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Abstract—The present study characterizes the mechani-
cal properties of polyvinyl alcohol (PVA) cryogel in order to
show its utility for intravascular elastography. PVA cryogel
becomes harder with an increasing number of freeze-thaw
cycles, and Young’s modulus and Poisson’s ratio are mea-
sured for seven samples. Mechanical tests were performed
on cylindrical samples with a pressure column and on a hol-
low cylinder with the calculation of an intravascular elas-
togram. An image of the Young’s modulus was obtained
from the elastogram using cylinder geometry properties.
Results show the mechanical similitude of PVA cryogel with
the biological tissues present in arteries. A good agreement
between Young’s modulus obtained from pressure column
and from elastogram was also observed.

I. INTRODUCTION

INCE palpation detects pathological areas, estimating
Sand mapping tissue stiffness is of interest to medical
diagnosis. Over the last ten years, many studies using ul-
trasound have made it possible to identify abnormalities
too small or too deep to be detected by palpation. Sev-
eral approaches have been discussed in the literature most
based on two concepts: sonoelasticity, investigating the re-
sponse of tissues to a low frequency wave, where the in-
duced displacement is measured by Doppler ultrasound [1]
and elastography, where the displacement is determined
by time-delay estimation methods between the signal at a
low compression level and the signal at a high compression
level [2], [3]. More recently, elastography has been used
in combination with intravascular techniques in view of
characterizing elastic properties of atherosclerotic plaque
and vessel walls [4]-[7]. Combining high-resolution imag-
ing with deformation estimation techniques may provide
useful information for characterizing plaque and predicting
progression.

Validation requires conducting experiments on test ob-
jects. Indeed working on phantoms is convenient since pa-
rameters of the studied object, such as the geometry and
number of layers are precisely controlled. Commonly the
material used to build phantoms is a mixture of gelatin and
agar [8]. These phantoms accurately mimic the acoustical
properties of biological tissues as well as their incompress-
ible character; however, without a cross-linking step they
crack easily with increasing pressure [9]. Polyvinyl alco-
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hol (PVA) cryogel is another kind of material with the
ease-of-handling properties of gelatin-agar, which seems
well adapted for intravascular elastography. It is a ma-
terial initially used for mimicking blood vessels in in vitro
MRI experiments [10]. Its acoustic properties have been
proved to be similar to those of arteries. The speed of
sound has a mean value of 1538 ms~!, with a range of
1530 to 1545 ms~! and a slight increase of 5 ms™! for
each new freeze-thaw cycle [11]. Acoustic impedance is
1.6 x 105 kg m~2 s~! and attenuation around 0.6 dBcm™!
MHz ! measured at 5 MHz [12]. These values can be com-
pared with those reported by Greenleaf for arterial tis-
sues of several lesions: sound velocity between 1501 and
1532 ms~!, acoustic impedance from 1.56 to 1.69 10° kg
m~2 s7!, and attenuation between 0.6 and 1.5 dBcm ™!
MHz ! measured at 10 MHz [13]. However, it is desirable
to have a precise mechanical characterization of this po-
tentially usable material. In this article, we describe the
fabrication of phantoms and the devices used for their me-
chanical characterization. This characterization is done in
two ways: with a pressure column first and then with the
calculation of an intravascular ultrasound elastogram. This
will make it possible to calibrate the intravascular stiffness
image by comparing Young’s modulus obtained both ways.
Finally, we present the results and compare them with val-
ues reported in literature.

II. METHODS

A. Building Procedure

The PVA cryogel solution is a viscous liquid composed
of 10% of polyvinyl alcohol dissolved in water. Preparation
consists of heating PVA cryogel, mixing it with silica pow-
der in a 1% by weight concentration (Prolabo Silicagel, im-
palpable powder) and then freezing it. Silica particles act
as acoustic scatterers and have been introduced to gener-
ate images with a sufficient signal-to-noise ratio. As a cryo-
gel, this material gets its rigidity by a freeze-thaw process,
its stiffness increasing with the number of freezing cycles.
For this study, two kinds of samples were made: 1) a full
cylinder for measuring elasticity with a pressure column
and 2) a hollow cylinder to be investigated using elastog-
raphy. To have the same material properties for both tests,
we made both samples in the same mold, and, after the
last freeze cycle, we cut the cylinder into two pieces, a
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hollow and a full part. Two samples were built with three
and four freeze-thaw cycles, and two samples were built
with two cycles to check reproducibility. One cycle con-
sisted in 14 h of freezing at —20°C and 10 h of thawing in
water at 20°C. Three additional samples were built chang-
ing the cycle. The cycle duration was maintained constant
(14 h of freezing and 10 h of thawing), but the freezing
rate decreased to —32°C. One of these three samples was
made with five freeze-thaw cycles and the two other ones
with two cycles. During the building procedure, dehydra-
tion was minimized by covering the container.

