the real and imaginary part of the complex shear
moduli for that particular frequency. The curve fitting was done with a custom written
Matlab code utilizing the Global Optimization toolbox. Compared to the previous study, a
quadratic offset y = ax? + bx + ¢ was used instead of a DC offset y = ¢ in the closed form
solution in order to compensate the bias originated from compression waves and uneven
vibration due to the unavoidable misalignment of the piezoelectric actuator and the test tube.
Figure 3e to Figure 31 show the fitted result of one of the 18 line profiles from the four
frequency wave images in Figure 3a, b, ¢ and d, correspondingly. In these fitted line profile
figures, the Y axis indicates the normalized displacement based on the maximum magnitude
of the complex displacement over the diameter. A normalized error for each spatial point
was calculated by dividing the difference between the experimental line profile and the
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estimated line profile from the closed form solution by the maximum absolute amplitude of
the experimental line profile.

Yexperiment - Yanalytics

max (abs (YCxpcrimcnt ) )

ETTOT point = (4a)

1
error= \/52(67’7"07‘,,01'”,5)2 (4b)

Indentation Experiment for static shear modulus

The static shear modulus pg was measured by the indentation experiment. The experiment
was done with a force measurement (Model DS2-1, IMADA, INC., IL, USA) and a Quick-
Mount Linear Stage (460A series, Newport, Corporation, USA) on the 30 mm low
frequency experiment sample. A rigid conical indenter was utilized. In this case, the total
force F applied is a function of sample Young’s modulus E, the indentation depth and the
geometry of the indenter as below:

2F d?
w(1—12) tan(0)

E
F:Laztan(ﬁ)z

2(1-12) ©)

T
where d=—¢ is the indentation depth, £ = a tan @is the depth of the contact region, a is the
contact radius, and @is the angle between the plane and the side surface of the cone [18].
The tip angle of the indenter is 85°, thus &= 47.5° in this experiment.

Viscoelastic Model parameter Estimation

Because of its characteristics of both elasticity and viscosity, viscoelastic models are
constructed as a combination of the basic rheological elements: linear elastic spring(s) and
linear viscous dashpot(s). The Kelvin-Voigt Solid and Maxwell-Wiechert Fluid models are
the two simplest combinations of these elements in parallel and in series, respectively. A
generalized model can be constructed by putting a collection of Voigt or Maxwell units in
series, plus an isolated spring or dashpot. The Generalized Maxwell model is the most
widely used linear integer order viscoelastic model. Besides using a collection of a same
type viscoelastic unit in a model, composite Voigt and/or Maxwell units and basic
element(s) of spring and/or dashpot reproduce more realistic viscoelastic behavior. The
Zener model (one version of Standard Linear Solid composite model) is one of these various
composite models. [19, 20]. The schematic and corresponding equation of shear modulus in
the frequency domain G™(w) of these four models are given in Table 2. Here, g in Voigt,
Zener and Generalized Maxwell models is the static shear modulus measured in the above
section Indentation Experiment for static shear modulus.

However, integer order viscoelastic models cannot perfectly represent some common
viscoelastic materials such as clay and biological tissues. Fractional models were introduced
because of their success in the description of complex dynamics [21, 22]. A widely utilized
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basic fractional model is the Springpot model (Figure 4a), which can be derived from a
ladder network model of hierarchical arrangements of springs and dashpots. By assuming E;
=Ep=Ez=-=E, m=m=m=-=nand |, = E(#7/E)? where 0 < a < 1 is the fractional
derivative order, it is usually simplified as a symbol shown in Figure 4b with two parameters
U, and a [21-23]. Adding a spring element in parallel to the Springpot model forms the
Fractional Voigt model. When the fractional derivative order o equals to 1, this model
becomes a VVoigt model. The stiffness of the added spring is equivalent to the measurable
static stiffness g, and thus won’t increase the unknown parameter number. Three more
fractional order models were considered as well in this study, including two fractional
versions of the Maxwell model, replacing the spring or dash pot element with the Springpot
unit, respectively, and a 3-parameter fractional Zener model which adds a spring in parallel
to the fractional Maxwell-Spring model. The schematic and equation of shear modulus in
the frequency domain G () of these five fractional order models are shown in Table 3.
Here, L in all these viscoelastic models is the static shear modulus measured in the above
section Indentation Experiment for static shear modulus.

