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Abstraci—An olasticity microscope provides high reso-
lution images of tissue elasticity, With this instrument, it
may be possible to monitor cell growth and tissue devclop-
ment in tissue engineering. To test this hypothesis, elastic-
ity micrographs were obtained in two model systems com-
monly used for tissue engineering., In the first, strain im-
ages of a tissue-engineered smooth muscle sample clearly
identified a several hundred micron thick cell layer from its
supporting matrix. Because a one-dimensional mechanical
model was appropriate for this system, strain images alone
were sufficient to image the elastic properties. In contrast,
a second system was investigated in which a simple one-
dimensional mechanical model was inadequate, Unculturod
collagen microspheres emhedded in an otherwise homoge-
neous gel were imaged with the elasticity microscope. Strain
images alone did not clearly depict the elastic properties
of the hard spherical cell carriers. However, reconstructed
elasticity images could differentiate the hard inclusion from
the background gel. These results strangly suggest that the
elasticity microscope may he a valuable tool for tissue engi-
necring and other applications requiring the elastic proper-
ties of soft tissue at high spatial resolution (75 pm or less).

T. INTRODUCTION

N A PRIVIOUS set of publications, a system to image
]:mechanical deformation ficlds at a fine scale (approxi-
mately 75 um resclution for normal axial strain Imagoes)
was tleseribed {1], [2]. We labeled this instrument an “clas-
ticity microscope” because it can make images related to
the elastic properties of tissuc at a spatial resolution better
than that resolvable by the human eye. It uses a medified
ultrasonic scanner (A0 MHz imaging) capable of tracking
internal specimen motion due to an applied deformation.
In this paper we explore the capabilities of this instrument
for tissue engineering.

Tissues grown from cultured cells and synthetic matri-
ces are being developed for a wide variety of applications,
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such as skin for burn victims; replacement cartilage for the
nose, carg, and joints; tendon and ligament replacement;
and even cells to aid organ fanction, e.g., in the liver or
kidney [3]. One method sceds then cultures cells on a colla-
gen matrix or a polymer scaffolding. Tissue grows initially
on the matrix or scaffold in vitro within a nutrient solu-
tion, then is implanted in the boady or used as part of a
replacement organ. The scaffold degrades slowly and pro-
duces a tissue construct that can function like the native
organ.

Tissue engineers are greatly intorested in noninvasively
measuring the extent of celi growth and tissue develop-
ment both to monitor samples and help improve culture
methods. It would also be valuable to measnre matrix de-
velopment, such as clastin and hard tissues, which could
determine the load-bearing eapability of the implant. To
improve growth techniques, measurements are required as
a function of time. The current analysis method is cell his-
tology. The specimen is sliced, stained, and put on a slide.
Iowever, this method kills cells. Different samples are pre-
pared for histology and mcasured at varying times, hut
the high growth deviation between specimens makes anal-
vsig diflienlt, Ideally, tissue enginecrs need a system that
can noninvasively monitor growth in the same specimen
over time. The elasticily microscope and complementary
instruments, such as ultrasonic and MRI microscopes, may
provide this capability.

In this paper we explore this hypothesis with two exam-
ples from tissue engineering. The first uses a biodegradable
polymer scaffolding made from polyglycolic acid (PGA} to
engineer smooth muscle tissue [4] [6]. Cells are grown in
vitro for two wocks, then implanted on the back of a rvat
for another two weeks, At this point, the sample can be ex-
tracted for analysis, Typically, cell growth on the interior
region of the scaffolding is limited by nutrient delivery. For
smooth muscle, which has a high metabolic rate, onc lim-
iting nutrient is oxygen. The external region {100-300 pmn)
develops into new tissue with high cell density (approxi-
mately 10% cclls/cm®}. In conirast, the inner section may
be sparsely populated. After growth on an animal, the in-
ner layer typically will form nonspecific sear tissue. Due to
the expected elastic modulus difference between smooth
muscle cells and scar tissue, and the nearly laminar geom-
ctry of the samples, the clasticily microscope may be able
to visnalize these layers directly from strain images. This
possibility is examined in Section IL
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The second example uses a hard collagen sphere as the
cell carrier. These structures, typically 200-300 pm in di-
ameter, arc often used in ccll culture and gelatin prepara-
tions to tost new growth techniques [7]. Unlike scaffolds,
they do not conform to a laminar geometry. Consequently,
strain images alone may not be suflicient to deseribe their
mechanical properties; elastic modulus reconstriction may
be needed to minimize geometry arvtifacts (i.c., strain vari-
ations related to the type of applied deformation and the
geometry of inhomogencities, not the mechanical proper-
ties of the beads and tissue layers directly). Both strain and
reconstructed eclasticity imapges for gelatin samples with
embedded carrier beads are presented in Section II1.

