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Abstract-Early detection of renal pathology may be possible with elasticity imaging. This hypothesis was 
experimentally tested by quantitatively imaging internal mechanical strain due to surface deformations in 
an in vitro animal model of nephritis. Preliminary data support the hypothesis that kidney elasticity changes 
with renal damage and concomitant scarring before problems are detectable by traditional diagnostic 
techniques such as laboratory measurements of renal function. 
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INTRODUCTION 

Soft tissue elasticity can change markedly with 
pathology, especially in those processes including ei- 
ther edema or scarring. Because of this, simple palpa- 
tion remains a leading diagnostic procedure for many 
diseases near the body surface, such as breast and 
testicular cancer. Recently, elasticity imaging has 
been proposed to evaluate the elastic properties of 
internal soft tissue structures inaccessible to palpa- 
tion. Using deformations applied at the body surface, 
internal displacement and strain fields within deep 
lying structures have been imaged (Dickinson and 
Hill 1982; Eisensher et al. 1983; Tristam et al. 1986, 
1988; Krouskop et al. 1987; Lemer and Parker 1987; 
Werner et al. 1988, 1990; Meunier and Bertrand 1989; 
Axe1 and Dougherty 1988; Zerhouni et al. 1988; Adler 
et al. 1989, 1990; Bertrand et al. 1989; Parker et al. 
1990; Yamakoshi et al. 1990; Yamashita and Kubota 
1990; Ishihara et al. 1990; Sarvazyan and Skovoroda 
1990, 1991; Qphir et al. 1991; O’Donnell et al. 1991, 
1993, 1994; Lee et al. 1991; Parker and Lemer 1992; 
Ponnekanti et al. 1992; Ryan et al. 1992; Yemelyanov 
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et al. 1992; Fowlkes et al. 1992; Chen et al. 1992; 
Skovoroda et al. 1994; Emelianov et al. 1995). 

The elastic properties of any continuous medium 
such as tissue can be assessed by precisely measuring 
mechanical deformations throughout that medium in- 
duced by forces applied at the surface. Using modem 
medical imaging devices to measure internal motion, 
the elastic properties of internal organs can be esti- 
mated and even imaged (O’Donnell et al. 1993, 1994; 
Skovoroda et al. 1994; Emelianov et al. 1995). Al- 
though conventional imaging systems are used for in- 
ternal motion tracking, elasticity imaging represents a 
new modality where the primary contrast mechanism 
is the Young’s (or shear) elastic modulus of soft tissue. 
Consequently, choosing a conventional imaging sys- 
tem for elasticity measurements is based on its ability 
to track internal motion, not on overall image quality. 
Compared to other systems, ultrasound has two major 
advantages: first, it is inherently real time; and second, 
speckle artifacts limiting conventional image quality 
provide excellent markers for accurately tracking tissue 
motion. It has the additional benefits of being relatively 
inexpensive and noninvasive. 

In earlier studies we showed that ultrasound 
speckle tracking methods can be extended, permitting 
measurements of internal displacement and strain 
fields over a wide dynamic range of tissue motion 
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Fig. 1. Schematic two-dimensional representation of the ex- 
perimental system and phantom geometry. The cylindrical 
phantom with a kidney at the center is 88 mm in diameter 
and 140 mm long. At the bottom it contacts a 128-eiement 
linear transducer array used to image the central cross-sec- 
tional plane. A set of hydraulically driven pistons deforms 
the top of the phantom, where only the central piston was 

used in the present experiments. 

(O’Donnell et al. 1994). We have also compared these 
measurements with theoretical predictions of internal 
displacement and strain based on a linear elastic model, 
showing reasonable resolution and accuracy (Skovo- 
roda et al. 1994). Experiments reported in previous 
articles were performed on gel-based tissue mimicking 
phantoms. In this article, we explore the applications 
of these methods to renal pathology. 

