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Attenuation Coefficient and Propagation Speed
Estimates of Rat and Pig Intercostal Tissue as

a Function of Temperature
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Abstract—Attenuation coefficient and propagation speed
of intercostal tissues were estimated as functions of tem-
perature (22, 30, and 37�C) from fresh chest walls from
eight 10- to 11-week-old female Sprague-Dawley (SD) rats,
eight 21- to 24-week-old female Long-Evans (LE) rats, and
ten 6- to 10-week-old mixed sex Yorkshire (York) pigs. The
primary purpose of the study was to estimate the tempera-
ture dependence of the intercostal tissue’s attenuation coef-
ficient so that accurate estimates of the in situ (at the pleu-
ral surface) acoustic pressure levels could be made for our
ultrasound-induced lung hemorrhage studies. The attenu-
ation coefficient of intercostal tissue for both species was
independent of the temperature at the discrete frequencies
of 3.1 MHz (�0.0076, 0.0065, and 0.016 dB/cm/�C for SD
rats, LE rats, and York pigs, respectively) and 6.2 MHz
(�0.015, 0.014, and 0.014 dB/cm/�C for SD rats, LE rats,
and York pigs, respectively). However, the temperature-
dependent regressions yielded a significant temperature de-
pendency of the intercostal tissue attenuation coefficients in
SD and LE rats (over the 3.1 to 9.6 MHz frequency range);
there was no temperature dependency in York pigs (over
the 3.1 to 8.6 MHz frequency range). There was no sig-
nificant temperature dependency of the intercostal tissue
propagation speed in SD rats; there was a temperature
dependency in LE rats and York pigs (�0.59, �1.6, and
�2.9 m/s/�C for SD rats, LE rats, and York pigs, respec-
tively). Even though the attenuation coefficient’s tempera-
ture dependency was significant from the linear regression
functions, the differences were not very great (�0.040 to
�0.13, 0.011 to 0.18, and 0.055 to 0.10 dB/cm/�C for SD
rats, LE rats, and York pigs, respectively, over the data fre-
quency range). These findings suggest that it is not neces-
sary to determine the attenuation coefficient of intercostal
tissue at body temperature (37�C), but rather it is sufficient
to determine the attenuation coefficient at room tempera-
ture (22�C), a much easier experimental procedure.

I. Introduction

There have been numerous ultrasound-induced lung
hemorrhage studies [1]–[21]. These studies, all of

which produced lung damage, involved exposing the lungs
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of various animals as a function of ultrasound frequency,
species, or age to pulsed ultrasound in vivo. For these stud-
ies, the ultrasound propagation path is between the ribs,
and this tissue region is called the intercostal tissue. Be-
tween the skin and lung surfaces, the intercostal tissue
consists of the following: skin, panniculus muscle, subcu-
taneous adipose tissue [fat], intercostal muscle, and pari-
etal pleura. Under the in vivo exposure conditions, it was
likely that the intercostal tissue was near or at a tem-
perature of around 37◦C. Some of these studies reported
the lung damage findings in terms of water-based acous-
tic pressure measurements, that is, in terms of the inci-
dent acoustic pressure on the skin surface [1]–[5], [7], [9],
[11], [13], [14]. Other studies estimated the acoustic pres-
sures at the lung surface by using the diagnostic ultrasound
system displayed quantities [6], estimated intercostal tis-
sue attenuation coefficient [7], [8], [12], or measured inter-
costal tissue attenuation coefficient at room temperature
[10], [15]–[21]. In order to undersand the mechanism(s) of
ultrasound-induced lung hemorrhage, the exposure and/or
dose must be estimated properly at the lung surface. Cur-
rently it is difficult to estimate the in situ (at the pleural
surface) exposure and/or dose in most of the published
studies. This estimation would require at least an under-
standing of the temperature-dependent attenuation coeffi-
cient of intercostal tissue. The study reported herein deter-
mines the temperature-dependent attenuation coefficient
and propagation speed of intercostal tissue in two strains
of rats and in one breed of pigs.

