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Abstract—Echocardiographic quantitation of myocardial texture for diagnosis of early cardiomyopathy (CMP)
remains problematic. Conventional statistical methods are limited, contributed by a small image region-ofinterest (ROI) and difficulty in discrimination from noise. This study was performed to evaluate the 2-D Haar
wavelet decomposition method as a tool to identify textural changes in a rat model of early CMP, focusing on
changes that occur before development of M-mode structural abnormalities. Early diabetic CMP, ethanol CMP
and diabetic-ethanol CMP rat models were evaluated. Echocardiography was performed on two groups of rats.
Group I (5 week cohort, n ⴝ 4 per subgroup) included controls, rats on 12% ethanol, a diabetic subgroup, and
diabetic rats on 4% ethanol. Group II (10 week cohort, n ⴝ 5 per subgroup) included the same categories as
group I with an additional subgroup taking 4% ethanol was also studied. M-mode left ventricular measurements
were comparable in all subgroups of group I. However, diabetic rats in group II had an increased left ventricular
dimension (LVD) compared to all others and an increased septal dimension (IVSD) and posterior wall dimension
(PWD) were noted in the 4% and 12% ethanol groups. End-diastolic digital images of all rats in the parasternal
short axis view, at the papillary muscle level, were downloaded to a computer. A 16 ⴛ 16 (ROI) was selected from
the anterior interventricular septum. Although standard statistical methods could not differentiate any of the
groups, calculation of textural energy and normalized textural energy with the 2-D Haar wavelet decomposition
method found at 5 weeks increased normalized texture energy in diabetics compared to all others. At 10 weeks
increased texture energy was noted in diabetics. Diabetic-ethanol rats at both 5 and 10 weeks revealed a blunted
textural energy compared to diabetic rats. In a rat model of diabetic cardiomyopathy, the 2-D wavelet
decomposition method identified textural energy changes before development of echocardiographic structural
changes. Ethanol-associated blunting of textural changes in diabetic rats was also noted. This method for
quantitation of ventricular texture may be relevant for diagnosis of early cardiomyopathy. © 2001 World
Federation for Ultrasound in Medicine & Biology.
Key Words: Ultrasound, Echocardiography, Texture, Texture energy, Myocardial texture, Wavelet, Wavelet
decomposition, Haar, Diabetic cardiomyopathy, Ethanol cardiomyopathy.

INTRODUCTION

of particular importance. Texture analysis of myocardium is an approach to tissue characterization based
on the spatial distribution of ultrasound (US) amplitude signals within a region-of-interest ROI. The characterization of myocardial tissue itself by US was first
attempted in 1957 when excised human hearts were
used to distinguish infarcted from healthy myocardium (Wild et al. 1957).
Echocardiographic methods to characterize myocardium have included quantitative estimates of frequencydependent myocardial attenuation and backscatter (Miller et al. 1985), and have subsequently been used to
distinguish normal from abnormal myocardium (Haskell