In order to estimate the model parameters, as in the previous study [13], the complex shear
modulus equation in frequency domain G”(w) of these viscoelastic models were fit to the
median of the estimated complex shear modulus over the frequency range from 500 Hz to 16
kHz by minimizing the root mean square error (RMSE) defined in equation (6). A mean
absolute percentage error (MAPE) defined as equation (7) was utilized for comparison
between models. The curve fitting was done in a customized Matlab code using the global
optimization toolbox.

2
Z (G(w) model medmn(G(w) ewperiment)) (6)
ETTOT pyise— N

_iz b(G(w)model_median(G(w)
IO wars ™ 2, 40 median(G(w)

experimen )
P @)

experiment )
where N is the number of frequency points.

Model Selection Criterion

The number of unknown parameter(s) varies in different viscoelastic models. In order to
fairly compare different models, a model selection criterion besides the mean absolute
percentage error is necessary. Akaike Information Criterion (AIC) and Bayesian model
selection are two popular criteria for model selection in various applications [24, 25]. We
choose AIC defined as equation (8a) for model scoring in this paper.

AIC=NIn (—R]‘\gf‘g ) 2k ()
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RSS:Z(medmn (G(w) experiment ) _G(w) model)2 (8b)

Here, N is the number of frequency points, RSS defined in equation (8b) is the residual sum
of squares, and k is the number of parameters in the model.

Results

Indentation Experiment for static shear modulus

Figure 5 shows the indentation experiment curve. The estimation result of static Young’s
Modulus E is 36.89 kPa. Poisson’s ratio is assumed to be 0.4999998 for viscoelastic material
in this study, which results an estimated static shear modulus pg = 12.3 kPa.

Shear Modulus Estimations

The box plot result of the real and imaginary part of the shear modulus over the entire
frequency range is given in Figure 6. The data of each box comes from the 18 shear modulus
estimations corresponding to 18 line profiles. The result from the three experiments are
shown in the same plot and distinguished with different colors. For the three experiments,
there were overlaps between the low and mid, and mid and high frequency range. The
overlapped ranges are indicated with two rectangles in the plot.

Viscoelastic Model Parameter Estimations

Four integer order viscoelastic models and five fractional order models were compared in
this study. The Voigt and the Maxwell models are the two basic viscoelastic models
combining the spring and dashpot elements in parallel and series, respectively. Although it
has been observed that these simple two-parameter models do not successfully describe the
shear dynamic behavior in many materials [26], these two models were included in the study
for reference. Compared to these two models, the three-parameter Zener model, which is a
parallel combination of a Maxwell unit and a spring, has more flexibility in representing
viscoelastic behavior. The Generalized Maxwell model is the most widely utilized integer
order viscoelastic model. Adding more parameters into the equation allows it to adapt to
various viscoelastic material behavior for a wide range of frequencies. A 5-parameter
Generalized Maxwell model, which includes two branches of Maxwell units, was examined
in this study. The parameter L in Voigt, Zener, and Generalized Maxwell is the static shear
modulus measured in the indentation experiment. The real and the imaginary part of the
complex shear moduli of these four integer models and experimental estimation are shown
in Figure 7a, b. The estimates of the parameters as well as error percentages and AlC score
for each model are given in Table 4.

A plot of |, versus U of each viscoelastic model and the experimental values are shown in
Figure 7c. The slope of this plot corresponds to the loss factor in viscoelasticity. It is
observed that none of these four integer models offer a good match with the experimental
measurement. A normalized root mean square error between the shear modulus G”(w) of
each model and experimental result over the frequency range is given in Figure 7d.
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The previous study has shown that the basic fractional viscoelastic Springpot outperforms
the four integer models above. And it also revealed that adding a spring in parallel to the
Springpot model gives it even more flexibility and accuracy. In order to examine further
how well the fractional models perform, three more fractional models were compared in this
study. Estimated complex shear moduli over the frequency range for these five fractional
models and experimental estimations are shown in Figure 8a and b, and the estimated
viscoelastic parameters are given in Table 5. The | versus g plot of each model, and the
experimental values and the plot of normalized error are shown Figure 8c and d as well. It
can be observed that all of the five fractional order models have a better performance than
integer order models.

