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Quantifying Fibrosis in Venous Disease:
Mechanical Properties of
Lipodermatosclerotic and Healthy Tissue
Mary Jo Geyer, PhD, PT; David M. Brienza, PhD; Vikram Chib, MS; and Jue Wang, PhD

Management of venous disease has become a major
health care challenge. Characterized by chronicity
and relapse, venous disease management commonly

leads to massive expenditures in developed countries. In the
United States alone, this expenditure is estimated at $2 to $4
billion per year, with 200 million lost work days per year.1-3 The
magnitude of these expenditures in conjunction with the rela-
tive lack of treatments demonstrating long-term effectiveness
has stimulated renewed interest in research on venous disease.

One aspect of such research has focused on the measurement
of fibrotic soft tissue changes that occur almost universally with
severe chronic venous disease. This progressive hardening of
the skin and subcutaneous tissue is known as lipodermatoscle-
rosis (LDS)4-8 (Figure 1).

Fibrosis is the primary distinguishing characteristic of LDS.
Evidence suggests that the ability to accurately quantify tissue
fibrosis would aid in the early detection, differential diagnosis,
staging, and classification of venous disease, as well as in the
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prediction of healing rates and evaluation of treatment.7,9-12

Therefore, many previous attempts have been made to charac-
terize and quantify tissue fibrosis, including histologic examina-
tion and weighing of biopsy specimens,13 semiquantitative clin-
ical assessments (palpation/pitting) with subsequent grading of
the tissue response,14,10 and the use of tonometers/durometers
to acquire force/displacement data (indentometry).10,15-21

Medical imaging techniques, such as computed tomography
(CT), ultrasonic elasticity imaging (elastography), and magnetic
resonance imaging (MRI) have also been used.22-36 However,

these efforts have failed to produce a clinically practical, nonin-
vasive method to measure the effects of fibrosis on the elastic
and nonlinear, time-dependent tissue responses.

SOFT TISSUE MODELING
Human soft tissue consists of a variety of macro and molecular
structures with widely varying individual properties.
Mechanical properties are influenced by the unique geometry
and composition of the tissue, as well as by the macromolecu-
lar structure of the tissue’s extracellular matrices. Although the
individual properties of soft tissue may vary, similarities are
exhibited by its nonlinear, viscoelastic behaviors, including pre-
conditioning, hysteresis, stress-relaxation, and creep.

Many theoretical models have been developed to describe
soft tissue mechanical responses. The biomechanics literature
is replete with studies of the material properties of soft tissue,
most of which have consisted of in vitro tensile tests. However,
the in vivo mechanical behavior of the skin and soft tissue is
most commonly measured using compressive loading (inden-
tometry). Over the years, several generations of indentometry
devices have been used to study soft tissue responses to load-
ing under a variety of conditions.37-42 These studies sought to
obtain tissue deformation characteristics from which estimates
of lower extremity bulk tissue properties could be derived and
subsequently used for finite element analysis.38,43-45 These
studies demonstrated that in addition to exhibiting stress-
relaxation, human bulk tissue responses to compressive load-
ing are nonlinear, time-dependent, and may vary as a function
of strain rate, state of muscle activity, and/or subject posture.

Valid characterization of tissue properties requires a model
that accounts for both the nonlinear, stress-relaxation, and
elastic characteristics of the tissue. The quasi-linear, viscoelas-
tic (QLV) model proposed by Fung incorporates these fea-
tures.46 However, until recently, limitations in accurately meas-
uring time-dependent tissue responses and changes in the
bulk tissue thickness during deformation prevented the ready
application of Fung’s model. The combination of ultrasound
technology with indentometry has provided a means of over-
coming these limitations. Ultrasound has been successfully
used to monitor the changes in tissue deformation over time.
Rather than using the surface displacement immediately
beneath the indenter as a measure of deformation, ultrasound
reflection permits a more direct measurement of the change in
overall (bulk) tissue thickness.44,47,48

To date, only a limited number of studies have been per-
formed using the ultrasound indentometry method. Selected
tissues that have been evaluated include the buttocks,49 lower
limb,41,50 and the plantar surface of the foot.51,52 Comparative
analyses have been used to examine differences between
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Figure 1.
LIPODERMATOSCLEROSIS WITH FIBROSIS,
ULCERATION, AND HYPERPIGMENTATION

Figure 2.
CT AXIAL MID-CALF IMAGE 

The bulk thickness measurement is 97 mm.
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apparently healthy tissue and that of diabetic patients and
spinal cord-injured individuals at high risk for pressure ulcers.
No biomechanical studies have been performed to quantify
both the elastic and time-dependent characteristics of LDS
venous-insufficient tissue.