II. Materials and Methods

A. Animals and Animal Related Procedures

The experimental protocol was approved by the Labo-
ratory Animal Care Advisory Committee at the University
of Illinois at Urbana-Champaign and satisfied all campus
and National Institutes of Health rules for the humane use
of laboratory animals. Rats were housed in an Association
for Assessment and Accreditation of Laboratory Animal
Care, Rockville, MD (AAALAC)-approved animal facility,
placed in groups of 1–3 in polycarbonate cages with beta-
chip bedding and wire bar lids, and provided food and wa-
ter ad libitum. Pigs were housed in an AAALAC-approved
animal facility, placed in groups of 1–5 in raised deck pens
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with expanded metal floors, and provided food and water
ad libitum. The AAALAC is a private, nonprofit organi-
zation that promotes the humane treatment of animals in
science through a voluntary accreditation program.

The 26 chest walls used for attenuation coefficient and
propagation speed estimates were no older than 24-hours
post mortem (pm) when the measurement process com-
menced. They were obtained from eight 10- to 11-week-old
(mean±standard deviation) 218±14-gm female Sprague-
Dawley rats (Harlan Laboratories, Indianapolis, IN); eight
21- to 24-week-old 289±16-gm female Long-Evans rats (Si-
monsen Laboratories, Inc., Gilroy, CA); and ten 6- to 10-
week-old 18±7.6-kg mixed sex Yorkshire pigs (University
of Illinois Imported Swine Research Laboratory, Cham-
paign, IL). Sprague-Dawley rats (SD) were euthanized
by cervical dislocation while under anesthesia (ketamine
hydrochloride (87.0 mg/kg) and xylazine (13.0 mg/kg)
administered intraperitoneally) or by inhalation of com-
pressed carbon dioxide gas. Long-Evans rats (LE) were
euthanized by inhalation of carbon dioxide gas. York-
shire pigs (York) were anesthetized with ketamine hy-
drochloride (2.2 mg/kg), xylazine (2.2 mg/kg), and tile-
tamine/zolazepam (4.4 mg/kg) administered intramuscu-
larly and then euthanized by an intravenous injection of
sodium pentobarbital (0.22 mL/kg) while under anesthe-
sia. The skin of the chest wall (left side for the SD rats,
both sides for the LE rats, and both sides for the York
pigs) was exposed by removing the hair with an electric
clipper, followed by a depilatory agent (Nair�, Carter-
Wallace, Inc., New York, NY) to maximize sound trans-
mission.

Following euthanasia, the thorax was opened via a me-
dian sternotomy. The sternotomy incision was continued
along the ventral midline, with a curvilinear incision cau-
dal to the last rib, which extended to the spinal column.
This incision was then continued with a dorsal incision
off midline, separating the chest wall from the spinal col-
umn. A curvilinear incision was made cranial to the first
rib, connecting to the median sternotomy. The thickness of
each intercostal tissue (skin, panniculus muscle, subcuta-
neous adipose tissue [fat], intercostal muscle, and parietal
pleura) was measured with a digital micrometer (accuracy:
10 µm; Mitutoyo Corp., Kawasaki, Kanagawa, Japan) at
the location of the attenuation measurements. Immedi-
ately following removal, the chest walls were placed in
0.9% sodium chloride solution then sealed in Glad-Lock�

ZipperTM bags (The Glad Products Co., Oakland, CA).
Rat and pig chest walls were stored (<2 hours and ≤ 1
day, respectively) at 4◦C prior to measurements.

B. Measurement and Analysis Techniques

Identical experimental procedures were used for each
species as described previously [22] using a standard
through-transmission insertion-loss technique [23] to es-
timate the attenuation coefficient of the chest-wall in-
tercostal tissues. The source transducer was driven by
a low-power Panametrics 5800 pulser/receiver (Panamet-