Discussion

Elastography is becoming more recognized and accepted as a means to quantitatively and
non-invasively assess biological tissue in vivo. Identifying an appropriate tissue viscoelastic
model, and estimating and monitoring its viscoelastic parameters could be a new biomarker
and a new approach for diagnosing and monitoring certain pathologies and their response to
treatment. Studies have shown that when assuming a Springpot model for brain tissue, the
two parameters |, and a represent the connectivity and alignment of the structural building
blocks in the tissue, respectively [10]. It was shown that specific aspects of brain
viscoelasticity were altered in experimental autoimmune encephalomyelitis [27] and after
treatment in normal pressure hydrocephalus [28]. Thus, carefully selecting an appropriate
model for the biological organ became more important. Many studies has shown fractional
viscoelastic models capture the dynamic viscoelasticity of a biological tissue more precisely
than integer order models [10, 12, 29]. From the results in Figure 7, Figure 8, Table 4, and
Table 5, it can also be clearly observed that even the two-parameter Springpot model
outperforms the five-parameter Generalized Maxwell model. Thus, as an extension of the
previous study, this article not only expanded the experimental frequency range, but also
focused more on the performance of various fractional models.

Considering Figure 8 and Table 5, although the two versions of fractional Maxwell models
have one more fitting parameter than the Springpot, the three of them have similar error
percentages. Also, the additional parameter, 11 or 7, reached the predefined upper boundary
in optimization. More curve fitting was done with increasing these upper limits, and it was
found that the shear modulus curves of these two models approach that of the Springpot
when the additional parameters approach infinity. This can also be proven by rewriting the
shear modulus equations of these two models as below.

1
*(w _ H1Ha _ a

patpi(jw)™* o= ®

=i = (10)
77(]“)) Oé_i_/*l‘Ot juldn—'_ua(;w)“
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From the observation above, the two versions of fractional Maxwell models, fractional
Maxwell spring equation (9) and fractional Maxwell dashpot equation (10), converge to the
Springpot model when optimized, and so the 3-parameter fractional Zener model will be
equivalent to the fractional Voigt model.

Furthermore, as in the previous study, the fractional VVoigt model has a better convergence
and lower AIC score than the Springpot model without increasing the number of unknown
parameters given that g is known. The following conclusions can be made: 1) the Springpot
model outperformed most other viscoelastic models because of high accuracy and less
optimization parameters needed; 2) however, if the sample’s static shear modulus is
measurable, the fractional Voigt model has the advantage of more flexibility and even better
accuracy than the Springpot; 3) Increasing the complexity of a fractional model does not
necessarily yield a better model estimation due to increased complexity of the optimization
and the noise in the experimental data.

This study was done on a tissue-like material. When expanding this method to clinical
application, the slower slew rate of the gradient coil in high field human MR scanners limits
the upper limit of frequency range. In our previous study, identification of a viscoelastic
model in a limited frequency range from 200 Hz to 900 Hz was discussed. It was concluded
that, although the error percentage became higher, the fractional model obtained based on a
low frequency range was still able to predict behavior at high frequencies (up to 7.75 kHz
which is the highest frequency discussed in that paper) accurately. Additionally, real tissue
would have more complicated behavior than tissue-like material. As seen from the result in
Figure 7, integer order models cannot even capture the curve of a tissue-like material.
Therefore, it is expected that fractional order models will continue to outperform integer
order models in fitting real tissue.

Studies from other groups have utilized the Springpot model for clinical application on brain
and liver [10, 11, 27]. From the results in the present study, the fractional VVoigt model
outperforms the Springpot model by adding a static stiffness in parallel. However, in clinical
application, it’s impossible to perform in vivo indentation tests on an organ. Thus, adding the
static stiffness L as an unknown parameter could be an option if [y converges to the
indentation test. In order to test this possibility, another fitting was done on the models to
have g in the equation of G™(w) shown in Table 6. It can be found that the g estimated
from fractional Voigt model converges the best to the static stiffness measured from the
indentation. This strengthens the possibility to use the fractional VVoigt model for clinical
application.

In summary, this study identifies and estimates viscoelastic models and parameters with an
approach that compares the complex shear modulus curve in the frequency domain of the
predicted mechanical model’s equation and experimental estimation on a tissue-mimicking
Ecoflex phantom in an ultra-wide frequency range from 500 Hz to 16 kHz. The complex
shear modulus of Ecoflex was estimated by curve fits to the closed form solution with line
profiles extracted from MRE experiments conducted in two MRI scanners. Four integer
order and five fractional order viscoelastic models were examined in this study, and it is
observed that fractional order models describe this viscoelastic material better than integer
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order models, especially over such a wide frequency range. And, adding a spring element in
parallel to a basic fractional model increases the flexibility of the model to also capture static
behavior. Among these fractional models, the Springpot and fractional VVoigt model have
sufficient accuracy and offer the best efficiency with the least number of parameter to be
optimized.
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TPiezoelectric Actuator /— Tube holder/—RF coil

L —
Motion direction

Actuator Holder \-Cradle
Figure 1.

