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Superthreshold Behavior and Threshold
Estimates of Ultrasound-Induced Lung

Hemorrhage in Adult Rats: Role of Beamwidth
William D. O’Brien, Jr., Fellow, IEEE, Douglas G. Simpson,
Leon A. Frizzell, Senior Member, IEEE, and James F. Zachary

Abstract—It is well documented that ultrasound-induced
lung hemorrhage can occur in mice, rats, rabbits, pigs, and
monkeys. The objective of this study was to assess the role
of the ultrasound beamwidth (beam diameter incident on
the lung surface) on lesion threshold and size. A total of 144
rats were randomly exposed to pulsed ultrasound at three
exposure levels and four beamwidths (12 rats per group).
The three in situ peak rarefactional pressures were about 5,
7.5, and 10 MPa. The four 19-mm-diameter focused trans-
ducers had measured pulse-echo –6-dB focal beamwidths
of 470 �m (2.8 MHz; f/1), 930 �m (2.8 MHz; f/2), 310 �m
(5.6 MHz; f/1), and 510 �m (5.6 MHz; f/2). Exposure dura-
tions were 10 s, pulse repetition frequencies were 1 kHz, and
pulse durations were 1.3 �s (2.8 MHz; f/1), 1.2 �s (2.8 MHz;
f/2), 0.8 �s (5.6 MHz; f/1) and 1.1 �s (5.6 MHz; f/2). The
lesion surface area and depth were measured for each rat as
well as the percentage of rats with lesions per group. Logis-
tic regression analysis and Gaussian-Tobit analysis methods
were used to analyze the data. The effects of in situ peak
rarefactional pressure and beamwidth were highly signifi-
cant, but ultrasonic frequency was not significant. In addi-
tion, the estimated interaction between in situ peak rare-
factional pressure and beamwidth was positive and highly
significant. The ultrasound beamwidth incident on the lung
surface was shown to strongly affect the percentage and
size of ultrasound-induced lung hemorrhage lesions. Even
though ultrasonic frequency was an experimental variable,
it was not shown to affect the lesion percentage or size.

I. Introduction

The clinical use of diagnostic ultrasound continues
to have a remarkable safety record in human medicine.

Over the past decade, however, concerns for its safety
have been raised based on experimental findings docu-
menting lung hemorrhage in mice, rats, rabbits, monkeys
and pigs [1]–[20]. In these studies, there was not a thorough
evaluation of the influence of beamwidth on ultrasound-
induced lung hemorrhage, although beamwidth is a ma-
jor ultrasound exposure variable of diagnostic ultrasound
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TABLE I
Water-Based Pulse-Echo Ultrasonic Field Distribution

Results for the Four 19-mm-Diameter Lithium Niobate

Ultrasonic Transducers Tabluated by Nominal f-Number.

Pulse-echo quantity f/1 f/2 f/1 f/2

Center frequency (MHz) 2.8 2.8 5.6 5.6
Fractional bandwidth (%) 12 11 15 13
Focal length (mm) 19 39 19 38
–6-dB focal beamwidth (µm) 470 930 310 510
–6-dB depth of focus (mm) 2.7 12 2.1 6.9

systems. In one of these studies, however, little differ-
ence was shown in the reported thresholds of ultrasound-
induced lung hemorrhage between focused and unfocused
fields [1]. Beamwidth is an important variable for influ-
encing ultrasound-induced heating [21], [22], although sev-
eral studies have indicated that heating is not responsible
for ultrasound-induced lung hemorrhage [1], [2], [23]. Our
study reports the results of a comprehensive evaluation
of the influence of beamwidth in producing ultrasound-
induced lung hemorrhage in rats. Two ultrasonic frequen-
cies (2.6 and 5.6 MHz) were used, with two beamwidths
for each frequency. A previous study showed that the oc-
currence of ultrasound-induced lung hemorrhage was in-
dependent of these frequencies in both mice and rats [19].

II. Materials and Methods

A. Exposimetry

Ultrasonic exposures were conducted using four fo-
cused, 19-mm-diameter, lithium niobate ultrasonic trans-
ducers (Valpey Fisher, Hopkinton, MA). Water-based (de-
gassed water, 22◦C) pulse-echo ultrasonic field distribution
measurements were performed according to established
procedures [19], [24] (Table I).
An automated procedure based on established stan-

dards [27], [28] was used to routinely calibrate the ultra-
sound fields [19], [25], [26]. Briefly, the source transducer’s
drive voltage was supplied by a RAM5000 (Ritec, Inc.,
Warwick, RI) that had the capability to deliver up to a
5-kW single-cycle pulse into a 50-Ω load (Fig. 1).
A calibrated PVDF membrane hydrophone (Marconi

Model Y-34-6543, Chelmsford, UK) was mounted to

0885–3010/$10.00 c© 2001 IEEE



1696 ieee transactions on ultrasonics, ferroelectrics, and frequency control, vol. 48, no. 6, november 2001