In the kidney two types of pathology may be de- 
tected and quantified by elasticity imaging. First, there 
may be localized changes in elasticity produced by 
neoplasm, infection, embolism and/or infarction. Sec- 
ond, elasticity measurements may help to detect dis- 
eases at an early stage which diffusely affect the kid- 
ney. This latter group represents an important clinical 
problem because current noninvasive laboratory and 
imaging methods are insensitive and nonspecific in 
detecting either inflammatory renal disease or intersti- 
tial fibrosis. In the native kidney, for example, 25% 
to 30% nephron loss must occur before either serum 
creatinine or glomerular filtration rate change signifi- 
cantly (Harris et al. 1986). In the transplanted kidney, 
chronic progressive fibrosis (“chronic rejection”) is 
a common problem in most recipients whose allografts 
survive through the immediate posttransplant period 
(Dunnill 1988) and accounts for the largest proportion 

of graft losses after the first 3 months (Chapman and 
Allen 1988). Because of significant risk and cost, fre- 
quent biopsy to detect progressive fibrosis is not feasi- 
ble. Thus, extensive irreparable damage frequently oc- 
curs before biopsy and therapeutic interventions take 
place. A safe means of assessing renal fibrosis and 
distinguishing fibrotic changes and acute/edematous 
processes from normal is needed. 

In this study we present preliminary results on 
animal studies testing the hypothesis that elasticity im- 
aging can detect renal scarring which diffusely affects 
kidney parenchyma. A well-established rabbit model 
of anti-GBM glomerulonephritis which can create dis- 
ease states in kidneys with varying degrees of scarring 
and inflammation (Downer et al. 1988) is described in 
the Methods and Materials section. This model closely 
reproduces the problems arising in clinical kidney dis- 
ease. Also described in this section is an ultrasonic 
method to precisely measure internal tissue displace- 
ment and strain produced by an externally applied 
force (O’Donnell et al. 1994; Skovoroda et al. 1994). 
Results of some initial in vitro measurements are pre- 
sented in the next section. We conclude with a discus- 
sion of the results. 

METHODS AND MATERIALS 

In the present study, three issues were addressed. 
First, the large strain method developed previously 
(O’Donnell et al. 1994) was tested for imaging highly 
inhomogeneous organs such as the kidney. Then, con- 
trol studies were performed to validate the experimen- 
tal protocol developed for elasticity imaging of both 
normal and diseased kidneys. Finally, experiments us- 
ing kidneys excised from rabbits with experimental 
anti-GBM antibody disease were performed in vitro to 
test the potential diagnostic value of elasticity imaging. 
Details of these experiments are given below. 

Initial kidney studies with a goat model 
As a preliminary test of elasticity imaging in a 

highly inhomogeneous organ such as the kidney, a 
simple study was performed on excised goat kidneys. 
Goat kidneys closely approximating the size of human 
ones were chosen for these initial tissue experiments. 
Kidneys were obtained from a goat following an acute 
surgical experimental procedure during which full an- 
esthesia was maintained. Both kidneys were removed 
immediately after sacrifice. One kidney was injected 
at two sites with 2 mL of 2% glutyraldehyde at each 
pole to cause crosslinking and a stiffer, “hard” region. 
Although artificial, this procedure produces a signifi- 
cant increase in tissue elasticity in specific regions test- 
ing the ability of the experimental methods to differen- 
tiate these changes. 
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(B) 
Fig. 2. Images ( 100 mm by 100 mm) of the vertical, longitudinal component (.zz2) of the strain tensor for the 

(A) homogeneous phantom and (B) composite homogeneous phantom with backfilled hole in the center. 