Detection and quantitative assessment of diseased tissue is a challenge for noninvasive imaging techniques.
Direct histologic or biochemical means are limited by
their requirement for interventional procedures. To
better characterize the onset and progression of cardiomyopathy, a noninvasive imaging technique for
distinguishing normal from abnormal tissue would be
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et al. 1990; Sagar et al. 1987, 1990; Wickline et al.
1986).
One definition of image texture is “an attribute
representing the spatial arrangement of the gray levels of
the pixels in a region” (IEEE 1990). Although myocardial speckle is transducer- and instrument-dependent,
tissue pathology that changes microscopic anatomical
structure changes myocardial texture (speckle), and
echocardiographic texture does contain tissue structurerelated information (Smith and Wagner 1994; Wagner et
al. 1983). Attempting to numerically quantitate texture,
however, has been generally problematic with respect to
the myocardium.
Bhandari and Nanda (1983) described a qualitative
approach to texture patterns of myocardium based on
visual inspection of videotaped 2-D echocardiograms
from patients with a variety of disorders. They proposed
a classification system based on the textural patterns
visualized as: type I (uniform, low intensity, fine speckle:
normal), type IIA (multiple, discrete, 3 to 5 mm, bright
echoes in all walls), type IIB (one or more, but not all,
walls with type IIA pattern) and type IIC (uniform very
bright echoes in one wall or region). This approach
remains subjective, and lacks specificity.
Quantitation of texture using statistical techniques has been performed to identify various cardiomyopathic abnormalities, including myocardial contusion (Skorton et al. 1983a), amyloid infiltration (Pinamonti et al. 1989), hypertrophic cardiomyopathy
(Chandrasekaran et al. 1989), coronary ischemia
(Picano et al. 1993), myocardial nonviability (Marini
et al. 1996), transplant rejection (Stempfle et al. 1993)
and myocarditis (Ferdeghini et al. 1991). These published studies used first- or second-order grey-level
histogram statistics for evaluation (usually 8 bits information), including mean grey level, standard deviation of the mean, skewness (deviation of the pixel
distribution from a symmetrical shape) and the kurtosis (steepness of the pixel distribution).
The above-described statistical methods used for
quantitation of myocardial texture have limited capability.
Data content for analysis was diminished in most of these
studies because they were performed with digitized video
signals for analysis. In addition, the ROI was relatively
small (⬇ 16 ⫻ 16 pixel matrix) to avoid specular reflections
(endocardial and epicardial borders). This small ROI limits
the capability of statistical methodologies.
A relatively new mathematical tool called wavelet analysis has been introduced within the recent past
as a way to look at a signal at different resolutions
(Aldroubi 1996; Daubechies 1992; Teolis 1998; Unser
1996). Briefly, a wavelet is a waveform of limited
duration that has an average value of zero. Wavelet
analysis involves the breaking up of a signal into
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shifted and scaled versions of the original “mother”
wavelet. Mallat (1989a, 1989b) developed the dyadic
wavelet method of multiresolution analysis, particularly useful for image processing. In effect, this
method decomposes a signal into a set of approximation coefficients (low-frequency components) and the
remainder as the detail coefficients (high-frequency
components). The approximation coefficients can be
successively decomposed into multilevel approximation coefficients and their corresponding detail coefficients. When one is analyzing a 2-D signal, such as an
image, at each level of decomposition there are three
sets of generated detail coefficients: horizontal (vertical edge), vertical (horizontal edge), and diagonal.
One-dimensional wavelets are used in analysis of
various time-domain signals including evoked potentials
(Bertrand et al. 1994), heart rate variability analysis
(Gamero et al. 1996) and ventricular late potentials