COMPUTED TOMOGRAPHY
In recent years, the evolution of imaging techniques has
extended the role of CT and MRI to examination of the micro-
circulation and soft tissue of the extremities. CT is the general-
ly accepted standard for quantifying soft tissue density.53 It
may also be used to characterize the presence and severity of
fibrosis and/or dermal thickening, and the appearance of
suprafascial and subfascial tissue compartments. These param-
eters may be obtained from a single axial slice through the
mid-calf with attenuation levels chosen to examine fat and
muscle content34 (Figure 2).

The use of CT to examine the fibrotic soft tissue of the
extremities has been limited to research efforts because its lack
of portability and cost make it impractical for use in the field.
In the present study, CT served as the reference for quantifying
tissue density and provided descriptive measures of fibrosis to
which the parameters obtained from ultrasound indentometry
were compared. Therefore, associations found between the CT
descriptive and quantitative measures and the ultrasound
indentometry parameters would support the validity of the
ultrasound indentometry method.

Using a novel ultrasound indentometry method, the investi-
gators aimed to quantify the mechanical properties of medio-
posterior bulk calf tissue in patients with LDS venous-insuffi-
cient tissue and individuals with apparently healthy tissue. A
secondary aim was to identify the parameters with the greatest
clinical relevance and potential for use in subsequent studies.

METHODS

Soft tissue indentation apparatus
An indentation apparatus was designed and constructed to
obtain biomechanical measures of soft tissue (Figure 3). The
apparatus consisted of a Blatek (State College, PA) 3.5 MHz
ultrasound transducer aligned with a force sensor and an
electromechanical linear actuator. The ultrasound transducer
was located at the end of a 25-mm diameter probe and served
as the indenter. Tissue thickness and deformation measures
were determined from the A-mode ultrasound echo signal. A
strain gauge cantilever beam was connected in series with the
ultrasound transducer to record the force response of the tissue.

Control of the linear actuator was achieved using a
CYDIO96 digit I/O interface device (CyberResearch Inc,

Brandford, CT). The linear actuator could accommodate step-
ping rates to a maximum of 8 mm/second and indentation to
15 cm; however, the actual speed in this study was 2 mm/sec-
ond and the maximum indentation was 2.4 cm. Vertical posi-
tioning of the sensor was achieved by means of a manually
controlled scissors jack.

Using LabVIEW 5.0 (National Instruments, Austin,TX), soft-
ware was developed to display the real-time ultrasound
echoes, corresponding tissue deformations, and force meas-
ures. A 100 MHz, 8-bit Compuscope 250 card (GaGe, Lachine,
CA) was used to collect and digitize ultrasound echoes and a
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Table 1.
SUBJECT CHARACTERISTICS

Characteristic

Age (years)
Mean
SD
Range

Sex
Female
Male

Race
White
Nonwhite

Years with disease
Mean
SD
Range

LDS Group 
(n = 9)

60.4
18.9
40-85

5
4

8
1

14.2
11.06
1.5-30+

Non-LDS Group
(n = 9)

48.3
7.5
37-60

5
4

7
2

0
0
0

SD = standard deviation 

Table 2.
CEAP CLASSIFICATION OF CHRONIC VENOUS 
DISEASE—CLINICAL FINDINGS

Class
0
1
2
3
4

5

6

Definition
No visible or palpable signs of venous disease
Telangiectases or reticular veins
Varicose veins
Edema
Skin changes ascribed to venous disease (pigmenta-
tion, venous eczema, lipodermatosclerosis)
Skin changes (as defined above) in conjunction with
healed ulcer
Skin changes (as defined above) in conjunction with
active ulcer

Note: The presence or absence of symptoms such as pain or aching is denoted by
the addition of “S” for symptomatic or “A” for asymptomatic to modify the class
category.
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DAP 1200e (National Instruments, Austin, TX) data acquisition
processor was used to obtain force measures. Data were
recorded and saved to a computer file for off-line analysis. The
bulk thickness of the tissue was calculated from the speed of
the emitting ultrasound pulse
and the time lapsed until the
echoes returned to the sensor.
For ease of calculation, the bulk
tissue sound velocity was
assumed to be 1495 m/second,
the average of the velocities
through fat and muscle (1450
m/second and 1540 m/second).
Using the developed software, a
pair of cursors could be set to
automatically track the changes
in the position of the echo peaks
associated with the fat/muscle
and muscle/bone interfaces rel-
ative to the deflection from the
initial ultrasound emission.
Therefore, changes in deforma-
tion could be obtained during
indentation (Figure 4).