1. Ti88UF FNGINEERED SAMPLES USING SCAFFOLDS

The specific samples investigated here may be ade-
quately described by a layered model, in which soft tissue
lamina grow on the surface of a hard matrix represent-
ing nonspecific scar tissuc replacing the original seaffold.
To test whether strain images obtained with the elasticity
microscope described in [1], [2] can charactorize such ma-
terials, layered phantoms with controlled mechanical prop-
erties were constructed and hmaged.

A. Muliiple Layer Phantoms

I'he stiffness of each scetion in a multiple-layer phantom
was determined by gelatin concentration, in which layers
woere fabricated one at a time and added to the top of the
phantom. Gels were started by dissolving 5 or 10% gelatin
by weight in 60 ml of water for soft and stiff gel, respec-
tively, then heated under constant stirring, Onee digsolved,
10 ml (16% by volume) of ultra fine graphite particles act-
ing as ultrasonic scatterers were added (mean particle size
9 g American Grease Stick Co., Muskegon, ML, model
#MZ-25). The gel was cooled to just above the setting
point while stirring constantly, then poured into a squarc
25 % 25 mm tank, A custom-fitted plug was inscrted into
the top of the mald. The ping left a specified gap io the
bottom, which produced a gelatin layer with the desived
thickness. Excoss gelatin spilled ont of the mold and was
removed. This procedute was repeated multiple times, us-
ing plugs with different gaps, to create multiple-layered
phantoms alternating in stiffucss between soft and hard.

To quantify the elastic modulus (i.e., stiffness) of the
phantom materials, the stilfness of three different gels
the soft and hard gels of the phantom, and a third even
stiffer gel—was measured using the deformnational system
described in [8]. The gelatin concentrations in the three
saumnples were 5%, 10%, and 15%, respectively. All sam-
ples also contained graphite, as described above. For cach,
the force/displacement curve was measured for five sep-
arate trials and averaged, and the elastic modulus was
computed from the resulting averaged results using the
methods described in {8]. Elastic modulus measurements
are sumrnarized in Table L

anT

TABLE |
MEASTRED YOUNG'S MODULUS VERSUS GEIATIN CONCENTRATION
FOR MATERIALS Uskn IN Munrieis TLAVER PUANTOMS,

Specimen stiffness Young's modulus
(% pelatin by weight} (k1>a)

Boft (5%) 3.9
Ilard (10%) 13.7
Hardest (16%) 20.8

I'ig. 1. Photo of three layer phantom construeted one layer at a time;
the middle layer contains black graphite particles for visual congrast.
The outlined box indicates the imaging region.

The measured elastic moduli for the gels used in this
stndy fell within the range found in soft tissues [9].
Their specific stiffnesses were chosen for practical rea-
gons. Softer gels were quite weak and ripped easily. Ilarder
gels were more difficult to thoroughly mix with water,
and their increased viscosily exacerbated hubble retention.
No fixative, such as formaldehyde or glutaraldehyde, was
used. Adding a fixative could provide significantly stiffer
samples, but this would have complicated the analysis.
Formaldehyde concentration was previously shown to af-
fect the time-dependent stiffness of gelatin samples {10].

Typical images from our systemn are about 1 mm in both
dimensions, Consequently, all layers were formed within
the top millimeter of the sample. The phantoms were 2 mm
deep, where the bottom gelatin layer was more than 1 mm
thick and extended up into the imaging region. The three-
layer phantom consisted of fwo hard layers with a soft
layer in the middle. Tis geometry is illustrated in Fig. 1,
in which graphite was added only to the center layer for
this photograph to provide visual contrast. In all nlirasonic
and clasticity imaging experiments, every layer contained
graphite as the scatiering material. Ag depicted by the hox
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in Fig. 1, the scanning region contained two 400-gm thick
hard outer layers sandwiching a 200-pm thick solt layer.
The total thickness of the hard bottom region was 1.4 rm.