(Batista and English 1996; Meste et al. 1994). Twodimensional wavelets have been used for image compression. The approximation coefficients are utilized,
and the detail coefficients are generally discarded (Chui
1997; Press et al. 1992; Wickerhauser 1994). These
detail coefficients contain noise and artefact, but also
contain textural information (Prasad and Lyengar 1997).
The generated detail coefficients have been used for
quantitation of texture of various surfaces (Prasad and
Lyengar 1997), texture analysis in satellite remote sensing (Mecocci et al. 1995) and US texture analysis for
characterization of fat content and marbling in beef cattle
muscle (Kim et al. 1998).
Recently, investigators used the Haar wavelet transform, with an image extension method and wavelet decomposition, to calculate texture energy and differentiate
viable from nonviable myocardium (Mojsilovic et al.
1997; Neskovic et al. 1998). We used the wavelet decomposition method with the 2-D Haar wavelet transform to see if calculated textural energy would differentiate echocardiographic myocardial tissue texture between euglycemic and diabetic rats. We also examined
the influence of ethanol on the development of textural
changes in these animals. We studied the interaction of
diabetes mellitus and ethanol because we have previously demonstrated a positive benefit of ethanol on cellsignaling abnormalities produced by diabetes mellitus
(unpublished observations).
Unlike previous studies, we avoided use of the
generated video signal, which requires analog-todigital conversion. We utilized digital images (8-bit
RGB signal) immediately after digital scan conversion, without image smoothing or logarithmic compression.
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METHODS
Rodent models of cardiomyopathy
Two groups of laboratory rats were used to perform
two separate experiments. Male Sprague-Dawley SPF
rats (Charles River Laboratories, Wilmington, MA)
weighing between 175 to 200 G were used for each
study. Rats were housed two per cage in a controlledtemperature (20 to 22°C) room where they were exposed
to a 12-h light/dark cycle. Both groups of animals received food and either water or ethanol ad lib. Body
weights were recorded on a weekly basis and fluid consumption was monitored in all groups for the duration of
the study. The study was approved by the Louisiana State
University Medical Center Institutional Animal Care and
Use Committee.
Group I
A total of 16 rats were randomly assigned to four
groups (n ⫽ 4 per subgroup): control (C), 12% ethanol
(E12), diabetic (D), and diabetic maintained on 4% ethanol (DE4). Ethanol solutions were prepared on a v/v
basis and were the sole source of fluid for E12 and DE4
groups; C and D groups received water. Rats in the
diabetic group were injected with streptozotocin (45 mg/
kg) prepared in a 0.02 M sodium citrate solution (pH 4.5)
via a tail vein to induce diabetes mellitus. Rats assigned
to all other groups were injected with a similar volume of
sodium citrate solution. Glycosylated hemoglobin (total)
was measured in tail-vein blood in all rats within 2 days
of echocardiographic examination using a commercially
available kit (Sigma Chemical Co., St. Louis, MO). All
diabetic rats exhibited the clinical signs of polydipsia,
polyuria and polyphagia. A 4% ethanol solution was
used in the diabetes plus ethanol group because diabetic
animals consumed approximately 3 times the volume of
fluid per day compared with nondiabetic groups. Animals were studied 5 weeks poststreptozotocin injection
(4 weeks ethanol ingestion).
Group II
A second experiment was similar in design, but
examined rats at 10 weeks after streptozotocin injection
in the diabetic animals (9 weeks ethanol ingestion). Subgroups and randomization strategy were similar to the
5-week experiment, but an additional subgroup (fifth
subgroup) was added to examine nondiabetic rats given
4% (v/v) ethanol in their water supply (designated DE4).
A total of 25 rats were used in this experiment, with 5
animals in each group.
Echocardiography
All animals were anesthetized with a solution of
ketamine-xylazine (50 mg/kg ketamine, 4 mg/kg xyla-
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zine, IP) and the thoracic and upper abdominal areas