Subject recruitment
Nine subjects ages 48.3 ± 7.5
years with apparently healthy
tissue (non-LDS group) and 9
subjects ages 60.4 ± 18.9 years

with lipodermatosclerositc tissue (LDS group) participated in
the study. In the LDS group, the mean number of years from
onset of the disease to the time of the study ranged from 1.5
years to 30+ years, with a mean duration of 14.2 years (Table 1).
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Figure 3.
ULTRASOUND LOWER EXTREMITY TISSUE INDENTER

Figure 4.
ULTRASOUND ECHOES 

Tissue thicknesses were derived from the echoes as follows: 
[t2 – t1 = t3], where t2=bulk; t1=fat; t3=muscle, and sampling
frequency = 25 MHz.
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Figure 5.
CT FIBROSIS RATING SCALE 

The scale rates fibrosis from 0 to 3, as follows: 0=none, 1=slight, 2=moderate, 3=severe.
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Subjects had none of the following conditions: dia-
betes, significant arterial disease (no ankle-brachial
index less than 0.8), connective tissue disease, previ-
ous major venous surgery in either leg (nothing
greater than below knee sclerotherapy or local stab
avulsions), lymphoma or previous irradiation of
regional lymph nodes, lymphedema, lipedema, evi-
dence of malignant etiology to any existing ulcer(s),
and no scars or current tissue injury at the loading site.
In addition, all subjects in the LDS group presented
with clinical findings described by CEAP classes 4, 5,
or 654 (Table 2) and were recruited from the University
of Pittsburgh Medical Center (UPMC) Wound
Healing/Limb Preservation Clinic (Tables 1 and 2).

Testing protocol
For each subject, the testing period lasted 2 to 3 hours
and consisted of a unilateral lower extremity CT scan
of the midcalf followed by ultrasound indentometry.
Before the CT procedure, the tissue indentation site
was marked on the test leg. A line was drawn on the
medial lower leg in the transverse plane at a point
50% to 70% of the distance from the medial malleo-
lus to the tibial tuberosity and greater than or equal to
5 cm from the edge of any existing wound. With the
subject’s calf muscle contracted, a line was drawn
over the medial head of the gastrocnemius muscle
orthogonal to the first. The intersection of these lines
marked the indentation site. A marking bead was
temporarily fixed over the site to align the first CT
axial slice. Three contiguous axial slices, each 3 mm
thick, were obtained, with the highest centered over
the marking bead. The exams were interpreted by a
board-certified radiologist, who was blinded to all
subject identification and to the results of the inden-
tometry. The following 5 CT parameters were
obtained for each subject: (1) suprafascial compart-
ment density (skin and subcutaneous tissue)
expressed in Hounsfield units (HU); (2) subfascial
density (fascia and muscle tissue) expressed in HU;
(3) thickness ratio (the ratio of suprafascial to subfas-
cial compartment thickness); (4) dermal thickening
(presence or absence); and (5) a suprafascial compart-
ment fibrosis rating (0 = none, 1 = slight, 2 = moder-
ate, 3 = severe) (Figure 5).

Ultrasound indentometry was performed immedi-
ately following the CT exam. During the indentation
procedure, the subject was in a sitting position, with
knees flexed to approximately 90 degrees, ankles
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Table 3.
CENTRAL TENDENCY, POWER, AND SAMPLE SIZE

Parameter

Suprafascial density
Subfascial density
Thickness ratio
Fibrosis rating
Dermal thickening
τ1
τ2
k
A
B
E

N*

18
18
18
18
18
17
17
17
17
17
17

Mean
Median
Mode
-95.16
36.42
0.15
Median 1
Mode 0
4.16
1.97
0.0392
5.24
0.11
15.82

SD

18.88
15.65
0.07
NA
NA
2.45
1.06
0.01
4.14
0.05
8.96

Power

5%
76%
76%
80%
NA
5%
48%
70%
31%
8%
100%

Sample
Size

>1000
10
10
9
NA
>1000
20
12
30
270
3

* N = 17 as QLV data on 1 non-LDS subject was lost during computer malfunction.
SD = standard deviation; NA = not applicable

Table 4.
GOODNESS OF FIT FOR ULTRASOUND INDENTOMETRY CURVE
FITTING

SD = standard deviation 

Parameter

Effective elastic modulus: E
QLV elastic response: A, B
Reduced relaxation response: τ1, τ2, k

Mean R2

0.929
0.948
0.900

SD

0.085
0.093
0.081

SD/Mean
(%)

9.0
9.8
8.9

Table 5.
RELIABILITY OF ULTRASOUND INDENTOMETRY METHOD AND CT
FIBROSIS RATINGS

* Indicates that ICC value is significantly different from zero.
** Indicates use of additional pilot subjects’ data to determine reliability.