Setup for MRE experiment in 9.4 Tesla Agilent horizontal bore system. The piezoelectric
actuator is mounted on the plastic cradle. In order to avoid electromagnetic interference
between the charged piezoelectric actuator and RF coil, the actuator is located far away from
the RF coil. A Delrin® rod connects the actuator and a tube holder which mount tightly on
the sample container. An inertial ground (not shown) is connected to the left side of the
actuator.

Plastic rod

\_ Ecoflex sample
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Figure 2.

a: Diagram of the cylinder used in geometrical focusing MRE method. A harmonic vibration
is applied axisymmetrically on the cylinder wall along the vertical direction indicated by the
arrows. b: The real and imaginary part of the displacement of planar wave at 2 kHz for a

medium with pg = 60 kPa and p; = 15 kPa. c: the real and imaginary part of the

displacement along the radial direction of cylindrically propagating wave generated by

geometrical focusing method
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Figure 3.
Wave image and line profile with curve fitting for real and imaginary part of the

displacement result for different frequencies in different sample containers. A quadratic
offset strategy was utilized for fitting the closed form solution to experiment line profiles in
order to compensate the uneven vibration caused by unavoidable misalignment of the
actuator and the test tube. (a, e, i), (b, f, ), (c, g, K), (d, h, I) are results for 2.75 kHz, 7kHz,
11 kHz and 16 kHz from low, mid and high frequency experiments, respectively. The
estimated result of the real and the imaginary part of the shear moduli and the error
percentage for each fitting are indicated in the fitting plots. The Y axis for (e) to (I) are
normalized displacement based on the maximum magnitude of the complex displacement
over the diameter.
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Figure 4.
a: Schematic of the commonly utilized fractional Springpot model b: simplified symbol of

Springpot Model
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Figure 5.
Indentation result for static Young’s Modulus E with a rigid conical indentor.
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Page 18

Box plot of the real and the imaginary part of the shear modulus estimations. The
overlapped frequency range from low and mid, and mid and high frequency ranges are
indicated by the two rectangular frames labeled ‘overlap’. 32 frequency points (0.5 to 1 kHz
with 100 Hz interval, 1 to 3 kHz with 250 Hz interval, 3 to 8 kHz with 500 Hz interval, and
8 to 16 kHz with 1 kHz interval) are listed on the frequency axis. Data from the three
experiments of low (30 mm, 0.5 — 3 kHz), mid (¢8 mm, 1 — 7.5 kHz) and high (¢4 mm, 5-
16 kHz) frequency are grouped with different colors. The lines in the boxes mark the median
value estimated from all 18 line profiles of the corresponding frequency scan. The whiskers
extend to the most extreme data points, which are plotted as red markers (+)
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Figure 7.
The complex shear modulus estimation for four integer viscoelastic models with the

parameters estimated via minimization of mean square error between experimental data and
the predicted model over the entire frequency range from 500 Hz to 16 kHz. (a) real part of
shear modulus pg versus frequency. (b) imaginary part of shear modulus 1, versus
frequency. (c) Y, versus P plot, where the slope of the plot represents the viscoelastic loss
factor. (d) normalized root mean square error between the estimated experimental shear
modulus and the shear modulus from fitted viscoelastic models.
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Figure 8.
The complex shear modulus estimation for five fractional viscoelastic models with the

parameters estimated via minimization of square error between experimental data and
predicted model over the entire frequency range from 500 Hz to 16 kHz. (a) real part of
shear modulus pg versus frequency. (b) imaginary part of shear modulus 1, versus
frequency. (c) Y, versus Hg, where the slope of the plot represents the viscoelastic loss factor.
(d) normalized root mean square error between the estimated experimental shear modulus
and the shear modulus from fitted viscoelastic models.
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Table 2

Schematic and shear modulus G™(w) of Four integer order viscoelastic models

Viscoelastic model Schematic G (@)
Voigt Ho Ho + jar
AT b
Maxwell u n .
o—AW-T}—o Jwpn
Jwn+tp
Generalized Maxwell Ho . .
1o J@YH1T n JwWH2M2
M1 T Jwmtpr  jwenatp
o Kz 7
=~y Mm

Zener

Jon(po+p1)+pop
Jwntp

?
=
=
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Table 3

Schematic and shear modulus G™ () of five fractional viscoelastic models

Viscoelastic model Schematic G (@)
Springpot U Ho(iw)%, 0<a<l
Fractional Voigt Ho Mo+ Ho(j@)4 0<as<l
SR
—|
Fractional Maxwell-sprin a
pring 151 #w/d K1t

Fractional Maxwell-dashpot

3-parameter fractional Zener

n ﬂuwaﬂ

Ho

lua—")u“l(jw)_a, O<as<l

Jwhan
77(jw)1_a+#a, O<a<1

H1la

pot——m—————
O m O /Ja+#1(]"-’) a,0<asl
=

Phys Med Biol. Author manuscript; available in PMC 2015 December 21.