shaved before echocardiography. The rats were positioned on a table for M-mode and 2-D echocardiograms.
Studies were performed with a Toshiba Model 380 Echocardiography instrument (Toshiba America Medical Systems, Tustin, CA) using a 10-MHz phased-array transducer calibrated with phantoms before use. The transducer uses multiple transmit foci, and dynamic focusing
by an internal circuit on receive. The image depth was set
as 4 cm and focus of 1 cm for the entire study. Lateral
resolution less than 0.20 mm and an axial resolution of
0.2 mm within the ROI is achieved at the imaging depths
used (Personal communication, K. Ishiyama, Toshiba
America Medical Systems, Inc., Tustin, CA).
M-mode recordings, using 2-D parasternal short
axis guidance, were obtained at the level of the papillary
muscles for measures of the end-diastolic interventricular septal dimension (IVSD), left ventricular end-diastolic dimension (LVD) and end-diastolic posterior wall
dimension (PWD), following American Society of Echocardiography guidelines for M-mode measurements
(Sahn et al. 1978). End-diastole was defined as the largest 2-D cross-sectional area.
For texture analysis, digital images were obtained
immediately after digital scan conversion. Digital
smoothing or logarithmic compression was not performed. Gain settings were kept constant throughout the
entire study. Two-dimensional echocardiographic images in the parasternal short axis, at the level of the
papillary muscles, were digitally recorded in end-diastole. The end-diastolic image was downloaded as an
RGB signal in DEFF format to a laptop computer. The
image was converted to a grey-scale image (8 bit) and
stored as a TIFF file. From this image, a 16 ⫻ 16 pixel
ROI was selected in the anterior IVS. Care was taken to
only select myocardium within the ROI, excluding endocardial and epicardial borders; thus, avoiding specular
reflections.
Analysis of texture was first performed using traditional statistical methods. These included measurement
of ROI mean intensity, standard deviation of the mean,
skewness, kurtosis and relative smoothness RS, as RS ⫽
1–1/(1 ⫹ V2), and V is the variance of ROI pixel intensity
(Gonzales and Woods 1992).
Computer algorithms developed in our laboratory
for applying the 2-D wavelet decomposition method
were then used to examine the defined ROI. The original
image ROI was decomposed into approximation coefficients and the residual horizontal (H1), vertical (V1), and
diagonal (D1) detail coefficients (Fig. 1).
Texture content information was obtained by calculating the energy content of the first level detail coefficients from the image ROI (Prasad and Lyengar 1997;
Van de Wouwer et al. 1999; Chang and Kuo 1993). H1,
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Fig. 1. Example from (a) a control and (b) diabetic rat after 5 weeks of induced diabetes. An end-diastolic parasternal
short axis preprocessed frame at the level of the papillary muscles was saved and a 16 ⫻ 16 ROI chosen within the
anterior interventricular septum. This ROI was converted to grey-scale (original ROI) in (a) and (b). Two-dimensional
Haar wavelet decomposition was performed, and approximation coefficients and residual detail coefficients obtained.
Approximation (A1) in (a) and (b) shows the reconstructed approximation images from the approximation coefficients
and horizontal (H1), vertical (V1) and diagonal (D1) reconstructed detail images from the corresponding detail
coefficients.
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V1, and D1 were each evaluated for energy content E, as
E ⫽ (1/N) * ⌺ I2 where N is the number of pixels within
the ROI, and I is the pixel intensity values (Walker
1999).
Horizontal and vertical, and also horizontal, vertical
and diagonal detail coefficients were summed to yield
total energy within detail coefficients. Calculated energy
values were also normalized to the energy content of the
original ROI image energy.
Myocardial histology
In experiment 2 (10-week), cardiac and renal tissues
were harvested, rinsed in ice-cold physiologic saline, and
then placed in 10% (v/v) formaldehyde solution in aqueous phosphate buffer (pH 7.4) (Mallinckrodt Inc., St.
Louis, MO). Pancreatic tissue was harvested and fixed in