rics, Waltham, MA). The pulser/receiver operated in both
the pulse-echo mode and the through-transmission mode,
and its 2-kHz pulse repetition frequency signal was fed
to the source transducer. The source transducer, the hy-
drophone, and the specially designed holders supporting
the chest-wall samples were immersed in degassed wa-
ter maintained at a constant temperature. Water tem-
perature was controlled by a proportional temperature
controller (Yellow Springs Instrument Co., Inc., Yellow
Springs, OH) that was connected to three heaters (Waage
Electric, Inc., Kenilworth, NJ). A precision thermometer
in the water tank served as the temperature standard, and
the three temperatures used in this study were 22±0.5,
30±0.6, and 37±0.3◦C. Pulse-echo ultrasonic fields of each
focused, 19-mm-diameter source transducer (Panametrics,
Inc., Waltham, MA) were characterized in degassed water
(22◦C) by an established technique [24] prior to the ex-
periments. The characterization of the transducer used for
the pig chest walls yielded a center frequency of 7.0 MHz,
a fractional bandwidth of 40%, a focal length of 97 mm,
a −6-dB focal beamwidth of 1.1 mm, and a −6-dB depth
of focus of 38 mm. The characterization of the transducer
used for the rat chest walls yielded a center frequency of
7.1 MHz, a fractional bandwidth of 43%, a focal length
of 51 mm, a −6-dB focal beamwidth of 0.56 mm, and a
−6-dB depth of focus of 9 mm. The hydrophone was a 1-
mm2 bilaminar membrane hydrophone (Perceptron Model
804, Plymouth Meeting, PA). Holders for the chest walls
were designed to accommodate two different species as a
function of size. The sample was positioned between the
broadbanded source transducer and the hydrophone. The
hydrophone was placed as close as possible adjacent to the
sample with the source transducer’s focus at the location
of the hydrophone.

The chest-wall samples were acclimatized to the wa-
ter’s temperature (22, 30, and 37◦C) for a period of at
least 15 minutes after the water reached its target tem-
perature. Data were acquired from 400 adjacent lateral
positions over a 20-mm length in increments of 50 µm,
for the rats. Data were acquired from 1000 adjacent lat-
eral positions over a 50-mm length in increments of 50 µm
for the pigs. The tissue site at which data were acquired
was in the same location as the sound beam propagated in
our ultrasound-induced lung hemorrhage exposures. Ac-
quired data, at the same sample location, consisted of the
through-transmission RF signals from which attenuation
and speed were estimated, and pulse-echo RF signals for a
B-mode image from which sample thickness was estimated.
No bubbles were visible on the chest-wall samples; shaved
and depilated chest walls were used. If bubbles had been
present, it is hypothesized that they would have shown up
on the B-mode image. However, no bubbles were visible by
the naked eye or in the B-mode images of the chest-wall
samples. If there was some skin with hair still remaining on
the sample, the hair was removed prior to data acquisition.
Also, even though the attenuation losses included surface
reflection losses, they were considered to be insignificant
and were not measured separately.
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Through-transmission reference data were acquired
with degassed water between the source transducer and
hydrophone. Reference data were acquired for each sam-
ple immediately following the acquisition of data from the
chest-wall sample. The digitized pulse-echo and through-
transmission RF signals were transferred to a Sun Ultra-
Sparc (Sun Microsystems, Inc., Santa Clara, CA) worksta-
tion and analyzed using Matlab� (The MathWorks, Inc.,
Natick, MA).

Intercostal tissue propagation speed was determined
from the transit time difference (∆t) via a standard cor-
relation integral technique between the water-path and
through-tissue signals collected at the hydrophone, and
from the sample thickness (d) determined from the B-
mode image using:

csample =
creference

1 +
(creference) (∆t)

d

, (1)

where creference is the propagation speed in water. The ref-
erence speed at the three temperatures was determined
from a published equation [25] for distilled water, and the
three reference speeds were 1488 (22◦C), 1509 (30◦C), and
1524 (37◦C) m/s.

Intercostal tissue attenuation coefficient was deter-
mined from the insertion loss power spectrum divided by
the thickness of the sample. The insertion loss power spec-
trum (dB) was determined from the difference of two power
spectra, the power spectrum of the received RF wave-
forms that propagated through water alone, and the power
spectrum of the received RF waveforms that propagated
through the interposed intercostal tissue sample. The in-
sertion loss was divided by the thickness of the sample, as
calculated from the B-mode image, to yield the attenua-
tion coefficient (in dB/cm).