CI = confidence interval; NA = not applicable 

Parameter

τ1
τ2
k
A
B
E
Fibrosis rating

N

14
14
14
15
15
14
25**

Statistic

ICC
ICC
ICC
ICC
ICC
ICC
kW

Value

0.356*
0.674*
0.641*
0.004
0.338*
0.883*
0.930*

95% CI

0.027 –0.688
0.392 – 0.868
0.347 – 0.852
-0.24 – 0.373
0.021 – 0.665
0.741 – 0.957
NA
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neutral, and the tissue site directly in line with the indenter
(Figures 6a and 6b). To prevent movement, the test limb was
secured to the platform via a custom brace and further restraint
was provided for the upper legs and body.The indentation pro-
cedure began with the advancement of the probe until contact
between the sensor and the indentation site was achieved
(Figure 6c).

To precondition the tissue, cyclic loading was performed for
3 minutes at a rate of 2 mm/second to a maximum depth equal
to 20% of the bulk tissue thickness (range = 1.26 to 2.42 cm).
Preconditioning of the tissue prior to compressive loading has
been shown to increase the linearity and reliability of the
data.41,49,50 After preconditioning the tissue, 3 ultrasound
indentometry trials were performed at the same speed and
compression depth as during the preconditioning period. Each
trial consisted of advancing the probe to the prescribed depth,
then holding the indentation for 5 minutes. A 3-minute recov-
ery period followed each trial. Because movement artifact was
a significant problem during the hold phase of each trial, some
subjects were asked to perform additional trials in an attempt
to obtain 3 clean trials. Regardless of the quality of the record-
ed stress-response curve, subjects performed a maximum of 5
trials.

Derivation of tissue mechanical properties
• Fung’s Quasi-linear Viscoelastic (QLV) Model. According
to the QLV model, the tissue’s stress at time t, T(t), is depend-

ent on both its stress history and instantaneous elastic
response. That is,
(1.0)

where, G(t), the reduced relaxation function, is given by
(1.1)

and, Te(ε), the elastic response, is given by
(1.2)

The parameters, k, τ1, τ2, A, and B may be derived by curve
fitting the experimental data to the QLV model. A typical stress
response for indentation is shown in Figure 7. The parameters
A and B characterize the shape of the indentation phase in the
stress response. A corresponds to the initial slope of the stress-
time curve and B corresponds to the rate of change of the
curve. Parameter k represents the amplitude of the total stress-
relaxation occurring in the hold phase, while τ1 and τ2 repre-
sent the initial (fast) and delayed (slow) rates of stress-relax-
ation during the hold phase.
• Hayes’ Effective Elastic Modulus Model. A sixth parame-
ter, the effective elastic modulus,55,56 was determined from the
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Figure 6a.
TISSUE SITE

Figure 6b. 
SUBJECT TEST POSITION

Figure 6c.
INDENTER CONTACT WITH SKIN
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experimental data. The effective elastic modulus, E, describes
the approximate linear elastic response of the tissue and is rep-
resented by the solution to the Hayes et al55 analysis of an
indention to an infinite elastic layer by a rigid cylindrical inden-
ter. Hayes et al considered the indentation mechanics of a
homogenous, isotropic, infinite elastic layer bonded to a rigid
half-space as a model for the layered geometry of cartilage and
subchondral bone.55 Using this analysis, a linear elastic shear
modulus was determined for articular cartilage in response to
indentation. More recently, this method has been adopted for
analysis of the elastic properties of lower limb41,50,57 and plan-
tar soft tissue.52 In these investigations, the elastic layer corre-
sponded to bulk soft tissue, and the rigid half-space, to the
underlying bone.These studies determined that E could simply
and effectively describe the elastic properties of lower-limb soft
tissue. In the present study, E was included for comparison
with the elastic response derived via QLV modeling. E, the
effective elastic modulus, represents the maximum slope of the
stress-strain curve, or the mean ratio of load to deformation,
and is given by:
(2.0)