Fig. 2(a) displays the 50 MHz B-sean of the throee-layer
phantom over a 50 B dynamie range. Note that the bot-
tom layer, which extends more than 200 pm upward from
the hottom of the image, is slightly darker than the layers
above, presumably becauge the graphite concentration is
recduced compared to the other layers, Also, note the bhright
cchoes at layer interfaces. These rellections are caused by
a combination of several factors: the surface of cach layer
forms a skin producing a slight acoustic impedance mis-
match; in addition, some graphite particles settle during
layer formation. The increased scatterer density across the
bottom of that layer elevates the reflected signal. The in-
terfaces are located 200 and 400 g above the bottom of
the imagoe.

The normal axial strain is displayed in Fig. 2(b) over
a range of 1 §%. For this image and all subsequent strain
images, the gray scale is chosen such that white vepresents
the largest strain value and black represents the smallest or
most negative strain value. Because strain magnitude scal-
ing depends on several factors, snch as degree of preload,
the optimal dynamic range for displaying cach image will
vary. The range of displayed strain values is chosen in each
case to provide reagonable visible differentiation botwoen
regions. This may include a slight satnration of small por-
tions of the image because of large variations in internal
strain over the entire viewing arca.

The bright band across 1fig. 2(b) indicates a greater
strain in the softer middle layer, as expected. Just above
and below the high strain region, there are thin, dark areas
representing low strain. They match well with the locations
of a gkin formed on the surfaces of the bottom two layers.
Using the bright regions of the corresponding strain image
as a guide, the layers in the B-scan can be more easily dis-
tinguished. This specimen provides a good example of a re-
gion difficult to identify solely with a B-scan that becomes
readily apparent in a strain image. Fig. 2(c) shows a plot
of the mean normal axial sérain vs. depth, with bars illus-
trating +/— one standard doviation in the measurcmoent
across the image. "These variations include both physical
variations in the specimen and measurement error.

B. Engineered Smooth Muscle Somples

Smooth muscle cells (SMCs) were isolated and eultured
using a modification of the techniques described by TRoth-
man et al. [11]. Tn brief, cells were isolated from aortas of
300-350 g adult male Lewis rats (Charles River Labora-
torics, Wilmington, MA) using an enzymatic dissociation.
After fat, adventitia, and connective tissue surrounding the
arteries were removed by bluut disscction, the SM tissue
was cut into multiple small pieces and placed into a spinner
flask containing an engymatic dissociation huffer at 37°C.
This buffer contained 0.125 mg/ml elastase (Sigma Chem-
ical Co., 8t. Louis, MO}, 1.0 mg/mL collagenase (CLS type
I, 204 units/mg; Worthington Biochemical Corp., Frec-
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Fip. 2. Three layor phanton: (a) B-scan over a 530 dB dynamic range;
(1Y) normal axial strain image, shown from 1% (black) to 5% (white),
(c) plot of mean normal axial strain across the image, along with bars
indicating +/— one standard doviation.
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IMig. 3. Tissuc-enginecred sinooth nuscle specimens: B-sean displayed over a 50 dB dynamic range for (a) PGA scaffolding scoded and
implanted with smooth muscle eells, and (b} POA scalfolding implanted without seeding smooth muscle colls; norinal axial strain image
displayed [rom 0 to 3% for {¢) zeeded sample, and (1) msooded sample.
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hold, NJ), 0.250 mg/mL soybean trypsin inhibitor (type
1-8; Sigma Chemical Co.), and 2.0 mg/mL crystallized
bovine serun albumin (Gibeo/Life Technologies, Gaithers-
burg, MD). After 90 minutes of incubation, the suspension
was filtered through a 100 pm Nitex filter (Tetko, Inc.,
Briareliff Manor, NY) and centrifuged at 200 G for 5 min-
utes, 'The pellet was resusponded in Medium 199 (Sigma
Chemical Co.) supplemented with 20% (v/v) fetal bovine
sernm (FBS; Gibeo), 2 mM L-glutamine (Gibeo), and 50
nnits/mL penicillin-streptomycin (Gibeo). The cells were
cultured on tissue culture plastic in a hunidified 5% CO»
atmosphere with the medinm (Medium 199, 10% (v/v)
fotal bovine serum, 50 units/mL penicillin-streptomycin)
and changed every other day. Cells maintained through
seven cycles were used for this study.