Rabbit model of nephritis 
Experiments using kidneys excised from rabbits 

with experimental anti-GBM antibody disease were 
performed in vitro to mimic the clinical environment 

for normal and transplanted kidneys. Two major types 
of injury are well modeled in the rabbit with this dis- 
ease. At day 7 after anti-GBM antibody injection, pro- 
teinaceous crescents are present in Bowman’s space 

(4 (B) 
Fig. 3. Magnified (50 mm by 50 mm) images of the vertical, longitudinal component (ez2) of the strain tensor 
for the central part of the phantom: (A) normal goat kidney and (B) goat kidney with glutyraldehyde “inclusions.” 
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Fig. 4. Images (100 mm by 100 mm) of the vertical, longitudinal component (ez2) of the strain tensor for the 
phantom with a normal rabbit kidney (A) 5 h after excision and (B) 8.5 h after excision. 

of the glomeruli, glomerular filtration rate is reduced 
from 5.9 ? 0.4 to 3.1 t 0.8 mL/min per kilogram and 
renal cortical wet/dry weight ratios are increased in 
association with the edema and inflammation present 
at this stage. By day 30 widespread scarring is present 
in both glomeruli and interstitial compartments. This 
scarring is associated with histologic abnormalities 
(Masson trichrome-stained scar present in glomeruli 
and interstitium) , increased hydroxyproline concentra- 
tion (a biochemical measure of scar formation) and 
decreased renal function depending on the extent of 
scar formation. Previous studies using this model 
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Fig. 5. Strain A-scans along the central vertical line for the 
phantom with a normal rabbit kidney: (A) 5 h after excision 

and (B ) 8.5 h after excision. 

showed that there is good correlation between the vari- 
ous parameters of scar formation and that hydroxypro- 
line concentration can double without measurable 
changes in serum creatinine (Downer et al. 1988; 
McClurkin et al. 1990). Thus, the model reproduces 
the primary clinical problem, namely the insensitivity 
of functional measurements to detect scar formation. 

An accelerated model of anti-GBM disease was 
produced by injecting guinea pig anti-rabbit GBM im- 
munoglobulin into rabbits preimmunized against 
guinea pig IgG as previously described (Downer et al. 
1988). The time course of scarring, distribution of 
collagen mRNA, T-cell involvement and changes in 
renal structure and function have been mapped in this 
model (Downer et al. 1988; McClurkin et al. 1990; 
Coimbra et al. 1990; Merritt et al. 1990; Holzman and 
Wiggins 1991; Goyal and Wiggins 1991; Eldredge et 
al. 1991; Wiggins et al. 1993). This knowledge is key 
to interpreting kidney elasticity measurements. In the 
experiments described here, animals were maintained 
for 120 days after injection to allow inflammation and 
edema to subside so that any elasticity changes would 
be attributable to renal scar. 

Immediately before excision both kidneys were 
perfused with normal saline preventing blood coagula- 
tion inside the kidney, which may unpredictably affect 
elasticity measurements. Then, both kidneys were ex- 
cised from the rabbit and treated separately. One was 
used for elasticity imaging experiments, i.e., placed in 
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(B) 

Fig. 6. Images ( 100 mm by 100 mm) of .the vertical, longitudinal component (cz2) of the strain tensor for three 
(A, B, C) different phantoms with a normal rabbit kidney inside. 

the gelatin-based phantom described below, and the 
other was used in control experiments. Following exci- 
sion, tissue samples were obtained from the control kid- 
ney for scar analysis. The renal capsule was removed 
and the cortex was trimmed off with scissors. A piece 
of cortex was homogenized in acetic acid, dried in a 
speed vacuum concentrator and stored at -70°C. Quan- 
titative hydroxyproline concentration was analyzed us- 

ing the procedure outlined elsewhere (Downer et al. 
1988; McClurkin et al. 1990). At the same time, sec- 
tions for light microscopy were placed in 10% formalin 
prior to review and histologic scoring. The degree of 
cortical fibrosis was assessed from Masson’s trichrome- 
stained sections and graded (none, mild, moderate, se- 
vere) based on the total amount of blue stain throughout 
the cortex (sclerosis score) (Downer et al. 1988). The 
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Fig. 7. Images (100 mm by 100 mm) of the vertical, longitudinal component (tz2) of the strain tensor for three 
(A, B, C) different phantoms with a scarred rabbit kidney inside. 

other half of the control kidney was placed in a tube 
with normal saline. This tube and contents experienced 
the same time/temperature course as the kidney used 
in the elasticity experiments. After data acquisition, his- 
tologic sections were prepared for both control and elas- 
ticity imaged kidneys. These sections were used to as- 
sess possible changes in tissue pathology resulting from 
the experimental procedure. 