B. Measurement of Mechanical Properties

1. Measurement with Pressure Column: Young’s mod-
ulus was measured using an Instron 4301 testing instru-
ment. The cryogel samples were 12-mm-diameter cylinders
whose heights varied according to the sample, due to the
difficulty in cutting PVA cryogel precisely. The load cell
was rated at 10 N with an accuracy of 0.05 N. The di-
ameter of the cell was 25 mm, thus larger than the sample
radius in the aim to approximate the conditions of uniform
stress. The samples were tested for pressure in the range
0 to 5 N. Measurements were taken dynamically, with two
steps of compression per second, one step corresponding
to a displacement of 0.05 mm. A precompression of 0.1 N
was initially applied to the sample to insure proper con-
tact. Owing to the radius of the sample, a force of 2 N
corresponded to a stress of about 100 mmHg. Thus, the
samples were tested on a range including the physiological
pressure of arteries.

Poisson’s ratio was also estimated from two digital pic-
tures of one sample. The first image corresponded to the
sample before compression and gave the apparent area of
the cylinder Sp. The apparent area was a rectangle whose
size is given by the diameter and the height of the cylin-
der. The second image corresponded to the sample after
compression and gave the apparent area of the cylinder
Sr. The area difference AS is related to Poisson’s ratio
by the expression:

AS =8p—So=(v-1)eSo (1)

where v is Poisson’s ratio and € the axial deformation.
Note that for an incompressible material (v = 0.5), there
is no change in volume (AV = 0), but there is a variation

in area (AS #0) in (1).

2. Measurement with Ultrasound: On the other hand,
Young’s modulus was measured using intravascular cryogel
phantoms. The geometrical characteristics of the hollow
cylinders used in this study were a 2.5-mm inner radius, a
6-mm outer radius and a length larger than 60 mm. Fur-
thermore, each sample was considered homogeneous and
isotropic, and its rigidity resulted from two, three, four, or
five freeze-thaw cycles. For a cylinder with an axial sym-
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metry, the radial displacement and radial strain can be
written as [14]

up(r) = 4 + Br (2)
T
ou, A
Err = 87‘ __T_2+B (3>

Considering a homogeneous and isotropic hollow cylin-
der with outer boundaries radially fixed and a load applied
on the internal boundary, the boundary conditions are

E A 1+v
O'TT(G) = 1—|——y <—T—2 + B ) =—-P (4)

1—v
ur(b) =0 (5)

where a is the inner radius, b the outer radius, ¥ Young’s
modulus, v Poisson’s ratio, and P the pressure into the
phantom lumen. Including boundary conditions (5) in (3),
Young’s modulus is calculated by the radial strain

<1 + i—i) (6)

where ¢, is the radial strain. Using relation (6) and the
elastogram as the strain distribution, an image of Young’s
modulus is obtained.

The experimental setup consisted of a CVIS (Boston
Scientific, Natick, MA) ultrasound scanner, working with a
40-MHz mechanically rotating single-element transducer.
The catheter was inserted inside the lumen phantom. The
probe was fixed approximately at the center of the lu-
men and parallel to the lumen axis to limit geometrical
artifacts [15] and correlate the direction of the ultrasound
beam and force lines. Thus, the calculated elastogram ef-
fectively represented the radial deformation. The phantom
was clamped at the extremities to ensure that the device
is watertight. The phantom was embedded in a plexiglas
mold, then radial displacement of the outer boundary was
not allowed because of the high stiffness contrast between
the mold and the phantom; nevertheless, the phantom
could expand in the axial direction, resulting in a radial
strain. The inner pressure variation was manually gener-
ated by increasing or decreasing the fluid lumen volume via
a syringe and varied from 0 mmHg to 160 mmHg. Static
pressure was accurately controlled by a surgery manome-
ter. For each acquisition, a 256-line scan was performed.
The RF signals were acquired via a LECROY 9374L os-
cilloscope at the sampling frequency of 500 MHz in an
8-bit format. Radial deformation was estimated with an
adaptive stretching algorithm, which has been proved to
be accurate for strains up to 7% [6]. Using (1) and (6), the
value of Young’s modulus was deduced for each sample.

—Pa?(1 —1?)

E= e (M 21— ) + a2(1 1 v))

III. RESULTS

From the experiments with the pressure column, ap-
plied stress data and induced strain data are available.
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Fig. 1. Strain-stress relation obtained from pressure column for sam-
ples with different numbers of freeze-thaw cycles: O 5 cycles, ¢ 4 cy-
cles, m 3 cycles, o and * 2 cycles at —20°, + and X 2 cycles at —32°.
Young’s moduli are calculated as the slopes of segment on three dots,
a range where the curves can be approximated to straight lines.