Polyglycalic acid (PGA) {ibors (approximately 12 gm in
diameter, Albany Int., Tannton, MA) were asscmbled into
nonwoven arrays {3 mim thick) and used as maltrices to en-
gineer smooth muscle tissue. The bulk density of the PGA
mesh was 50 mg/ce and the porosity was approximately
97%. Prior {o cell seeding, matrices were cut into squares
(25 x 25 mm) and prewet in Medium 199 containing 10%
(v/v} FB3S for 24 hours. For cell seeding, I ml. of a cell sus-
pension containing 2 x 107 cells/imL was injected into the
polymer matrices in tigsue culture dishes. After 4 and 10
hours, 2 ml, and 20 mL of culture medium was added to
cach matrix, respectively. Secded matrices were cultured
in T-flagks (75 cm?: Corning Inc., Corning, NY) in a hu-
midified 5% COs atmosphere, with the medium changed
every other day for 2 wecks.

Polymer matrices, seeded or unseeded, were implanted
into subeutancous pockets in adult male Lewis rats for
2 weels, Bach sample was fixed in place by suturing the
gsamples to the intramuscular layer with a nonabsorbable
suture (Prolene 4-0; Ethicon, Inc., Somerville, NJ). Subse-
quently, samples were explanied for elasticity microscope
cxperiments.

Based on the preparation procedures, the matrix ge-
ometry, and the pattern of cell growth, tissue-engineered
scaffolds can be reasonably modeled as a layered medinm,
in which a middle layer represents the connective tissue
(sparse cell region) and the upper and lower layers rep-
resent dense cell regions. The PGA scaffold was chosen
to be 3.0-mm thick, a suitable dimension for the present
elasticity microscope. After prowing seeded cells, the outer
cell layer is typically several hundred microns deep. Thus,
a square 1-mm image should contain the outer cell layer
and the inner sparse cell layer or scarred rogion.

Simple manual palpation of large samples confirmed
that dense cell regions were softer than connective tissue.
In particular, samples seeded with cells deformed more cas-
ily than unsceded samples. Unfortunately, the thin tissuc
engineered samples could not be cvaluated with the same
deformational system used to quantify the clastic modulus
of the phantom materials; this problem is discussed more
in Section IV. Nevertheless, a smoath muscle layer is ex-
pected to be softer than the scar tissue layer supporting it.

To test the hypothesis that elasticity micrographs can
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Fig. 4. Comparison of mean normal axial strain vs. depth for seeded
and unseeded tissue-engineering samples, along with bars indicating
+/— one standard deviation,

distinguish the top two layers, strain imaging oxperiments
were performed on tissue-enginecred smooth muscle and
on scalfolding cultured and implanted in the same man-
ner but without first seeding cells, The former experiment
should illustrate the cell layoring previously discussed; the
latter experiment should serve as a control, exhibiting no
smooth muscle or related cell growth. In addition, both
specimens were examined histolegically to compare with
images from the elasticity microscope. For this analysis,
samples wore fixed in 10% (v/v) bullered formalin, pavaffin
embedded, sectioned, and stained with hematoxylin and
cosin {H & EJ.

T'ig. 3(a) {sceded smooth muscle specimen) and 3(b)
(scaffolding sample cultured and implanted in the same
manner but without first secding cells) contrast 50 Mz
B-scans of the tissue samples over a 50 d3 dynamic range.
There is a hint of a top layer in the sceded sample and
some possible isolated scatterers in the unseeded sample.
However, well defined, continuous structures are hard to
identify in either B-scan. The normal axial strain image
of the seeded specimen is shown in Fig, 3(c) over a 0-3%
dynamic range. The strain is clearly higher in a layer at
the top of the sample. Indeed, a softer layer about 200
300 pm thick was expected at the specimen surface. In
contrast, the normal axial strain imaged over the same
dynamic range is presented in Fig. 3(d) for the unseeded
gpecimen. The strain is mostly smooth and small in mag-
nitude, resulting in a nearly black image. In TMig. 4 the
mean normal axial strain is plotted as a function of depth
for both samples; the bars represent +/— one standard
deviation across the image.