Strain imaging and experimental procedure 
Quantitative strain images were obtained in vitro, 

where the excised goat or rabbit kidney was placed at 
the center of an otherwise homogeneous gelatin phan- 
tom. This is schematically illustrated in Fig. 1. For 
example, the rabbit kidney cross-section at this posi- 
tion extends about 15 to 20 mm along the transverse 
plane, similar in orientation to that of a clinical B-scan. 
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(A) (W 

Fig. 8. Magnified (25 mm by 25 mm) images of the vertical, longitudinal component ( eZ2) of the strain tensor 
for the central part of the phantom: (A) normal kidney and (B) scarred kidney. Phantoms were subjected to 6% 

average strain. 

Thus, the kidney plane analyzed with this preparation 
closely mimics the clinical environment for both nor- 
mal kidney and renal transplant. 

The gel-based phantoms used here were designed 
to qualitatively simulate the mechanical properties of 
soft tissue surrounding the kidney. Methods to fabri- 
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Prior to kidney studies, two homogeneous cylin- 
drical gels were made at the same time with nearly 
identical mechanical characteristics to test the influ- 
ence of the backfilled hole itself on strain images. 
These phantoms again were constructed from 5.5% 
(wt) gelatin. A circular longitudinal hole about 25 mm 
in diameter was made in the center of one of the phan- 
toms and then backfilled with the same 5.5% (wt) 
gelatin. Consequently, the only difference in mechani- 
cal properties between these two phantoms must be 
the result of backfilling. 

Fig. 9. Strain A-scans along the central vertical line for the All phantoms were placed in a water tank with 

phantom with a normal kidney and a scarred kidney. Phan- cylindrical axis perpendicular to the axis of a 3.5-MHz, 
toms were subjected to 6% average strain. 128-channel, one-dimensional transducer array attached 

cate these phantoms and control the Young’s modulus 
are detailed in previous publications (O’Donnell et al, 
1994; Skovoroda et al. 1994). Briefly, homogeneous, 
cylindrical phantoms 88 mm in diameter by 140 mm 
long, were constructed from 5.5% (by weight) gelatin. 
A circular longitudinal hole about 25 mm in diameter 
was then made in the center of the phantom. The ex- 
cised kidney was placed at the center of this hole and 
the remainder was backfilled with the same 5.5% (by 
weight) gelatin. In all phantoms, 0.4% (wt) polysty- 
rene microspheres (diameter of 40 to 120 pm) were 
added to the gelatin as ultrasonic scattering centers. 
The scatterer concentration in the backfilled gelatin 
was the same as in surrounding material. 
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Fig. 10. Photomicrograph of Masson trichrome-stained histological sections: (A) normal rabbit kidney and (B) 
rabbit kidney with developed scar. These photomicrographs indicate the relatively small damage sustained by the 

kidney in (B). The bar indicates 200 pm. 