buffered zinc-formaldehyde. Microscopic analyses were
performed on H & E stained tissue slices.
Statistical methods
A one-way analysis of variance was used to test for
differences among the experimental groups. The Fisher’s
Protected LCD post hoc test was used to identify groups
that were statistically different from each other. Statistical significance was accepted if p ⱕ 0.05. Simple linear
regression was used to determine the relationship between the variance of the image ROI pixel intensity and
detail coefficients obtained from calculation of image
energy, log energy, and Shannon’s entropy (Coifman and
Wickerhauser 1992) following wavelet decomposition.
All data are reported as mean ⫾ SEM.
RESULTS
Induction of diabetes
In group I, glycosylated hemoglobin (total) levels in
normoglycemic groups were not statistically different
and had combined means of 5.6 ⫾ 0.7%. Diabetic subgroups had similar glycosylated hemoglobin levels as
well, with a combined mean of 10.8 ⫾ 1.1%. These
levels of glycosylated hemoglobin were significantly
greater in diabetic compared to nondiabetic animals (p ⱕ
0.001). Body weights at the time of echocardiographic
examination were 315 ⫾ 15, 301 ⫾ 11, 298 ⫾ 16, 292 ⫾
22 G for C, E12, D and DE4, respectively (p ⱖ 0.05). In
group II, total glycosylated hemoglobin levels within
nondiabetic (C, E4, E12) and diabetic subgroups (D,
DE4) were, again, not different statistically, with combined means of 6.1 ⫾ 0.3% and 12.5 ⫾ 1.3%, respectively. Again, diabetic animals had significantly greater
glycosylation levels compared with normoglycemic animals (p ⱕ 0.001). Group differences in body weights
were observed at 10 weeks with both the D (315 ⫾ 24 G)
and DE4 (295 ⫾ 16 G) groups weighing significantly
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less than the normoglycemic groups (623 ⫾ 30, 598 ⫾
29 and 581 ⫾ 25 G for C, E4 and E12, respectively; p ⱕ
0.001). Although diabetic animals weighed less than
their nondiabetic counterparts, they continued to gain
weight during the experiment, as can be seen when
compared to initial start weights of 175 to 200 G.
Ethanol
The 4% solution of alcohol in diabetic rats was
equivalent to 12% alcohol in euglycemic rats, because
diabetic animals drank approximately 3 times the amount
consumed by euglycemic rats (118 ⫾ 5 mL/day vs. 32 ⫾
3 mL/day, respectively). The amount of fluid consumed
by diabetic rats maintained on water and diabetic rats on
4% alcohol was not statistically different.
Histology
Tissues from 10-week treated rats were analyzed
using H & E staining. Both diabetic groups (D, DE4)
showed marked loss of pancreatic islet ␤ cells (a single
cell was observed in 1 D animal) and the euglycemic
control and ethanol groups had the normal complement
of ␤ cells. In addition, clear cells, indicative of glycogen
deposition, were observed in the kidney in 80% of D and
60% of DE4 rats; none were observed in rats from any
other group.
It was noted that the myocardial IVS of all animals
in the E4 and E12 groups had marked lymphocytic
infiltrates on histologic examination. The degree of infiltration was evaluated qualitatively as none, few (1 to 4
cells per field), or marked infiltration. Only 2 control
animals, and 1 diabetic (D) animal, had lymphocytic
infiltrates (graded as few). The remaining animals in
these groups did not show infiltrates, nor did any animal
of the DE group.
Echocardiographic analysis—M-mode measurements
Analysis of M-mode echocardiographic data
(IVSD, PWD, or LVD) revealed no statistically significant differences between groups in the 5-week experiment. However, significant differences were found with
several measured M-mode parameters in the 10-week
experiment (Table 1). Ethanol-treated nondiabetic animals showed increases in IVSD and PWD at 10 weeks,
with the effects being most pronounced in animals on
12% ethanol. LVD was increased in diabetic animals on
water, but PWD tended to be reduced in these animals
and in diabetic rats maintained on 4% ethanol.
Echocardiographic texture analysis
Of the 25 rats in the 10-week experiment, 1 rat (D
group) could not be included in the texture analysis
because of an inability to obtain a 16 ⫻ 16 pixel ROI
within the anterior IVS that would exclude specular