Fig. 5 shows histological sections from both tissue spec-
imenus (with and without seceded smooth muscle cells). A
clear difference is secn bebween these two samples; histo-
logical analysis confirms an external layer in the cell-seeded
implant with a high ccll density and an inner lower den-
sity region [Fig. 5(a)]. Control matrices implanted without
smooth muscle eells have a uniform appearance through-
out, as expected, with no smooth muscle layer [Fig. 5(b)].
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Fig. 5. Histology scetion stained with I & E: {a) polymer matrix seeded with smooth muscle cells, enltured, then implanted for 2 wecks.
The cross section reveals a dillerent structure botween outer and inner layers; (h) polymer matrices without cell seeding and maintained in

the same way; no significant layors arc visible.

II1. TissUE ENGINEERED SAMPLES
UsING CARRIER BEADS

Spherical collagen beads are biocompatible cell carri-
ors commonly used in tissue engineering for high density
culture of adhesion-dependent cells [7]. Typical diameters
are from 100400 pm. Becanse the cell layers adhering to
these heads are expected to be much softer than the hard
head itself, clasticity imaging may be able to monitor the
thickness and mechanical propertics of the cultured tissue,

A. Strain Images of Carrier Bead Samples

Uncultured carrier heads were added to an otherwise
homogeneous gelatin phantom prepared for the elasticity
microscope using the methods deseribed in [1], [2]. The
beads were made from CultiSpher-S, a highly cross-linked
gelatin matrix, with diameters ranging from about 200
400 pm {HyClone Laboratories, Logan, UT). Because of
their small size, the clastic modulns could not be evalu-
ated with the deformation system described in [8]. How-
ever, manual palpation of the spheres indicated that they

were significantly harder than the background gel. A small
volume of spheres (approximately 1 ml) was added to a
soft, gel mixture during the cooling phase. As verified by
destructive testing following the experiment, a suflicient
number of beads were dispersed throughout the phantom
s0 that several beads always intersected the imaging plane.

Typical results for a gel sample of this type are pre-
sented in Fig, 6. The 50 MHz B-scan image is displayed
over a 50 dB dynamic range in Fig. 6(a). The beads scatter
ultrasound at this frequency, but produce speckle difficult
to distinguish from the hackground. A normal axial strain
image of the same phantom is shown in Ifig. 6(b) over a
1-2.5% dynamic range. Low strain regions associated with
the heads are easily identified. However, there arc also high
strain regions near the heads. They are part of the com-
plete three-dimensional deformation pattern of the colla-
gen inchisions and surrounding gel. As noted previously,
a strain image is suflicient to characterize the clasticity
distribution only if a one-dimensional model is valid [12]-
[14]. A one-dimensional model is reasonable for the layered
structures described in Section II) but it is inadeguate to
doseribe spherical bead inclusions.

Iuterpreting the strain image of an actual tissuc-
engineered sample with bead carriers may be very diffi-
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Fig. 6. Stiff collagen microspheres embedded in a softer homoge-
ncous gelatin hbackground: (a) B-scan over a 50 dB dynamic ranpe;
(b} normal axial strain image displayed over a dynamie range from
1% (black) to 2.5% (whito).

cult based on the results presented in Fig. 6(h). For the
uneultured beads used in this study, there is no soft tis-
sue adhering to the surface. However, if this were a cul-
tured sample, arc the high strain regions surrounding the
beads soft tisgue, or are they simply irrelevant strain varia-
tions {i.e., “artifacts”) compensating for the reduced strain
within the beads? To help answer this question, we have

explored clasticity reconstruction (l.e., reconstruction of

the clastic modulns) based on a two-dimensional mechani-
cal model. A two-dimensional model cannot fully deseribe
deformations of a sphere; but, as demonstrated in the next
section, it can be used to formulate a reconstruction algo-
rithm greatly reducing artifacts in strain images.