The intercostal tissue propagation speed that was de-
termined from (1) has the potential to be in error. The
intercostal tissue thickness d was determined from the B-
mode image, and a propagation speed of 1540 m/s was
used; the tissue propagation speed is, in general, different
from 1540 m/s. Likewise, the intercostal tissue attenua-
tion coefficient has the potential to be in error because its
calculation was based on the same intercostal tissue thick-
ness d that was determined from the B-mode image. The
errors were assessed against the intercostal tissue thick-
nesses measured with the digital micrometer, dmeasured.
For the revised propagation speed, dmeasured was used in
(1); creference and ∆t remained unchanged. For the revised
attenuation coefficient, dmeasured was used; insertion loss
remained unchanged. The propagation speed errors ranged
between −0.03 and +0.25%. The attenuation coefficient er-
rors ranged between −3.5 and +3.5%. These errors were
much less than the standard errors of propagation speed
and attenuation coefficient. Therefore, no correction to the
propagation speeds and attenuation coefficients as deter-
mined from the intercostal tissue thickness d (from the
B-mode image) was made.

C. Statistics

The linear regression analysis [26] yielded the ±95%
confidence bands for the regression line, the coefficient of
determination, r2, the standard error of regression, SER,
and the standard error of the slope, SES. It is common to
see the attenuation coefficient normalized to frequency (in
dB/cm-MHz), which is the slope term for these regressions,
to which the SES applies.

To test for equality of the three regression lines for
each animal, an analysis of covariance F-test [27] was
performed. The null model constrains the intercepts and
slopes to be equal across different pig ages. The general
model allows for unequal intercepts and slopes for the pig
ages. If not rejected, the null model is used. If it is rejected,
the general model is used.

III. Results

The mean±standard deviation intercostal tissue thick-
nesses were 3.64±0.25 mm, 4.31±0.18 mm, and 2.18±0.69
cm for the SD rats, LE rats, and York pigs, respectively.

The frequency range for all of the rat intercostal tis-
sue attenuation coefficient measurements was between 3.1
and 9.6 MHz in 0.5-MHz increments (14 values per tis-
sue sample), and for the pig intercostal tissue attenuation
coefficients was between 3.1 and 8.6 MHz in 0.5-MHz in-
crements (12 values per tissue sample). The increased fre-
quency range for the rat intercostal tissue was possible
because of the lower attenuation in these thinner samples;
the measurement system’s drive signal amplitude from the
pulser/receiver was limited. Thus, for each of the eight rat
chest walls, there were 14 frequencies and hence 14 at-
tenuation coefficient values, or a total of 112 data points
(8×14) for the linear regression analysis at each tempera-
ture. For the ten pig chest walls, there were a total of 120
data points (10 × 12) for the linear regression analysis at
each temperature.

Graphical representation of the frequency-dependent
attenuation coefficient regression functions is shown in
Fig. 1 for the intercostal tissue from the chest walls of
eight SD rats, eight LE rats, and ten York pigs, each at
three temperatures, (22, 30, and 37◦C). The linear regres-
sion equations for the nine curves (Fig. 1) are:

A = 1.64f − 1.32 8 SD rats at 22◦C
frequency range: 3.1–9.6 MHz

n = 112, r2 = 0.72, SER = 2.1, SES = 0.096
A = 1.57f − 1.70 8 SD rats at 30◦C

frequency range: 3.1–9.6 MHz

n = 112, r2 = 0.76, SER = 1.8, SES = 0.085
A = 1.42f − 1.22 8 SD rats at 37◦C

frequency range: 3.1–9.6 MHz

n = 112, r2 = 0.67, SER = 2.0, SES = 0.095
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Fig. 1. Attenuation coefficient regression functions (linear regression
lines ±95% confidence band for the regression line) as a function of
frequency for the intercostal tissues of (a) SD rats, (b) LE rats, and
(c) York pigs. The numbers following SD, LE, and York denote the
temperature (22, 30, 37◦C).