1450

Ultrasound in Medicine and Biology

Volume 26, Number 9, 2000

Table 1. Myocardial M-mode measurements

Experiment 1 (5 weeks)
Control
Ethanol (12%)
Diabetic
Diabetic ⫹ 4% ethanol
ANOVA
Experiment 2 (10 weeks)
Control
Ethanol (4%)
Ethanol (12%)
Diabetic
Diabetic ⫹ ethanol (4%)
ANOVA

IVSD (cm)

PWD (cm)

LVD (cm)

0.120 ⫾ 0.006
0.130 ⫾ 0.007
0.118 ⫾ 0.009
0.120 ⫾ 0.004
p ⱕ 0.564

0.132 ⫾ 0.007
0.150 ⫾ 0.003
0.142 ⫾ 0.010
0.143 ⫾ 0.005
p ⱕ 0.202

0.455 ⫾ 0.035
0.540 ⫾ 0.027
0.507 ⫾ 0.042
0.455 ⫾ 0.027
p ⱕ 0.444

0.117 ⫾ 0.008
0.126 ⫾ 0.01*
0.151 ⫾ 0.004†
0.111 ⫾ 0.004
0.105 ⫾ 0.005
p ⱕ 0.002

0.140 ⫾ 0.006
0.155 ⫾ 0.005‡
0.159 ⫾ 0.002‡
0.128 ⫾ 0.002
0.125 ⫾ 0.004§
p ⱕ 0.001

0.614 ⫾ 0.028
0.583 ⫾ 0.033
0.593 ⫾ 0.018
0.713 ⫾ 0.036†
0.618 ⫾ 0.032
p ⱕ0.045

* p ⱕ 0.05 vs. DE4; † p ⱕ 0.05 vs. all other groups in the appropriate experiment; ‡ p ⱕ 0.05 vs. C, D, DE4; § p ⱕ 0.05 vs. C.

reflections. Therefore, only 4 animals were used for
texture analysis in this diabetic group.
Quantitation of ROI texture by standard statistical
methods (mean intensity, variance, standard deviation of
the mean, skewness or kurtosis) did not identify any
intergroup differences at either 5 or 10 weeks. In addition, calculation of the relative smoothness of the ROI
was also unable to discriminate between groups at either
time period. However, image decomposition using the
2-D Haar wavelet method for calculation of detail coefficient energy did identify diabetic animals as having
increased textural energy at 10 weeks. The horizontal
detail coefficient (H1) approached significance in ability
to differentiate experimental groups (p ⬵ 0.07); vertical
(V1), diagonal (D1), H1 ⫹ V1 and H1⫹V1⫹D1 detail
coefficients were all able to statistically discriminate
groups (Table 2). Normalization of the detail coefficients
to total energy of the original digital image resulted in

the identification of increased textural energy in the
diabetic animals at 5 weeks. This finding is consistent
with the 10-week nonnormalized data. In addition, again
consistent with the 10-week data, ethanol-treated diabetic rats tended to show reduced textural energy values
compared with untreated diabetic rats (Table 3).
DISCUSSION
Echocardiographic texture analysis using digital images that had not been processed with smoothing or
logarithmic compression, and the 2-D Haar wavelet
transform decomposition method, discriminated between
rodent models of cardiomyopathy. These textural
changes were present before development of structural
changes recorded by M-mode echocardiography. Subsequent development of M-mode changes at 10 weeks
were similar to those observed by our group (Giles et al.

Table 2. Image texture energy calculation

Experiment 1 (5 weeks)
Control
Ethanol (12%)
Diabetic
Diabetic ⫹ 4% ethanol
ANOVA
Experiment 2 (10 weeks)
Control
Ethanol (4%)
Ethanol (12%)
Diabetic
Diabetic ⫹ ethanol (4%)
ANOVA

Total image
energy

Approximation
coefficients
(A1)

Horizontal
detail
(H1)

Vertical
detail
(V1)

Diagonal detail
(D1)