B. Elasticity Reconstruction

The deformation system for the clasticity microscope
provides a nearly uniform axial load {i.c., primary de-
formation along the ultrasomic beam direction)., Conge-
quently, it produces a plane strain state in the ultrasound
image plane for structures with uniform elastic modulus
perpendicular to this plane. In a plane sérain state, the
out of plane displacement component is spatially umiforin
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(i.e., uniform motion into and out of the image plane),
and all three displacement components do not vary sig-
nificantly as functions of the out-ofplane coordinate. For
more gencral three-dimensional objects, the deformation
approximates a plauce strain state. Later, we discuss the
applicability of this model to the true three-dimensional
problem presented by the beads.

As shown in [14], [15], reconstructing the clasticity dis-
tribution for a plane sirain state in an incompressible ma-
torial such as soft tissue reduces to solving the following
socond order hyperbolic partial differential equation:

(€2 )saw —(HEwy ) ryn +2(v“'5yy)m:y =0 (1)

The function p(z,9) is the unknown spatial distribution
of the shear elastic modulus (Le., elasticity), and strain
components &y, aud £,y arc related to the displacement
components as:

Eyy = Uiy s
‘ 2
By = (Uyy +002 ) /2. @

Fleve U = Ulw,4,2) = (u,v,w) is the displacement voe-
tor in Cartesian coordinates @, ¥, z, where the ultrasound
propagation direction is along the y axis and imaging is
parformed in the x-y plane. The lower index after a comma
means differentiation with respect to the corvesponding
spatial coordinates.

The equilibrium equation expressed in (1) also can be
presented in integral form:

d(z,y) = Q[Eyyl-b - (Ewﬂ)gxu
- (ﬂ/.ﬁu”’)iya + (Ey!/#‘)‘:vn,yo} +

/. [(Emy/‘:):m ‘{(Eﬂ:'yli)m }‘.ra] dy
- / [(Emyr’-b):y —{(eayt)y }‘yn] de =10, (3)

whore the notations fl., = fl®o,y) and [, = F(x,v)
have been cmployed. (3) is stated in terms of a functional
d(x, y), where the goal of the reconstrmetion algorithim is to
(ind the shear modulus distribution p(z,y) foreing §(z, y)
to approach zero in some average sense based on noisy
deformation data [16].

To cvaluate all terms in (3), the in-planc displacement
vector is necded throughout the image. Both components
were estimated nsing the two-dimensional speckle tracking
procedure described in [t], [2]. Due to the reduced qual-
ity of latoral displacement estimates, however, these data
were further processed with the incompressibility methods
deseribed in [17], {18] prior to clasticity recoustruction,
Incompressibility processing also assumed a plane strain
state.

For any region of intevest (ROI) within the object, the
elasticity distribution w(m,y) is first specificd along the
boundary of the ROL If the clastic modnlus is constant
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alotig two characteristic curves {i.c., two intersecting lines
within the ROI for this geometry), the reconstructed im-
age is the clasbic modulus velative to the actual boundary
modulus pg. The constant g along these cutves is the
clastic modulus of the gel. Thus, the reconstructed image
is the elastic modulus relative to that of the gel. In gen-
cral, curves of nearly constant clastic modulus far from the
objects of interest can be identified from the strain image
using the boundary detection methods described in [14].

The elasticity distribution is reconstructed by minimiz-
ing the crror functicnal &{z,¥) across the ROI given the
houndary distribution and the measured displacements
and computed strains. The specific minimization proce-
dure is described in [16]. Given an image of the two-
dimensional displacement field, the elastic modulis image
was reconstrncted in about 100 seconds on a low-end, en-
ginecring workstation {Spare 10; Sun Microsystoms, Palo
Alto, CA).

Deformation data from two previons phantom measure-
ments were used to test the proposed reconstruction algo-
rithm. One phantom was a homogeneons gel. The sccond
wag a nearly homogencous gel with a single, cylindrical
hard inclusion made from rubber (Super Soft Plastic, stock
# 829888: MI® Manufacturing Corp., Fort Worth, TX), in
which the eylinder axis wag perpendicular to the image
plane. The inclusion diameter was 265 pm, and its clas-
tic modulus was estimated to be 16 fimoes greater than
that of the gel [2]. Deformations of these phantoms closely
approximated a plane strain state. Fabrication methods,
B-sean, and strain images are presented in [1], [2].