A = 1.42f − 1.58 8 LE rats at 22◦C
frequency range: 3.1–9.6 MHz

n = 112, r2 = 0.74, SER = 1.7, SES = 0.080
A = 1.53f − 1.56 8 LE rats at 30◦C

frequency range: 3.1–9.6 MHz

n = 112, r2 = 0.71, SER = 2.0, SES = 0.093
A = 1.82f − 2.67 8 LE rats at 37◦C

frequency range: 3.1–9.6 MHz

n = 112, r2 = 0.86, SER = 1.5, SES = 0.071
A = 1.16f + 2.14 10 York pigs at 22◦C

frequency range: 3.1–8.6 MHz

n = 120, r2 = 0.28, SER = 3.3, SES = 0.17

Fig. 2. All nine attenuation coefficient linear regression equations
without the ±95% confidence band for the regression line from Fig. 1.

A = 1.24f + 2.08 10 York pigs at 30◦C
frequency range: 3.1–8.6 MHz

n = 120, r2 = 0.35, SER = 2.9, SES = 0.15
A = 1.29f + 2.58 10 York pigs at 37◦C

frequency range: 3.1–8.6 MHz

n = 120, r2 = 0.39, SER = 2.8, SES = 0.15

where the attenuation coefficient (A) is in decibels per cen-
timeter and the ultrasonic frequency (f) is in megahertz.

A power law fit also was determined for the above
nine data sets, and are over the above indicated frequency
range:

A = 0.99f1.18 r2 = 0.74 8 SD rats at 22◦C

A = 0.87f1.20 r2 = 0.76 8 SD rats at 30◦C

A = 0.95f1.12 r2 = 0.61 8 SD rats at 37◦C

A = 0.78f1.20 r2 = 0.82 8 LE rats at 22◦C

A = 0.85f1.21 r2 = 0.79 8 LE rats at 30◦C

A = 0.75f1.32 r2 = 0.90 8 LE rats at 37◦C

A = 2.42f0.71 r2 = 0.26 10 York pigs at 22◦C

A = 2.53f0.72 r2 = 0.33 10 York pigs at 30◦C

A = 2.81f0.71 r2 = 0.37 10 York pigs at 37◦C

Comparison of the SD rat attenuation coefficients in
the general model [27] for the three temperatures indicates
that the three linear regressions are different (p < 0.0001).
Likewise, comparison of the LE rat attenuation coeffi-
cients in the general model [27] for the three tempera-
tures indicates that the three linear regressions are differ-
ent (p < 0.0001). However, comparison of the York pig
attenuation coefficients in the null model [27] for the three
temperatures do not indicate that the three linear regres-
sions are different (p = 0.54). All nine linear regression
equations without the ±95% confidence band for the re-
gression line are shown in Fig. 2.

Comparisons of the intercostal tissue attenuation co-
efficient (dB/cm-MHz) data for the three temperatures
were performed at the discrete frequencies of 3.1, 6.2, and
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Fig. 3. The intercostal tissue attenuation coefficient at (a) 3.1 MHz,
(b) 6.2 MHz, and (c) 8.6 MHz for the three temperatures (22, 30,
37◦C) for SD rats, LE rats, and York pigs. Error bars are standard
errors of the mean.

8.6 MHz for each animal group (Fig. 3, Table I). A single-
factor Analysis of Variance (ANOVA) indicates that there
is no statistically significant difference as a function of tem-
perature. However, there were some significant differences
(single-factor ANOVA) of the same temperature at the
three frequencies.

Propagation speeds as a function of temperature for the
three animal groups are shown in Fig. 4, and listed in Ta-
ble II. A single-factor ANOVA indicates that there is no
statistically significant difference as a function of temper-
ature for the SD rat. However, the LE rat and York pig
propagation speeds are different as a function of tempera-
ture.

Fig. 4. The intercostal tissue propagation speed for the three tem-
peratures (22, 30, 37◦C) for SD rats, LE rats, and York pigs. Error
bars are standard errors of the mean.