to the bottom of the tank, as illustrated in Fig. 1. The baseband images were reconstructed using a modified 
phantom was centered so that the image plane approxi- synthetic aperture approach, where special processing 
mated the central plane perpendicular to the longitudinal was included in image reconstruction to minimize grat- 
axis of the phantom. The tank was filled with water ing lobes produced by the large array elements (approxi- 
providing contact between the array and phantom and mately 1.5 acoustic wavelength spacing). Because tradi- 
preventing temperature fluctuation during the experi- tional speckle tracking techniques fail in the limit of 
ment. The hydraulically driven pistons shown on the very large motion, a method of properly accumulating 
top of the tank were individually connected to 14-mm- small displacements was used to track internal motion 
wide rigid rectangular blocks extending the entire length due to significant (i.e., on the order of many acoustic 
of the phantom. As reported previously (O’Donnell et wavelengths) surface displacement (O’Donnell et al. 
al. 1994; Skovoroda et al. 1994), in the area of the 1994). Using a large set of baseband images acquired 
central vertical plane of the phantom, this deformation during surface deformation, where consecutive mea- 
system closely approximates a plane deformed state. surements within each set were separated by a piston 
The complete set of pistons can create different complex displacement of either 200 or 300 pm, both displace- 
strain/stress patterns and will be used in the future to ment and strain images were reconstructed with average 
develop and test the concept of optimal surface deforma- internal strain ranging from 5% to 15%. The average 
tion. In the present experiments, however, simple sur- strain is defined here as the percent change in the vertical 
face displacements were produced only by the vertical size of the phantom before and after deformation. Note 
piston located at the top of the phantom, where move- that the strain magnitude at some regions may exceed 
ment of this piston was controlled by measuring ultra- the average strain due to tissue elasticity variations, 
sonic pulse arrival time differences to central array boundary conditions, etc. (O’Donnell et al. 1994, Sko- 
elements. voroda et al. 1994). 

The strain imaging method has been previously 
reported (O’Donnell et al. 1994). In particular, complex 

The period between rabbit kidney excision and 
the beginning of data acquisition was approximately 4 h. 

Table 1. Comparison of functional, biochemical and histologic studies on normal and scarred rabbit kidneys. 

Animal 

Normal 1 
Normal 2 
Scarred 1 
Scarred 2 
Scarred 3 

Corresponding 
figure 

Fig. 7A 
Fig. 7B 
Fig. 8A 
Fig. 8B 
Fig. 8C 

Hydroxyproline 

(mg/g dry weight) (mg/g wet weight) 

4.75 0.798 
3.59 0.652 
9.73 1.662 
4.45 0.735 
6.62 1.176 

Serum 
creatinine 

(mg/lOO mL) 

1.0 
1.1 
1.4 
1.2 
1.0 

Histology 

Interstitial % Scarred 
fibrosis glomerili 

None 0.0 
None 0.6 
Mild patchy 16.4 
Mild patchy 13.9 
Mild patchy 2.8 



Elasticity imaging for renal pathology 0 S. Y. EMELIANOV et al. 879 

Fig. 11. Magnified (25 mm by 25 mm) images of the vertical, longitudinal component (E& of the strain tensor 
for the central part of the phantom: (A) normal kidney and (B ) scarred kidney. Phantoms were subjected to I 1 s 

average strain. 

Most of this time was needed to stabilize temperature 
between the phantom, kidney and coupling water in 
th:e tank since the elasticity of both tissue and gel is 
highly dependent on temperature (Abbott and Steiger 
1977). The large amount of water in the tank, however, 
helped to reduce temperature fluctuations during the 
experiment. All experiments were performed at a tem- 
perature of 20 t 1 “C as determined by the thermometer 
shown in Fig. 1. 

Finally, all of the experiments in this study can 
be summarized into two subsequent groups: control 
studies and rabbit kidney studies. The first group was 
designed to validate the experimental protocol. It con- 
sisted of experiments with two homogeneous phan- 
toms constructed to test the influence of the backfilled 
hole; experiments with an excised normal goat kidney 
and a goat kidney with artificially created ‘“lesions” 
to test the ability of strain imaging in highly inhomoge- 
neous tissues; and studies on normal rabbit kidneys to 
test the effect of various experimental conditions on 
strain images. The second group of experiments was 
designed to test the hypothesis that elasticity imaging 
can detect renal pathology. Only normal rabbit kidneys 
and kidneys excised from rabbits with experimental 
anti-GBM disease were used in this group. Strain im- 
ages of normal and scarred rabbit kidneys were con- 
trasted and compared with the results of biochemical, 
functional and histologic analysis. 