H1 ⫹ V1

H1 ⫹ V1 ⫹ D1

3288 ⫾ 620
4846 ⫾ 66*
2401 ⫾ 631
2821 ⫾ 348
p ⱕ 0.053

12830 ⫾ 2438
18870 ⫾ 2582
9206 ⫾ 2499
10860 ⫾ 1380
p ⱕ 0.099

170 ⫾ 30
278 ⫾ 46
212 ⫾ 24
182 ⫾ 15
p ⱕ 0.111

134 ⫾ 19
189 ⫾ 34
129 ⫾ 21
180 ⫾ 22
p ⱕ 0.187

31 ⫾ 3
50 ⫾ 6
56 ⫾ 20
56 ⫾ 11
p ⱕ 0.432

293 ⫾ 46
467 ⫾ 77
341 ⫾ 38
362 ⫾ 18
p ⱕ 0.142

324 ⫾ 48
517 ⫾ 83
397 ⫾ 53
419 ⫾ 22
p ⱕ 0.164

3477 ⫾ 758
2919 ⫾ 284
3116 ⫾ 704
3687 ⫾ 562
2740 ⫾ 390
p ⱕ 0.816

13640 ⫾ 3010
11400 ⫾ 1126
12220 ⫾ 2788
13760 ⫾ 1833
10370 ⫾ 1972
p ⱕ 0.817

136 ⫾ 20
165 ⫾ 9
127 ⫾ 13
173 ⫾ 11
161 ⫾ 14
p ⱕ 0.071

106 ⫾ 8
96 ⫾ 10
94 ⫾ 14
193 ⫾ 9†
160 ⫾ 12†
p ⱕ 0.001

30 ⫾ 4
33 ⫾ 3
30 ⫾ 5
64 ⫾ 6‡
45 ⫾ 6
p ⱕ 0.001

242 ⫾ 22
261 ⫾ 19
221 ⫾ 27
367 ⫾ 61†
309 ⫾ 19§
p ⱕ 0.003

272 ⫾ 23
294 ⫾ 21
250 ⫾ 30
430 ⫾ 83‡
350 ⫾ 24§
p ⱕ 0.001

* p ⱕ 0.05 vs. D and DE4 (experiment 1); † p ⱕ 0.05 vs. C, E4, E12 (experiment 2); ‡ p ⱕ 0.05 vs. all other groups (experiment 2); § p ⱕ 0.05
vs. C and E12 (experiment 2).
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Table 3. Normalized image texture energy

Experiment 1 (5 weeks)
Control
Ethanol (12%)
Diabetic
Diabetic ⫹ 4% Ethanol
ANOVA
Experiment 2 (10 weeks)
Control
Ethanol (4%)
Ethanol (12%)
Diabetic
Diabetic ⫹ Ethanol (4%)
ANOVA

H1/image

V1/image

D1/image

H1 ⫹ V1/
image

H1 ⫹ V1 ⫹
D1/image

0.052 ⫾ 0.006
0.057 ⫾ 0.007
0.101 ⫾ 0.002*
0.067 ⫾ 0.008
p ⱕ 0.018

0.039 ⫾ 0.004
0.040 ⫾ 0.007
0.058 ⫾ 0.008
0.066 ⫾ 0.011
p ⱕ 0.084

0.010 ⫾ 0.001
0.010 ⫾ 0.001
0.027 ⫾ 0.009
0.020 ⫾ 0.003
p ⱕ 0.076

0.091 ⫾ 0.001
0.097 ⫾ 0.011
0.159 ⫾ 0.023†
0.133 ⫾ 0.015
p ⱕ 0.028

0.101 ⫾ 0.010
0.108 ⫾ 0.011
0.186 ⫾ 0.030†
0.153 ⫾ 0.014
p ⱕ 0.021

0.044 ⫾ 0.007
0.059 ⫾ 0.005
0.053 ⫾ 0.013
0.054 ⫾ 0.006
0.061 ⫾ 0.008
p ⱕ 0.635

0.037 ⫾ 0.008
0.034 ⫾ 0.005
0.036 ⫾ 0.006
0.056 ⫾ 0.007‡
0.065 ⫾ 0.012§
p ⱕ 0.025

0.010 ⫾ 0.002
0.012 ⫾ 0.001
0.012 ⫾ 0.002
0.018 ⫾ 0.001§
0.017 ⫾ 0.003㛳
p ⱕ 0.048

0.081 ⫾ 0.012
0.093 ⫾ 0.007
0.088 ⫾ 0.019
0.106 ⫾ 0.014
0.126 ⫾ 0.014
p ⱕ 0.217

0.091 ⫾ 0.014
0.104 ⫾ 0.008
0.100 ⫾ 0.021
0.127 ⫾ 0.012
0.143 ⫾ 0.021
p ⱕ 0.177

* p ⱕ 0.05 vs. all other groups (experiment 1); † p ⱕ 0.05 vs. C and E12 (experiment 1); ‡ p ⱕ 0.05 vs. E4 (experiment 2); § p ⱕ 0.05 vs. C, E4,
E12 (experiment 2); 㛳 p ⱕ 0.05 C (experiment 2).