Reconstructed images of the relalive elasticity (i.c., clag-
tic modulus relative to that of the gel) are presented in
Ifig, 7 for the two test phantoms. The homogeneous phan-
tom is presented in Fig, 7{a) over a logarithmic gray seale
gpanning a relative modulus from 1/6 to 6. The phantom
with a single hard inclusion is presented in g, 7(13) over
the same display dynanic range. The size, shape, and ox-
tent of the inclusion are clearly scen in this figure. 1n ad-
dition, the average valne of the relative modulus within a
small region centered on the inclusion is abont L3, close to
the expected value of 16.

The sane reconsbruction algorithm was then applied
to deformation data from the bead sample. The recon-
structed image of the relative elasticity is presented in
Fig. 8, in which a logarithmic gray seale spanning a vela-
tive modulus frorm 1/3 to 3 is used. Three hard beads can
he identified. As expected, the average value of the recon-
structed modulus differs in the three beads because differ-
ent cross sections intersect the imaging plane {i.c., a two-
dimensional model cannot completely deseribe the true
three-dimensional deformation pattern associated with
each bead). Unlike the strain image of Fig. 6(b), howover,
the reconstrneted relative modulus image clearly shows
only the hard beads within a nearly uniform bhackground.

963

Fig. 7. Reconstrueted relative elasticity images of two test phantoms:
(top) homogeneous gel; (bottom) othorwise homogenoons gel with a
hard, cylindrical (i.c., cirenlar cross section) inclusion. Both images
arc digplayed on a logarithmic gray scale spanning a relative modulus
from 1/6 to 6.0.

bt 100 pim

Fig. & Reconsirneted relative clasticity image of the collagen bead
snanple presented in Mg, 6 over a logarithmic gray scale spanning a
relative madulus from 173 to 3.
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IV. DISCUSSION

Experiments on a three-layer phantom showed that
strain alone was sufficient to characterize the elastic prop-
ertics of layered, planar structures imaged with the elas-
ticity microscope. The plot of mean normal axial strain
[Fig. 2(c)] demonstrates a shift to higher strain within the
soft layer that clearly excecds the standard deviation in
the image. Interestingly, the inhomogencous strain profile
is similar to the homogencus one but slightly lower at all
depths, except for the position of the soft layer; it then in-
creages significantly. This behavior agrees with our expec-
tations; bocause, for a given total deformation, increased
strain in one region should be balanced by decreased strain
elsewhere. This also can be scen in the strain image of the
bead sample [Fig. 6(b}] in which high strain regions com-
pensate for the decreased strain in the beads.

In analogy to the multiple-layer phantom, Fig. 3{c)
shows that a thin cell layer can be differentiated from its
supporting matrix based solely on a high reselution strain
image. From this image, we predict a softer layer on the
swface of the tissue engineered smooth muscle. As sup-
ported by the histology section [Fig. 5(a)], the top layer
consists of developed smooth muscle and tissue matrix,
contrasted with the stiffer connective tissue and scarring
below. The specimen without implanted smooth muscle
cells provides both a more uniform strain profile [Fig. 3(d)]
and more uniform histology consisting primarily of connec-
tive tissue [Fig. 5(b)]. The difference in normal axial strain
between the two samples is further illustrated in Fig. 4; the
seeded sample has a high strain in the surface layer far ex-
ceeding the standard deviation of strain measurements, In
both cases, the biodegradable PGA scaffolding was par-
tially degraded after the 4 week growth period prior to
the experiment, and most likely it no longer provided any
significant stiffness to the samples. Remnants of scaffold
arc visible in the histology sections. These results demon-
strate that strain images alone can identify layers of cell
growth and tissue development in laminar samples if ad-
jacent layers have different stiffness.

In contrast, high resolution strain images of the colla-
gen microsphere sample cannot clearly identify the hard
beads because of strain artifacts [Fig. 6(b)]. Fasticity ro-
construection algorithms developed for a plane strain state
have been applied to two-dimensional displacement data
to image the elastic modulus distribution in this sample
(Fig. 8). Even with this simplistic model, the reconstructed
elasticity image clearly shows the bead extent and a nearly
uniform bhackground. The magnitude of the reconstructed
clastic modulus inside each sphere, however, is rot the
same because the cross section of cach sphere intersecting
the image plane ig different.