The strain-stress curve is plotted for each cryogel sample
on Fig. 1.

According to Hooke’s law, a Young’s modulus can be
measured for each compression step, calculating the corre-
sponding slope on the strain-stress curve.

Ozz = Eigzz (7)

On each curve, slopes are calculated from a segment made
of three consecutive points. Young’s moduli of each sample
are deduced from the mean of these slopes, E, and their
linearity deviation 0%
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where K is the number of Young’s modulus estimated for
each sample, and K 4+ 2 is the number of points on the
corresponding curve.

The results show that Young’s modulus values are in
the range [30 kPa to 100 kPa]. The exact values F + o
are reported on Table I. Each category of phantom has
a well-discriminated stiffness, represented on Fig. 1 by a
gap between two curves. Only one exception can be ob-
served: the Young’s modulus of the sample subjected to
three freeze-thaw cycles at —20°C, and those of the sam-
ple that underwent two cycles at —32°C are fairly close
(curves m, +, and X). This demonstrates the importance
part of the freezing rate. However, for two samples built
following an identical process and different in only one
freeze-thaw cycle, the modulus difference is relatively con-
stant and significant, about 15 kPa.
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TABLE 1
MEAN YOUNG’S MODULUS AND POISSON’S RATIO FOR PVA
CRYOGEL MEASURED FROM THE PRESSURE COLUMN.

Number of Young’s Modulus Poisson’s
freeze-thaw cycles in kPa ratio
5 cycles (—32°C) 89.1 £ 6.3 0.48 £ 0.03
4 cycles (—20°C) 61.0 £ 9.0 0.43 £ 0.02
3 cycles (—20°C) 55.3 + 12.6 0.45 £ 0.03
2 cycles (—32°C) 51.2 £ 9.2 0.42 £ 0.02
2 cycles (—20°C) 42.8 + 8.0 NC
SO
a b

[

Fig. 2. Estimation of the Poisson’s ratio. (a) Original sample o is
compressed to the final shape f. (b) Sample before compression, the
initial surface So is estimated. (c¢) Sample after compression Sp is
estimated. (d) The variation of area AS = (So — Sr). The Poisson’s
ratio is then estimated from this area variation.

A first investigation of reproducibility was studied with
samples at two freeze-thaw cycles. In both cases we ob-
served a slight difference, less than 1 kPa for the samples
with cycles at —32°C and a few kilipascals for samples
with cycles at —20°C. The difference probably arises from
steps in the building procedure, which were not exactly
the same for all samples. Especially after having poured
the solution in the mold, it was left to rest to allow bub-
bles to rise. During this period, a little dehydration can
occur, significantly influenced by atmospheric conditions.
To have a better match, these steps must be carried out
with particular care. Nevertheless, the variance between
two samples, which underwent the same building proce-
dure, was acceptable for our application. In the literature,
reported radial Young’s moduli are around 80 kPa for the
healthy adventicia, 10 kPa for the healthy media, 50 kPa
for mixed fibrosis, 20 kPa for cellular fibrosis, and 100 kPa
for dense fibrosis [16]. In another reference, tissues were
classified from their intravascular ultrasound appearance;
stiffnesses reported are 40 kPa and 80 kPa for nonfibrous
and fibrous classes respectively [17].
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{(b) Young’s modulus image and profiles

Fig. 3. (a) Elastogram, reference strain profile (dotted line), and estimated strain profile (solid line) (b) Young’s modulus image, reference
profile (dotted line), and estimated profile (solid line) obtained for a 4 freeze-thaw cycles homogeneous phantom with a pressure differential
of 10 mmHg. Young’s modulus measured on column pressure is the reference. The Young’s modulus image is calculated from the elastogram.
Profiles are plotted for a line (white line on images), which have a good mismatch with measured value. Note on the Young’s modulus profile

that the decrease due to cylindrical geometry is compensated.

To estimate Poisson’s ratio, samples were compressed
by a plate, digital pictures were made at each compres-
sion step, and the area variations were measured from the
pixels of the images after a segmentation processing using
a manual thresholding. The plate displacement step was
0.5 mm. From (1), Poisson’s ratio is given by

. AS
v=1+ 5o 9)
where AS = Sp — Sp is the area variation, calculated as
shown in Fig. 2. Results obtained for Poisson’s ratio show
that values reported on Table I are close to the incom-
pressible case, ranging from 0.42 to 0.48. Poisson’s ratio
was not calculated for the very soft sample, because of its
imperfect cylinder shape under compression. Measurement
of Poisson’s ratio error depends on measurement errors ex-
pressed by

16 = [error(AS) + error(e) + error(So)]

error(9) = 5
1+R¢ (10)

where € is the measured axial strain, So the area of the
sample before compression, and AS the area variation be-
tween two steps of compression. All errors are related to
measurement on the picture and the ability to distinguish
the phantom from the background on the image. Due to
the boundaries, accuracy errors are estimated at 2% on
the area and the area variation and 1% on the axial strain.
This implies an error of about 5% on the Poisson’s ratio
value.