IV. Discussion

The temperature-dependent attenuation coefficient and
propagation speed literature is quite sparse [28], [29].
There are no known reports for intercostal tissue of any
species. One way to evaluate the temperature-dependent
findings reported herein relative to the literature is to ex-
amine the temperature dependence of the different types
of tissues that compose intercostal tissue. Intercostal tis-
sue is composed of skin, panniculus muscle, subcutaneous
adipose tissue [fat], and intercostal muscle, viz., skin, fat,
and muscle. We have reported percentages (mean) of in-
tercostal tissue constituents (skin, fat, and muscle content)
for SD rats [22] and for crossbred pigs at three ages [30]
(Table III).

Muscle is the major constituent of intercostal tis-
sue. Muscle has a weak temperature-dependent attenu-
ation coefficient that ranges between −0.006 dB/cm/◦C
for canine heart muscle [31] and +0.04 dB/cm/◦C for
bovine skeletal muscle [32]; and it has a relatively strong
temperature-dependent propagation speed that ranges be-
tween +0.6 m/s/◦C for canine skeletal muscle [33] and
+2.9 m/s/◦C for bovine skeletal muscle [32]. No reports are
known for skin, but generally the temperature-dependent
attenuation coefficient and propagation speed for most soft
tissues are in the ranges of those just reported [29], that
is, about −0.05 dB/cm/◦C and about +1 m/s/◦C, respec-
tively. Thus skin and muscle, which constitute about three-
fourths of intercostal tissue, tend to exhibit a positive tem-
perature dependency for both attenuation coefficient and
propagation speed.

However, fat, which constitutes about one-quarter of in-
tercostal tissue, has a relatively strong but highly variable
temperature-dependent attenuation coefficient that ranges
between −0.08 and −0.2 dB/cm/◦C for porcine back fat
[34], and between +0.09 and −0.6 dB/cm/◦C for bovine
peritoneal fat [35]. Likewise, fat has a relatively strong
temperature-dependent propagation speed that ranges be-
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TABLE I
Mean (standard error of the mean) Attenuation Coefficient Values of Intercostal Tissue as a Function of Temperature

and Ultrasonic Frequency.
∗

Attenuation coefficient (dB/cm-MHz) Temperature
dependent

@22◦C @30◦C @37◦C p-value

SD (@3.1 MHz) 1.34 (0.19) 1.20 (0.11) 1.23 (0.12) 0.78
LE (@3.1 MHz) 1.03 (0.07) 1.15 (0.14) 1.12 (0.08) 0.69
York (@3.1 MHz) 1.94 (0.23) 1.99 (0.15) 2.18 (0.17) 0.64
SD (@6.2 MHz) 1.39 (0.12) 1.24 (0.10) 1.17 (0.10) 0.34
LE (@6.2 MHz) 1.13 (0.08) 1.25 (0.10) 1.34 (0.07) 0.22
York (@6.2 MHz) 1.50 (0.19) 1.57 (0.16) 1.71 (0.15) 0.68
SD (@8.6 MHz) 1.49 (0.10) 1.39 (0.10) 1.30 (0.11) 0.43
LE (@8.6 MHz) 1.25 (0.10) 1.36 (0.11) 1.52 (0.089) 0.18
York (@8.6 MHz) 1.39 (0.15) 1.45 (0.15) 1.54 (0.14) 0.77
SD frequency dependent p-value 0.73 0.43 0.75
LE frequency dependent p-value 0.23 0.44 0.007
York frequency dependent p-value 0.12 0.05 0.02

∗The specimens are from eight SD rats, eight LE rats, and ten York pigs. The temperature-dependent
p-values are for that temperature-dependent row; the frequency-dependent p-values are for the frequency-
dependent columns where n = 8 for the SD rats, n = 8 for the LE rats, and n = 10 for the York pigs for
each temperature.

TABLE II
Mean (standard error of the mean) Propagation Speed Values of Intercostal Tissue as a Function of Temperature.

∗

Propagation speed (m/s)
@22◦C @30◦C @37◦C p-value

SD rats 1515 (6) 1504 (5) 1506 (7) 0.42
LE rats 1515 (2) 1499 (3) 1490 (4) 0.0001
York pigs 1594 (10) 1569 (3) 1550 (4) 0.0003

∗The specimens are from eight SD rats, eight LE rats, and ten York pigs. The p-values are for that
temperature-dependent row where n = 8 for the SD rats, n = 8 for the LE rats, and n = 10 for the
York pigs for each temperature.