To estimate the magnitude of the reconstruction er-
ror due to a two-dimensional approximation of a three-
dimensional inclusion, the three-dimensional deformation
pattern for a spherical inclusion in an otherwise homo-
geneons medium under the current loading condition was
analyzed, As discussed in [13], Goodier’s classic solution
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[19] can predict the true deformation pattern in any plane
intersecting the inclusion. Given this pattern, the elastic
modulus can be reconstructed under a planc strain ap-
proximation based on stress continuity conditions on the
houndary of the spherical inclusion and compared to the
actual modulus distribution [14]. Such an analysis predicts
that the reconstructed relative modulus pop within the
sphere is related to the actual rclative modulus p as:

pon = i — {pn — 1)&%, (4)

where £ is the distance (rclative to the sphere radius, and,
therefore, ranging from 0 to 1) between the image planc
and the central spherical eross section. If the image plane
intersects the great cirele of the sphere (ie., £ = 0), the
reconstructed modulus equals the actual modulus. Other-
wise, the reconstructed modulus underestimates the true
modulus, in which the underestimation is greater the far-
ther the lmaging plane is from the central plane of the
sphere. This relationship is apparent in Fig. 8; the re-
constructed modulus is clearly smaller in the beads with
smaller cross sections.

Although the elastic modulus within the spherical in-
clusions was not always accurately reconstructed assuming
a plane strain state, strain artifacts were greatly reduced
with reconstruction. In gencral, two-dimensional elasticity
reconstruction ean reduce artifacts associated with a one-
dimensional interpretation of a strain image. The recon-
structed elastic modulus distribution, however, is not ar-
tifact free if the plane strain approximation is grossly vio-
lated. Consequently, reconstructed modulus images cannot
fully replace strain images until full three-dimensional de-
formation patterns arc imaged. Nevertheless, reconstruc-
tion is an important step in elasticity imaging. When care-
fully applied, a reconstructed modulus image augments a
gtrain image to better characterize the elasticity distribu-
tion within soft tissuc.

The clastic properties of the tissuc-engincered samples
uscd here could be qualitatively assessed through palpa-
tion; but the elastic modulus could not be quantified with
the current force-deformation system {describod in [8]).
This system measured the elastic properties of the phan-
tom materials but could not handle the tissue-engineered
samples because thoy were too small. Future work will at-
tempt to dramatically reduce the minimum sample volume
(currently about 0.5 em®} for this systom.

A 50 M1z ultrasound imaging system was used for the
results reported here. Because the speckle tracking and
clagticity reconstruction methods doveloped first at lower
frequencies (5 MHz) scaled well to this higher frequency,
it may be possible to apply similar methods at frequencies
of 500 MHz and up. Obviously, therc will be significant
technical problems in scaling from 50 to 500 MHz, as there
were in scaling from 5 to b0 MHz. Elasticity reconstruction
methods also must be reformulated for these reduced spa-
tial dimensions, Nevertheless, imaging the elastic proper-
ties of tissue at cellular dimensions is an cxciting prospect
that should accelerate technical developments.
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V. SUMMARY

The elasticity microscope can produce high resolution
images of soft tissue clasticily. We have used this instru-
ment to investigate two key problems in tissuc enginecring,
For one case in which a one-dimensional mechanical model
waa appropriate, strain images were able to directly iden-
tify smooth muscle cell layers cultured on a hard, scar tis-
sue matrix. For & second case in which a one-dimensional
mechanical model was inadequate, clasticity veconstrie-
tion of deformation data were required to clearly identify
hard collagen microspheres in a uniform gel. In addition to
the specific examples presented here, many possible appli-
cations could benefit from the present instrument, or sim-
ilar systems designed with a higher frequency transducer,
Specifically, we are actively investigating several potential
areas, including measurement, of cell and matrix develop-
ment in tissue cnginecring and analysis of the upper skin
layers for dermatology. In addition, we are examining the
neural transduction mechanisin in the finger by relating in
vivo mechanical strain images to mechanoreceptive nerve
ending response [20].
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