RESULTS 

Control studies 
Control experiments were first performed on the 

pair of nearly identical homogeneous phantoms con- 
structed to test the influence of the backfilled hole. 
Vertical, longitudinal strain ( eZ2) images from these 
two phantoms displayed over a loo-mm by loo-mm 
area are shown in Fig. 2, where the transducer is on 
the bottom and the central piston is on the top. The 
strain distribution in the homogeneous noncomposite 
phantom (Fig. 2A) is contrasted with that in the homo- 
geneous composite phantom with a backfilled hole in 
the center (Fig. 2B ) . Bright areas in these images, and 
all subsequent strain images, correspond to regions of 
high strain. Both images in Fig. 2 are displayed over 
the same dynamic range of 0.082 to 0.188, i.e., full 
brightness represents a longitudinal strain of 18.8% 
and complete darkness represents a strain of 8.2%. 
Note that these strain images were computed for a 
13.2-mm displacement of the piston (i.e., 15% average 
strain) and were scaled to the full strain dynamic range 
of 30%, since the strain magnitude at some points may 
exceed the average strain due to various factors such 
as the elasticity distribution, boundary conditions, etc. 
Clearly, the backfilled hole does not create large arti- 
facts. Similar results were obtained for lower average 
strain, i.e., for smaller displacement of the piston. 
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Fig. 12. Strain A-scans along the central vertical line for the 
phantom with a normal kidney and a scarred kidney. Phan- 

toms were subjected to 11% average strain. 

Strain images of two excised goat kidneys are 
contrasted in Fig. 3, where a 50-mm by 50-mm region, 
including the entire kidney, is presented with a display 
dynamic range of 0.006 to 0.171, i.e., 0.6% to 17.1% 
strain. Again, the full dynamic range for these images 
is 30%. The kidney imaged in Fig. 3A was directly 
excised whereas the kidney imaged in Fig. 3B was 
injected with the crosslinking agent at two sites within 
it prior to excision. The hard “lesions” are clearly 
visible in Fig. 3B as dark low strain regions. Although 
these images are quite complex, changes in tissue elas- 
ticity are easily detectable with strain images even in 
a highly inhomogeneous medium such as the kidney. 

Results of control studies on normal rabbit kid- 
neys are presented in Figs. 4 and 5. Figure 4 contrasts 
strain images of a normal rabbit kidney obtained at 
two different times following excision. Fig. 4A was 
acquired 5 h after excision and Fig. 4B was acquired 
8.5 h after excision. These images represent a 100~mm 
by loo-mm region. Bright areas correspond to regions 
with higher strain. The display dynamic range is 0.014 
to 0.053 generated with an average strain of about 6%. 
Clearly, there are no major differences in these images. 
A more quantitative comparison is presented in Fig. 
5, where strain A-scans along the central vertical line 
for these two images are shown. Contrasted to the 
types of differences expected from renal scar, little 
change is observed in strain data as a function of time 
after excision. Histologic sections taken at various 
times following excision showed no major histologic 
changes. A small degree of vacuolation in renal tubular 
cells was noted in both experimental and control kid- 

neys which was probably related to the time the organ 
had been removed from the rabbit. These changes were 
considered not significant, and consistent with the 
small changes in strain evident in Figs. 4 and 5. Addi- 
tional data taken at times between 5 and 8.5 h after 
excision also showed little change. 

Rabbit kidney studies 
First, studies were conducted to assess variability 

in strain images of normal rabbit kidneys. Results of 
this study, presented in Fig. 6, contrast strain images 
of normal kidneys excised from three different rabbits. 
These 6% average strain images are displayed over a 
100~mm by loo-mm region with a dynamic range of 
0.015 to 0.055. Although differences are evident, re- 
duction in strain due to renal scar (i.e., tissue harden- 
ing) far exceeds strain variability in normal kidney 
parenchyma, as shown below. Consequently, results 
on normal rabbit kidneys, presented in Fig. 6, suggest 
that the present protocol can critically test the hypothe- 
sis that changes in elasticity due to scarring are detect- 
able using quantitative strain imaging. 