where h is the tissue thickness, a is the indentor radius, and k
is a scaling factor dependent on v, Poisson’s ratio, and the ratio
of the indenter radius to the tissue thickness, a/h. P/w is the
ratio of the applied load to the indentation depth. Poisson’s
ratio was assumed to be constant at 0.45. Because a and v are
constants, equation (2.1) can be rewritten as:
(2.1)

where K(h) with a unit of length is a factor dependent only on

the thickness of the soft tissue, h. Using the value of k (a/h, v)
proposed by Hayes et al,55 the relationship between K(h) and
tissue thickness (h) can be derived. E then represents an
approximation of the slope of the stress-strain curve.

Data reduction and analyses
• General. All statistical tests were performed at α = 0.05 using
SamplePower, Release 1.20 (SPSS Inc, Chicago, IL). Although a
number of comparisons were made between the LDS and con-
trol group, neither Bonferroni’s correction nor any other correc-
tion was used to reduce Type I error. This decision was made 
a priori and justified by the preliminary nature of the study and
the small sample size.The symmetry of the distribution of each
parameter was evaluated before analysis to ensure appropriate
use of a parametric or nonparametric statistical test.
• Curve fitting. To curve fit the raw data for the elastic and
relaxation portions of the stress-response curve, a macro was
created to find the maximum point in the curve. All data points
located before this point represented the elastic response (from
which parameters A, B, and E were derived); those after repre-
sented the relaxation response (from which the parameters k,
τ1, and τ2 were derived). The experimental elastic data were
then further reduced by selecting the points with loads greater
than 0.5 Newtons (N) and less than 75% of the peak force
value for analyses.41,50 The data were rescaled assuming 0.5 N
to represent the initial state, and a dimensional analysis con-
verted the force data to pascals. The strain was then calculated
from the ultrasound echoes (strain=[L-Lo]/Lo) and Microsoft
Excel was used to calculate the effective elastic modulus
according to equations 2.0 and 2.1. For computation of the
QLV elastic parameters A and B, Mathematica 4.0 software was
used to perform nonlinear regression analysis according to
Woo’s equation (1.2).43
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Table 6.
SIGNIFICANT LDS VS NON-LDS GROUP DIFFERENCES

Parameter

k
E
Subfascial density

Thickness ratio
Fibrosis rating

Dermal thickening

Statistic

t test
t test
Mann-Whitney
test
t test
Mann-Whitney
test
chi-square test

N
LDS Non-LDS
8 9
8 9
9 9

9 9
9 9

9 9

Mean
LDS Non-LDS
0.05 0.03
22.36 10.01
27.65 45.28

0.19 0.11
1.67 0.44

4.00 0.00

SD
LDS Non-LDS
0.013 0.011
3.6 3.9
16.6 8.3

0.06 0.06
1.11 0.53

NA NA

P Value

.020

.004

.006

.015

.019

.018

α = 0.05
SD = standard deviation; NA = not applicable
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To curve fit the raw data for the relaxation portion of the
response, a macro was used to find the maximum and mini-
mum points on the curve and to normalize the data by divid-
ing all of the points by the maximum point value. A 3-point
moving average was used to smooth the data. Mathematica 4.0
was then used to solve for parameters k, τ1, and τ2 using non-
linear regression analysis according to equation 1.1.43,56 All
parameters were derived from the best fit of the experimental
data to their respective linear or nonlinear curves. The accura-
cy of curve fitting for every data set was evaluated using the
coefficient of determination for curve fitting (R2)58 by equation:

(3.0)

Postdata reduction examples of curve fitting for the QLV elas-
tic and reduced relaxation responses and the effective elastic
modulus are shown in Figures 8a, 8b, and 8c.

Validity of the QLV model
The validity of the QLV reduced relaxation parameters, k, τ1, and
τ2, and the elastic response parameters, A and B, were evaluat-
ed for the tissue site (medialposterior calf tissue) by performing
a confirmation test according to procedures described previous-
ly by Woo.43 The parameters extracted from the experimental
data were used to predict a curve representing tissue behavior
in response to the previously described cyclic loading.
Experimental data were also obtained from a second cyclic
loading period using a different indentation speed, compression
depth, and hold period. The curve predicted by the parameters
derived from the initial loading was then compared with the
experimental data from the second loading protocol (Figure 9).
A small mean square error between the predicted and actual
response would confirm the validity of the QLV model for this
tissue site and was evaluated by equation as follows:

(4.0) MSE = (Σ(Pp(i)-Pa(i))2/ Σ(Pa(i))2)1/2

where Pp(i) is the predicted force and Pa(i) is the experimental-
ly measured force.