TABLE III
Mean Percentages of Intercostal Tissue Constituents for Rats [22] and for Pigs [30].

Crossbred Crossbred Crossbred
Species SD rat pig pig pig

Age (days) 42–49 4–5 27–30 58–62
Skin content (%) 27 21 10 15
Fat content (%) 12 24 37 19
Muscle content (%) 61 54 52 66

tween −2 and −3 m/s/◦C for canine stomach fat [33] and
between −7 and −8 m/s/◦C for bovine peritoneal fat [35].
Thus, fat, which constitutes about one-quarter of inter-
costal tissue, suggests a negative temperature dependency
for both attenuation coefficient and propagation speed.

There was no temperature dependency of the intercostal
tissue attenuation coefficients in either species at the dis-
crete frequencies of 3.1, 6.2 and 8.6 MHz (Tables I and IV).
However, when considering the linear regression analyses,
there was a temperature dependency of the intercostal tis-
sue attenuation coefficients in SD and LE rats, but there
was no temperature dependency in York pigs. Generally,

the attenuation coefficient increased as temperature de-
creased and increased for SD and LE rats, respectively,
with the spread the greatest at the highest frequencies; the
regression equations closely overlapped at the lowest fre-
quencies. This result is shown quantitatively in Table IV in
which the temperature-dependent attenuation coefficient
becomes more negative as a function of frequency for the
SD rats, and the temperature-dependent attenuation co-
efficient becomes more positive as a function of frequency
for the LE rats.

Also, Table IV provides an explanation about why there
was no temperature dependency of the intercostal tis-
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TABLE IV
Calculated Slopes of the Attenuation Coefficient (dB/cm) vs. Temperature (

◦
C) from the Linear Regression Equations at

Three Frequencies, and from the Same Discrete Frequencies.

Slope (dB/cm/◦C) Slope (dB/cm/◦C)
f (MHz) (regression) (discrete frequencies)

SD rat 3.1 −0.040 −0.0076
SD rat 6.2 −0.085 −0.015
SD rat 9.6 −0.13 −0.013
LE rat 3.1 0.011 0.0065
LE rat 6.2 0.093 0.014
LE rat 9.6 0.18 0.019
York pig 3.1 0.055 0.016
York pig 6.2 0.082 0.014
York pig 8.6 0.10 0.0099

TABLE V
Calculated Slopes of the Mean Propagation Speed (m/s) vs.

Temperature (
◦
C).

Slope (m/s/◦C)

SD rats −0.59
LE rats −1.6
York pigs −2.9

sue attenuation coefficients in either species at the dis-
crete frequencies, but there was a temperature depen-
dency of the intercostal tissue attenuation coefficients in
SD and LE rats using the linear regression equations.
The regression-based slope values for the York pigs were
≤ 0.1 dB/cm/◦C over the spectrum for applicable frequen-
cies; thus, the temperature-dependent attenuation coeffi-
cient did not change very much between 3.1 and 8.6 MHz.
That is why there was no temperature dependency of the
intercostal tissue attenuation coefficient for York pigs (the
discrete-frequency slope values for the York pigs were even
less). Likewise, the magnitudes of the regression-based
slope values for the SD and LE rats were ≤ 0.1 dB/cm/◦C
at 3.1 and 6.2 MHz, and thus exhibited no temperature
dependency of the intercostal tissue attenuation coeffi-
cients. However, when the highest applicable frequency
was included in the analysis, as was the case for the
linear regression analysis, the higher magnitudes of the
regression-based slope values for the SD and LE rats were
>0.1 dB/cm/◦C, thus causing a sufficient temperature de-
pendency to affect the statistical significance.

There was no temperature dependency of the intercostal
tissue propagation speed in SD rats, but there was a tem-
perature dependency in LE rats and York pigs. For the
LE rats and York pigs, the propagation speed decreased as
temperature increased. This result is shown quantitatively
in Table V in which the temperature-dependent propaga-
tion speed is least negative for the SD rats, in between for
the LE rats, and most negative for the York pigs.