1998) previously in diabetic rats and rats receiving ethanol. The textural changes recorded from the cardiomyopathic rats were detected only by calculating detail coefficient energy from 2-D wavelet decomposition. Conventional statistical methodology was unable to
discriminate between groups. We also found that other
equations (log energy, Shannon’s entropy) for calculating textural energy (Coifman and Wickerhauser 1992)
were unable to improve our ability to discriminate between groups.
Our findings are in general agreement with a previous study evaluating patients in the early postmyocardial
infarction period. By using the 2-D Haar wavelet decomposition method with an image extension algorithm, the
horizontal detail (vertical edge) coefficient energy was
able to predict eventual recovery of viable myocardium
from that of myocardial necrosis (Neskovic et al. 1998).
Our study differed in that the horizontal detail coefficient
energy was not quite as sensitive as other detail coefficients. Our ability to utilize other detail coefficients,
however, including diagonal coefficients, which previously were thought to contain mostly noise, probably
was significantly aided by using a digital signal that had
no smoothing or logarithmic compression and, importantly, had not been converted to a video signal and
digitized again for processing.
We also evaluated energy by normalizing energy to
the energy content of the original image ROI (Table 3).
This technique, which preserves grey-scale transform
invariance, identified increased textural energy in the
diabetic animals at 5 weeks. Values for texture at 5
weeks tended to be lower in ethanol-treated diabetic rats
than in untreated diabetic rats. Normalization of data
may enhance the ability to discriminate between experimental groups at an early stage in the disease process.
Because speckle size is a function of US beam depth and

transducer focusing properties and, thus, machine-dependent, we kept machine settings constant for the entire
study. Even under these conditions, normalization of the
data appeared to enhance the ability to identify group
differences at an early time.
Limitations of the study
In this study, we used the signal generated after
digital scan conversion, and not the radiofrequency (RF)
signal. Although this signal is influenced by transducer
and machine characteristics, the RF signal is also. A
comparison study of both signals would need to be
performed, to see if there would be any advantage to use
of the RF signal for analysis and quantitation of image
texture.
Although US speckle (texture) is altered by tissue
pathology, it is also influenced by the transducer and
machine used, and by machine settings. Although we
kept all settings constant for the study, we do not know
if these quantitative textural differences are reproducible
using other transducers and US equipment made by other
manufacturers.
Differences in ability to differentiate myocardium
were noted between the H1, V1 and D1 detail coefficients. These differences may in part be explained by
anisotropy of myocardial scattering (Mottley and Miller
1988), and variations in texture in relation to the tissue
distance from the transducer (Skorton et al. 1983b). For
this study, we do not expect that variations in tissue
distance from the transducer were problematic, in that all
studies were performed with identical depth and focus
settings.
Because image resolution is a function of the frequency and depth settings of the transducer, human studies would not achieve the spatial resolution that was
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achieved in this study of cardiomyopathic laboratory
rats.
CONCLUSION
The 2-D Haar wavelet image decomposition
method appears to be a mathematical tool that may help
identify early echocardiographic myocardial image textural changes in diabetes mellitus, even before the onset
of M-mode structural changes. In addition, using the
same digital image data, we found that first-order statistical measures of texture were unable to identify early
myocardial abnormalities. It appears that the wavelet
decomposition method may be able to identify early
diabetic cardiomyopathy. Hence, this technique could be
applicable in the follow-up of patients with diabetes
mellitus, as well as in a variety of other clinical settings
where the recognition of the evolution of subtle forms of
diffuse myocardial tissue change might help guide treatment.
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