Reliability
The intrarater reliability of the fibrosis rating scale was estab-
lished with pilot data using a weighted kappa, incremental
scale (0 = none, 1 = slight, 2 = moderate, 3 = severe).58 The CT
slices representing the 4 rating categories shown in Figure 5
were subsequently used as a guide to increase intrarater relia-
bility in the actual study.

The repeatability of the ultrasound indentometry instrument

in obtaining the 6 tissue response parameters for medioposte-
rior calf tissue was estimated using the intraclass correlation
coefficient (3,1). Median values of the curve-fit parameters
were computed and outliers were dropped by visual inspection
of the values and the stress-response curves. Of the total num-
ber of trials performed for 18 subjects, 18.8% of the data were
dropped after visual inspection. Only subjects with 3 clean tri-
als were included in the reliability analyses. The data were
dropped from both groups equally for the relaxation parame-
ters.There were slightly more outliers for the elastic parameters
among the LDS group due to slight slippage at the skin-inden-
ter interface in 2 individuals with significant muscle atrophy at
the test site.

Associations among parameters
The Pearson product moment correlation coefficient was used
to evaluate correlations of continuous variables. The Spearman
rank correlation coefficient was used for correlations of non-
parametric data. Scatter diagrams were constructed for all cor-
relations to determine linearity prior to analyses.

Group differences
Either the independent t test for normal distributions with
interval ratio scales or the chi-square test for dichotomous data
was used to evaluate group differences. The Mann-Whitney
test was used in comparing 2 independent ordinal data (fibro-
sis rating) or skewed interval data.

Power analyses and determination of sample size
Because the ultrasound indentometry method had not previ-
ously been used to extract QLV parameters for the mediopos-
terior calf in this population, and knowledge of the statistical
characteristics of these parameters is limited, accurate power
analyses were not possible a priori.
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Table 7.
SIGNIFICANT CORRELATIONS BETWEEN CT AND QLV
PARAMETERS 

B

E

Suprafascial
Density

rho = 
- 0.608
0.005*

Suprafascial
Density

rho = 
- 0.510
0.018*

Fibrosis
Rating

rho =
- 0.471
0.028*
rho = 
0.575
0.008*

Dermal
Thickening

rho = 
- 0.453
0.034*
rho = 
0.481
0.025*

*Statistically significant correlation at a = 0.05; rho = Spearman rank correlation 
R2 =

Total Sum of Squares – Residual Sum of Squares

Total Sum of Squares
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RESULTS

Equivalence between groups demographic data
The data were analyzed for group equivalence on demograph-
ic characteristics. No statistically significant differences were
found between the LDS and non-LDS groups in age, sex, or
race.

Central tendency and power analyses
Measures of central tendency and variability are found in Table
3. None of the parameters displayed kurtotic distributions, but
3 parameters were skewed (subfascial density, A, and B). Power
analyses were subsequently conducted for all parameters used
in evaluating between group differences. Sample sizes were
then projected, based on the number of subjects required per
group to achieve a power of 80% with 1-tailed test, P <.05
(Table 3).

Curve fitting
The mean coefficient of determination for curve fitting (R2) for
the QLV elastic and reduced relaxation responses and the
effective elastic response are summarized in Table 4.

Curve fitting the QLV model to experimental data yielded R2

greater than 0.90, with the mean coefficient of variation (standard
deviation [SD]/mean) for each parameter less than 10%.This level
of accuracy compares favorably with data obtained from normal
buttocks tissue in previous experiments where the elastic response
R2 was greater than or equal to 0.90 and the coefficient of varia-
tion was less than or equal to 17%.49 As previously explained, 2
different models were used to examine the elastic response to
deformation.The R2 value for the effective elastic modulus, E, was
0.929 (SD = 0.085). A similar fit, 0.948 (SD = 0.093), was found for
the QLV elastic response parameters A and B.

Validity of the QLV model
The error between the predicted and experimental values for
the confirmation testing was small (MSE = 12.7%; Figure 9).
This compares favorably with the values reported by Wang
(MSE = 20%)49 and confirms the validity of the method for use
with medioposterior calf tissue.