Relative differences in tissue constituents could explain
the temperature dependence and the temperature inde-
pendence of both the attenuation coefficient and propaga-

tion speed of intercostal tissue. The nonfat tissue generally
has a positive temperature dependence for both attenua-
tion coefficient and propagation speed, but fat tissue gen-
erally has a negative temperature dependence for both.
For the SD rats with a negative temperature-dependent
attenuation coefficient (Table IV) and slight but not signif-
icant negative temperature-dependent propagation speed
(Table V), fat tissue might be considered to have a weak
contribution on the ultrasonic propagation properties. For
the LE rats with a positive temperature-dependent atten-
uation coefficient (Table IV) and a negative temperature-
dependent propagation speed (Table V), the role of fat tis-
sue and nonfat tissue appear to have competing effects on
different ultrasonic propagation properties. Likewise, for
the York pigs, there was a slight but not significant pos-
itive temperature-dependent attenuation coefficient (Ta-
ble IV) and a negative temperature-dependent propaga-
tion speed (Table V). Here also, the role of fat tissue and
nonfat tissue appear to have competing effects on differ-
ent ultrasonic propagation properties. It also is possible
that the distribution of the tissue constituents through-
out the intercostal tissue had an effect on the ultrasonic
propagation properties. For example, even though the con-
centration of the tissue constituents were not too different
for these species, the York pig had significantly greater
attenuation coefficients and propagation speeds than the
two rat strains. Also, although the intercostal tissues of
all species evaluated herein have a negative temperature-
dependent propagation speed, the intercostal tissues of LE
rats and York pigs had a positive temperature-dependent
attenuation coefficient. These observations may be due to
distribution of the tissue constituents, and the exact type
of the specific tissues cannot be discounted, particularly
the type of fat tissue.

V. Conclusions

The primary purpose of this study was to estimate the
temperature dependence of the intercostal tissue’s atten-
uation coefficient so that accurate estimates of the in situ
(at the pleural surface) acoustic pressure levels could be
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Fig. 5. The in situ (at the pleural surface) acoustic pressure error
at 37◦C from intercostal tissue measurements at 22◦C as a function
of the temperature-dependent attenuation coefficient for four inter-
costal tissue thicknesses.

made for our ultrasound-induced lung hemorrhage stud-
ies. The in situ acoustic pressure is calculated from the
in vitro (water-based) acoustic pressure measurement us-
ing the expression pin situ = pin vitroe−Ad where A is the
attenuation coefficient and d is the intercostal tissue thick-
ness. As a worse-case example, the SD rats used in a pre-
vious study [19] had a maximum intercostal tissue thick-
ness of 4.2 mm, and pin situ was calculated from an at-
tenuation coefficient of 1.1 dB/cm-MHz, which was inde-
pendently measured at a temperature of 22◦C [22]. An
intercostal tissue thickness of 6 mm will be used with
this example. For a temperature-dependent attenuation
coefficient at 3.1 MHz of −0.02 dB/cm/◦C (a discrete-
frequency value of −0.0076 dB/cm/◦C was determined,
see Table IV), which would yield an pin situ value at
37◦C that is in error by +2.1% relative to not taking
into consideration the temperature-dependent attenuation
coefficient. Using the temperature-dependent attenuation
coefficient at 6.2 MHz of −0.03 dB/cm/◦C (a discrete-
frequency value of −0.015 dB/cm/◦C was determined, see
Table IV), the error would be 3.2%. As a worse-case exam-
ple for a larger intercostal tissue thickness of 20 mm, us-
ing the temperature-dependent attenuation coefficient at
3.1 MHz of +0.025 dB/cm/◦C (a discrete-frequency value
of +0.016 dB/cm/◦C was determined for York pigs, see Ta-
ble IV), the error would be −8.3%. These errors are within
the measurement uncertainty of the calibration procedure.
Thus, it is not necessary to determine the attenuation co-
efficient of intercostal tissue at body temperature (37◦C),
but rather it is sufficient to determine the attenuation co-
efficient at room temperature (22◦C). Fig. 5 shows these
errors as a function of the intercostal tissue thickness and
temperature-dependent attenuation coefficient.
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