Strain images of three scarred kidneys are pre- 
sented in Fig. 7 for a 6% average strain, where the 
same display dynamic range as normal kidneys (Fig. 
6) was used. These diseased kidneys were excised at 
approximately 120 days after injecting anti-GBM anti- 
bodies, a period selected to ensure full scar develop- 
ment including collagen crosslinking. Note that the 
kidney in Fig. 7C was accidentally offset from the 
center of the phantom. As evident from these images, 
lower strain is obtained in scarred kidney parenchyma 
signaling a significantly increased elastic modulus 
(i.e., hardness). Reduction in strain within kidney pa- 
renchyma is more pronounced in Fig. 7 compared to 
either Fig. 4 or Fig. 6. Further demonstration of this 
is given in Fig. 8, where a four-times-magnified image 
(i.e., a 25-mm by 25-mm central region) of one of the 
normal kidneys (Fig. 8A) is contrasted with that of 
one of the scarred kidneys (Fig. 8B). Central vertical 
A-scans through both these images are presented in 
Fig. 9, where 0 mm corresponds to the bottom of the 
image and 25 mm to the top, and regions of kidney 
parenchyma are noted. 

Masson trichrome-stained histological sections 
taken from these same two kidneys immediately fol- 
lowing excision are compared in Fig. 10. Although 
histologic sections taken from the kidney after the ex- 
periment show slight vacuolations due to time (approx- 
imately 5 h) and temperature changes, differences due 
to scarring shown in Fig. 10 are unaltered by the exper- 
imental procedure. Widespread mild fibrosis is evident 
in the scarred kidney section (Fig. 10B) compared 



Elasticity imaging for renal pathology 0 S. Y. EMELIANOV et nl. 881 

to the normal kidney (Fig. 10A). Serum creatinine 
concentration changes, however, are still minor. 

The results of functional, biochemical and histo- 
logic studies on all rabbits are summarized in Table 1. 
Clear regions of mild, patchy scar were evident al- 
though renal function, as measured by sernm creati- 
nine, was minimally abnormal in only one animal. 
Scarred kidneys showed enhanced collagen concentra- 
tion, where the hydroxyproline concentration com- 
pared to the average of the two normal kidneys was 
enhanced by factors of 1.6 and 2.3 in two cases and 
just slightly increased in the other case. The kidney 
with most pronounced changes in hydroxyproline con- 
centration, most scarring by histology and a slightly 
increased serum creatinine of 1.4 mg per 100 mL (nor- 
nal for rabbits ranges between 0.8 and 1.25 mg per 
1.00 mL) also exhibited the largest reduction in strain 
l:Fig. 7A). 

All experimental results on rabbit kidneys pre- 
sented above were obtained with average strains of 
about 6%, i.e., 5-mm vertical displacement of the cen- 
tral piston. As a further test of the large strain imaging 
method described in O’Donnell et al. ( 1994)) a number 
of experiments were performed at much higher average 
strains. Four-times-magnified (i.e., 25 mm by 25 mm) 
strain images of the same kidneys as in Fig. 8, but at 
an average strain of 1 1 %, are presented in Fig. 11. The 
strain signal-to-noise ratio (SNR) in these images is 
about two times better than in their smaller strain coun- 
terparts. Further demonstration of this is shown in Fig. 
12, where the central vertical strain A-scans for these 
images are compared. Even though linear elasticity 
may be violated at these high strain levels, the results 
in Figs. 11 and 12 show that greatly increased strain 
SNR can be produced with large average strains even 
in highly inhomogeneous organs such as the kidney. 