Reliability and response stability
The reliability of the radiologist in rating fibrosis and the ICC
values for each of the extracted QLV parameters (τ1, τ2, k, A,
and B) and the effective elastic modulus, E, are shown in Table
5. Significant ICC values ranged from 0.356 (τ1) to 0.883 (E).
The secondary goal of this study was to identify parameters
with clinical relevance and potential for use in subsequent
studies. Therefore, the reliability obtained for parameters τ2, k,
and E were judged to be adequate for this purpose. The value
of 0.883 obtained for E was close to the standard of 0.90 con-
ventionally held for clinical reliability measures (Table 5).

Significant group differences
Group comparisons were made between the LDS and non-
LDS groups on all 11 CT and QLV parameters. Statistically sig-
nificant differences were found between the groups on 4 CT
parameters (subfascial density, thickness ratio, fibrosis rating,
and dermal thickening) and 2 QLV parameters (k and E). Table
6 summarizes these comparisons.

Significant associations were found between 4 CT parame-
ters (suprafascial density, subfascial density, fibrosis rating, and
dermal thickening) and 2 elastic QLV parameters (B and E). A
summary of these correlations is shown in Table 7.

Discussion
Because no clinically practical, noninvasive method of charac-
terizing tissue fibrosis in venous disease is currently available,
this study investigated the potential use of a novel ultrasound
indentometry method to quantify tissue biomechanical prop-
erties as construct variables of fibrosis. A construct variable
cannot be observed directly, but is inferred by measuring cor-
related observable evidence. CT provided the evidence of fibro-
sis, and correlations between the QLV and CT parameters were
sought. As the validity of the construct depends on the accura-
cy, reliability, and validity of the methods used to derive the
biomechanical properties, the first aim of the present study was
to determine the accuracy and validity of the QLV model for
the selected tissue site. The reliability of the measurements
obtained via the ultrasound indentometry and CT methods
were also determined.

To date, only a limited number of studies have been per-
formed using this method, and no previous studies investigat-
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ing lipodermatosclerotic tissue have been reported. Being pre-
liminary in nature, the present study has a number of limita-
tions and the results must be interpreted accordingly.

The limits of the assumptions of 2 equations were modified,
which may have resulted in error. In equation 1.1, t was used to
fit the entire stress relaxation function (up to 300 seconds) when
the expression was meant for t on the order of 1 second. Also,
the Hayes solution to obtain E was applied with a deformation
equal to 20% of the tissue bulk thickness when the deformation
condition for the solution is described as infinitesimal. Despite
these limitations, the resultant curve fitting accuracy was high
and it should be noted that other investigators have used the
Hayes solution with deformations as high as 30%.41

Limb volume increases related to the dependent position of
the test leg might also have introduced error. Although fibrosis
in the tissue, not edema, is the distinguishing characteristic of
the severity of the disease, the macrovascular hemodynamic
changes may have affected the mechanical tissue properties in
some subjects more than others. Edema did not affect the CT
reference parameters.

Repeated loading of the tissue site without permitting recov-
ery to initial pretested tissue thickness may also have affected
mechanical tissue properties. Preconditioning was performed
to minimize this effect. To obtain precise repeated loading, the
test extremity had to be immobile during the entire indentom-
etry procedure. A 3-minute maximum recovery between trials
was instituted to limit the procedure time, thereby enabling
elderly subjects and subjects with active ulcers to tolerate the
immobility associated with testing.

Despite these limitations, this preliminary study was suc-
cessful in establishing the accuracy and validity of the QLV
model for medioposterior calf tissue and in identifying accept-
ably reliable parameters (τ2, k, and E) with which to character-
ize the stress response.

In addition to their reliability, parameters having the poten-
tial for use in further studies of this method were identified
based on their ability to discriminate between apparently
healthy and fibrotic, venous-insufficient tissue. In this study,
construct validity depended on association with either a high
CT fibrosis rating or the presence of dermal thickening.

Of the 7 parameters, parameter k (P <.020) and parameter E
(P <.004) successfully discriminated between healthy and lipo-
dermatosclerotic tissue, despite the small sample size and the
limitations of the indenter. Because parameter E was signifi-
cantly correlated with both CT fibrosis rating (P <.008) and the
presence of dermal thickening (P <.025), it demonstrated the
greatest construct validity.