The last step of the calibration is the calculation of an
image of Young’s modulus via the elastogram, Fig. 3(a).
This image is obtained from (6). It is necessary to deter-
mine the inner and outer radius of the phantom bound-
aries, a and b, and also the radial deformation &,,., which
is the resulting elastogram. Thus we deduce an image of a
quasi-constant parameter, which is the Young’s modulus
on Fig. 3(b). On the same figure, the radial strain profile
and the radial Young’s modulus profile are plotted. The
result we show on Fig. 3 is for a phantom, which under-
went four freeze-thaw cycles. Estimated strain and Young’s
modulus profiles are plotted for one of the line (white line
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Fig. 4. Mean Young modulus measured by elastography (dotted lines)
and pressure column (marks) for different compression steps on 3
samples with different numbers of freeze-thaw cycles: O 5 cycles, o 2
cycles at —20°, 4+ 2 cycles at —32°.

on images), which has the best mismatch with the refer-
ence profiles. The reference profile for the Young’s modulus
is the value measured with the column pressure, 61 kPa,
and the reference profile of strain is mathematically de-
duced from (6) with this value of Young’s modulus. For
comparison mean, Young’s modulus was measured with
column pressure at 61 kPa, whereas the estimated value
from ultrasound intravascular elastography for this profile
is around 70 kPa. In the radial strain profile, a decrease
can be observed in the strain magnitude induced by the
decay of the stress when propagating across the phantom
wall. On the other hand, this phenomenon is compensated
when reconstructing Young’s modulus.

These images are calculated for each phantom at differ-
ent steps of compression. Stress-Young’s modulus curves
are plotted (dotted lines Fig. 4) for some samples and for
loads in the order of magnitude of physiological overloads.
Young’s modulus is nearly constant for the low loads, but
a slightly increased behavior is observed. On the same fig-
ure, results obtained from the pressure column are plotted
(marks Fig. 4). The results are correlated to their global
behavior but with a difference of about 10% for numerical
values of mean Young’s moduli, Table II. The linear model
of elasticity is no more valid for high deformations, over
20%, corresponding to a pressure value of 50 mmHg for
the softer sample. This may be due to the reach of non-
linear behavior of the medium. For this reason, the mean
Young’s modulus is estimated only for loads smaller than
50 mmHg.

The mean Young’s moduli calculated from experimental
images are recorded on Table II.

The mean is calculated from results obtained for dif-
ferent loads. The Young’s modulus estimated using the
ultrasonic method are for the most part higher than the
Young’s modulus measured from the pressure column. The
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TABLE II
COMPARISON OF MEASURED MEAN YOUNG’S MODULUS FOR PVA
CRYOGEL FOR EACH METHOD. THE MEAN YOUNG’S MODULUS IS
CALCULATED OVER THE STRESS RANGE 0 TO 50 MMHG.

Young’s Modulus
from pressure

Young’s Modulus

Number of freeze- from ultrasonic

thaw cycles column experiment method
5 cycles (—32°C) 89.1 kPa 84.6 kPa
4 cycles (—20°C) 61.0 kPa 66.4 kPa
3 cycles (—20°C) 55.3 kPa 59.4 kPa
2 cycles (—32°C) 51.2 kPa 57.3 kPa
2 cycles (—20°C) 42.8 kPa 44.8 kPa

most important sources of error are related to differences
with the theoretical model, which tend to underestimate
the strain. Parameters, such as a badly centered probe,
which caused a mismatch of force lines and ultrasound
beams [18] and damping of the stress propagation, give a
calculated strain lower than the expected strain and lead to
overestimating the Young’s modulus. However, estimated
mean Young’s moduli are similar to the values found by
the way of the column pressure and to the values of bio-
logical tissues edited previously.

IV. CONCLUSION

In this paper we have measured the mechanical prop-
erties of PVA cryogel for building phantoms in intravas-
cular elastography. The cryogel mechanical properties, as
function of the number of freeze-thaw cycle, have been
evaluated for an over-pressure range from 0 to 50 mmHg
by two different methods. First, the Young’s modulus and
the Poisson’s ratio were measured using a pressure col-
umn, and second, the Young’s modulus was deduced from
the calculation of an ultrasound elastogram. The Young’s
modulus calculated with the two methods are in a range
of 40 to 90 kPa, which is in the same range as arterial
tissues described in the literature, 10 to 100 kPa. The ex-
perimental results emphasize the interest of PVA cryogel
as vascular phantoms for intravascular ultrasound elastog-
raphy.
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