Page 23



Page 24

Liuetal.

829 9'6C / / (s-ed)ogg="  (ed) Ly99="1  Jousz

8¢S 80'L (s-ed)y6=9 (s-ed)ero=" (el sroe=a1  (ed)GgL=Td  |lamxen pazijessusD
29 9z'8¢ / / (s-ed)syovy=4  (ed®)9089=1  |lomxeN

€'€89 9,89 / / / (s-ed) sGv50=04  3I610A

oIV (%) Joau3  JslBweded i Jsjaweded p,€ Jsjpweded pug Jsjeweded T 19poN

(zH 9T 01 ZH 005) abuel Aousnbaly ayy JoA0 snpnpow Jeays xajdwod [eluswiiadxa
P3eNSa 3y} JO UeIpaw ay) 01 sjapou Jahajul unoy ayp 1oy (@) 9 uoienbs sninpouw Jesys syl Bumiy Aq sislaurered o1se|300sIA 8y} JO Salewls3

v alqel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Phys Med Biol. Author manuscript; available in PMC 2015 December 21.



Page 25

Liuetal.

Author Manuscript

€905 Ty ed g0T =™ £6£°0=" 6eg = "1l 13UaZ [euoIoely Jajewered-g

8'9e§ 189 (s ed)oos =4 11620=" v89z ="1 Jodysep-[amxejN uonoe.y
€S oT’L ed 0T = 11TE0=D 00gz =" BuLIds-||aMXEIA| [eUONIel)

2'66v 8L°¢€ / vie0=D 286 ="1 1610 [euonoesy

6'82S 159 / 9662°0 =70 9z9z ="1 jodburds

OIV (%) 10413 J8)8weted p,€  J818WeIed p ¢ (oS - Bd) J818WENRd 1T  [9POIN

(zH¥ 9T 01 ZH 00S) abues Aouanbal) 1aA0 Sninpow Jeays xa]dwod [elusWILIadxs parewnss
84} JO UBIPSW U YIIM S|3pOW [eUOIIOeI) 8AL U} J0J (@) 9 uolenba sninpow Jeays ay) Bumiy Aq sis1swiesed [spow 011Se[300SIA U} JO Salewns3

G 9lqel

Author Manuscript

Author Manuscript

Author Manuscript

Phys Med Biol. Author manuscript; available in PMC 2015 December 21.



Page 26

Liuetal.

1.68°961 ee'e / (ed) 0T =™ 80vy'0 =0 (S-ed)esy =" gg'gr =0 Jsusz [euonoely Jerewesed-g
7961 'G6Y ve'E / / LL0V'0 =P (s-ed)eze9="1 zz9r =01 1BI10A [euonoely
G/90°€LS L9€T / / (s-ed)ltzeo="  (edssyL=" roe =0 Jousz
878L%29 9'62 (s-ed)/Tg=% (s ed),50=" (ed)g'zz = (edx)g'gg =" Glz=0  |lamxe pazife1susD
1685729 16'6C / / / (s-ed)ssyso=04  egey =0 1BI0A

oIV (%) 10443 J918WeLRd Y Jg18wreded p,€ Jgeweled g Jajaweled T (ed) o [9pON

Ja18wered

umouun ue se Ol ssauyns a1re1s yum (zH 9T 01 zH 00S) abues Aouanbauiy ayp JaA0 snNpoul Jeays xajdwod [eluswiiiadxa pajewnss ay) Jo ueipaw
au} yum Jeraweled e se ssauyins onels Buiney sjapow ayp 1oy (@) S uoienba sninpow Jeays ayr Buniy Ag sielswesed [9pow d11Se|S0ISIA U} JO Sajewns]

Author Manuscript

9 9|qel

Author Manuscript

Author Manuscript

Author Manuscript

Phys Med Biol. Author manuscript; available in PMC 2015 December 21.