Based on more recent reports of lymphatic and microcircula-
tory changes associated with chronic venous disease,34,59,60 the

presence of dermal thickening and the fibrosis rating may be
considered valid descriptors of tissue fibrosis. Soft tissue
changes in the advanced stages of chronic venous disease may
be consistent with those of lymphedema, depending on the
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Figure 8a.
QLV ELASTIC RESPONSE

Figure 8b.
EFFECTIVE ELASTIC MODULUS

Figure 8c.
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length of time since the onset of the disease and patient-
specific lymphatic anatomy. The mean duration of disease for
the LDS group was 14.2 years, with a range of 1.5 to 30+ years;
therefore, it was expected that some lymphatic effects would be
observed.Thickening of the skin is one of a number of CT find-
ings consistently associated with lymphedema.

Dermal thickening may be due to a combination of fibrin
deposition and sclerosing of the lymphatics that occurs when
the lymphangitis present in the subfascial compartment
spreads into the suprafascial compartment via the perforating
lymphatics. Because the lymphatic vessels are contained in the
same perivascular sheath as the blood vessels, this thickening
may contribute to the appearance of a thickened dermal layer.
According to Mallon,59 the normally indistinct lymphatic basal
lamina may be replaced by a thickened, electron-dense basal
lamina. A significant difference was found between the groups
for the presence of dermal thickening (P <.018).

The distinctive appearance of fibrosis in the suprafascial
compartment is another finding associated with the lymphatic
involvement common to later stages of chronic venous disease.
Earlier stages of chronic venous disease may be characterized
by edema of the muscle compartment. As the disease progress-
es, the perforating and suprafascial veins and lymphatics may
become involved, with the subsequent accumulation of high-
protein edema in the suprafascial compartment leading to
fibrotic changes. In this study, the fibrosis rating scale proved
extremely reliable in evaluating the severity of fibrosis in the
suprafascial compartment (kW = 0.93) and the fibrosis ratings
significantly differed between the 2 groups (P <.019).

Although the validity and reliability of CT density (HU) is
well established, density values cannot be used to differentiate
between fibrosis and normal muscle fiber. Therefore, the pres-
ence of fibrosis may be inferred only from higher density val-
ues, or a more positive HU, in the suprafascial compartment. In
this study, the suprafascial mean density for the LDS group
was –95.39 HU (SD = 21.3), compared with a –97.82 HU (SD =
16.5) for the non-LDS group. The slightly higher density
observed for the LDS group was not significant. This lack of
significance might be explained by the small sample size and
within group variance.

In this study, parameter E was the only parameter to demon-
strate both a significant difference between the 2 groups and a
positive correlation with 2 valid CT parameters. Although
parameter k also demonstrated a significant difference
between the groups (P <.020), it did not significantly correlate
with any CT measures. Again, this lack of significance could be
due to the small sample size and within group variance.

As previously defined, parameter E, the effective elastic mod-
ulus, represents the tissue’s relative stiffness; that is, the mean

ratio of load to deformation.The mean elastic modulus for non-
LDS subjects was 10.01 ± 3.89 kPa, with a range from 5.63 to
16.62 kPa.These values are comparable in range to those report-
ed in similar studies38,40,50,61 and show close agreement with
the modulus of 15.5 ± 4.3 kPa reported in a similar study exam-
ining the posterior calf tissue of 8 normal males and females
aged 28 ± 2 years.50 The mean elastic modulus of the LDS sub-
jects was 22.36 ± 8.61 kPa, with a range from 8.62 to 34.28 kPa,
more than twice that of the non-LDS group.This difference was
anticipated, as lipodermatosclerosis is characterized by the
development of fibrous, contracted tissue.

The power analyses indicate that relatively small groups (less
than 30 subjects per group) would be needed to test QLV
parameters k and E. With these parameters, both elastic and
stress-relaxation tissue responses may be quantified.

Future studies with larger sample sizes and optimization of
the protocol and prototype device, including supplemental
tracking of individual fat and muscle layers, may produce more
consistent echoes and eliminate much of the error variance,
revealing a larger effect size for τ1 and τ2. Although E showed
the most promise, it is premature to eliminate the QLV param-
eters associated with stress relaxation. Associated with viscous
phenomena, these parameters may prove to be most critical in
the evaluation of edematous lymphatic and venous-insufficient
tissue. In other pathologic states, such as systemic sclerosis or
diabetes, the tissue elastic properties may prove more relevant.

This study has successfully identified parameters derived
from soft tissue mechanical responses with the potential to
quantify tissue fibrosis. Further investigation is needed with a
different prototype to decrease the error variance and deter-
mine the potential of all QLV parameters. ●
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