DISCUSSION 

Preliminary results reported in this study show 
that precise measures of the strain distribution are pos- 
sible even in highly inhomogeneous organs such as 
the kidney. This was demonstrated for the goat kidney 
model (Fig. 3 ) where two artificial “lesions” created 
within the organ are clearly visible. In addition, 
changes in kidney elasticity indicative of renal scar in 
an animal model of nephritis were easily detected using 
large average strain. Obviously, the small set of results 
shown in Figs. 6 and 7 for the rabbit model of chronic 
nephritis does not prove a direct correlation between 
renal scar and increased elastic modulus. These images 
do, however, suggest that scar can be detected by quan- 
titative strain imaging. Moreover, these results strongly 
suggest that mild-to-moderate scarring can be detected 
prior to major changes in kidney function. 

The relation between changes in elastic Young’s 
modulus, scar formation and histologic, functional and 
biochemical indexes is not simple. All three scarred 
kidneys studied here showed mild scarring easily de- 
tected by histology, but only two exhibited an abnor- 
mal increase in collagen concentration as presented in 
Table 1. Nevertheless, all scarred kidneys showed a 
decrease in strain magnitude in the area of the cortex 
signaling an increase in the Young’s modulus. It is 
possible that the elasticity of scarred tissue is depen- 
dent not only on the concentration of collagen but also 
on its state, such as fully developed crosslinking. In 
the present study, diseased kidneys were excised at 
approximately 120 days after injecting anti-GBM anti- 
bodies. This period ensured both full scar development 
and collagen crosslinking and may explain why one 
of the diseased kidneys exhibited strain reduction even 
though collagen concentration was only slightly ele- 
vated. Future work must be done to investigate this 
phenomenon. One possible way to identify the relation 
between the concentration and state of collagen and 
related elasticity changes will be direct independent 
measurements of the elastic (Young’s) modulus. 
These measurements can be achieved, for example, 
with an invasive contact method using small tissue 
samples (Sarvazyan et al. 1993). 

Strain imaging does not solely depend on tissue 
elasticity and, in general, also depends on the boundary 
conditions, types of external loads, the geometry of 
the imaged object, etc. (O’Donnell et al. 1994; Skovo- 
roda et al. 1994; Emelianov et al. 1995). Therefore, 
robust reconstruction methods converting geometry- 
dependent strain images to images of the elasticity 
distribution must be developed to remove strain im- 
aging artifacts (Emelianov et al. 1995). This is not 
important, for example, for a one-dimensional model, 
where the geometry is simple. More complicated strain 
images are obtained in two- and three-dimensional 
cases for complex surface deformations. Clearly, nei- 
ther simple one-dimensional deformations, or even the 
present orientation of the transducer and piston used 
in this study, will be possible in clinical practice with 
limited ultrasound access to the kidney. However, the 
strain imaging method used here is in no way restricted 
to the particular geometry of Fig. 1 (O’Donnell et al. 
1994). These and other important clinical concerns, 
such as the time required for complete data acquisition 
(O’Donnell et al. 1994)) will be investigated in future 
studies. 

Finally, the primary contrast mechanism in elas- 
ticity imaging is the Young’s modulus of soft tissue. 
This physical constant is not directly employed in any 
other modality including NMR, x-ray computed to- 
mography (CT) and ultrasound imaging systems. 
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Therefore, elasticity imaging represents a new mo- 
dality even if conventional imaging systems are used to 
assess motion. The ultimate quality of elasticity images 
derived from tracking studies is determined by the ac- 
curacy of measured strains and displacements (Emelia- 
nov et al. 1995). As demonstrated in Figs. 11 and 12, 
strain images obtained with large surface deformations 
exhibit much higher SNR compared to those generated 
with traditional methods. Indeed, the SNR in these 
images is between one and two orders of magnitude 
greater than previously published tissue studies (Ophir 
et al. 1991; Ponnekanti et al. 1992). Using such high 
SNR displacement and strain images, successful recon- 
struction methods have recently been shown for simple 
phantom studies (O’Donnell et al. 1993; Emelianov et 
al. 1995). Future work will be directed toward ex- 
panding these methods to handle complex structures 
such as the kidney. 
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