Fig. 1. Block diagram of ultrasound calibration procedure.

the computer-controlled micropositioning system (Daedal,
Inc., Harrisburg, PA). The hydrophone’s signal was dig-
itized with an oscilloscope (500 Ms/s; LeCroy Model
9354TM, Chestnut Ridge, NY), the output of which was
fed to the same computer (Dell Pentium II; Dell Corpora-
tion, Round Rock, TX) that controlled the positioning sys-
tem. Off-line processing (Matlab; The Mathworks, Natick,
MA) yielded the peak water-based rarefactional pressure
pr(in vitro) and the peak water-based compressional pres-
sure pc(in vitro) (Table II). The Mechanical Index (MI) was
also determined [27]. The MI is reported because it is a
regulated quantity [29], [30] of diagnostic ultrasound sys-
tems, and its value is available to system operators. Thus,
there is value to provide the MI for each of our exposure
settings, in order to give general guidance to manufactur-
ers and operators as to the levels we are using in this study.
Further, it is a quantity that cannot be determined from
pr(in vivo).

Independent calibrations were performed weekly on all
four transducers during the duration of the experiment.
One set of calibrations was performed before exposures
were initiated each week, and one set of calibrations
was performed after exposures were concluded for each
week. Relative standard deviations (standard deviationmean )
of pr(in vitro) and pc(in vitro) were 12 and 15%, respectively,
for each of the transducers. The pulse durations were also
measured [28] at every calibration for each transducer, and
their mean values were 1.3 µs (2.8 MHz; f/1); 1.2 µs (2.8
MHz; f/2); 0.8 µs (5.6 MHz; f/1); and 1.1 µs (5.6 MHz;
f/2).

The in situ (at the pleural surface) peak rarefactional
and compressional pressures were estimated from their re-
spective in vitro peak acoustic pressures, the mean atten-
uation coefficient of the chest wall’s intercostal tissue (2.8
dB/cm at 2.8 MHz; 5.9 dB/cm at 5.6 MHz) [31], and the
mean chest wall thickness (156 rats: 3.66± 0.28 mm). The
experimental findings were analyzed and reported in terms
of the in situ peak rarefactional pressure pr(in situ) (Ta-
ble II).

B. Animals

The experimental protocol was approved by the cam-
pus’ Laboratory Animal Care Advisory Committee and
satisfied all campus and National Institutes of Health rules
for the humane use of laboratory animals. Animals were
housed in an AAALAC-approved animal facility, placed in
groups of three or four in polycarbonate cages with beta-
chip bedding and wire bar lids, and provided food and
water ad libitum.
A total of 144 10-to-11-wk-old 257 ± 21-g female

Sprague-Dawley rats (Harlan, Indianapolis, IN) were as-
signed to one of four beamwidth groups at random (Ta-
ble I). An additional 12 rats were assigned as shams (3
per group) and incorporated into the randomized design.
Three pr(in situ) levels were estimated from the results of
a previous study [19] to allow essentially the same three
pr(in situ) levels for each of the four beamwidth groups (Ta-
ble II). The individuals involved in animal handling, ex-
posure, and lesion scoring were blinded to the exposure
condition. The exposure condition for each animal was re-
vealed only after the final results were tabulated.
Rats were weighed and then anesthetized with ketamine

hydrochloride (87.0 mg/kg) and xylazine (13.0 mg/kg) ad-
ministered intraperitoneally. The skin of the left thorax
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 transmission. A
black dot was placed on the skin over the ribs at approx-
imately the sixth to ninth rib to guide the positioning of
the ultrasonic beam. Anesthetized animals were placed in
a specially designed holder to which the ultrasonic trans-
ducer was attached. A removable pointer, attached to the
transducer, was used to position the ultrasonic beam, per-
pendicular to the skin, at the position of the black dot,
with the beam’s focal region approximately at the lung
surface [19]. The ultrasonic beam was incident on the lat-
eral surface of the lung.
The holder with the animal and mounted transducer

was placed in degassed, temperature-controlled (30◦C) wa-
ter. The low-power, pulse-echo capability of the exposure
system (RAM5000; Ritec, Inc., Warwick, RI) displayed on
an oscilloscope was used to adjust the axial center of the
focal region to within 1 mm of the lung surface. It was dur-
ing this part of the experimental procedure that the 13-Ω
in-line attenuator was placed between the RAM5000 and
transducer to obtain very low exposure values (see sham
in Table II for these low-level ultrasonic pressure levels).
Also, the pulse repetition frequency was reduced to 10 Hz
during this alignment procedure. The ultrasound propa-
gation medium between the transducer and the animal’s
skin surface was degassed water, as was used for transducer
calibrations. Animals were exposed to pulsed ultrasound
with a pulse repetition frequency of 1 kHz and an expo-
sure duration of 10 s. The 10-s exposure duration was used
to simulate incidental exposure to lung tissue because, in
clinical practice, the lung is generally not intentionally ex-
posed to diagnostic ultrasound. Following exposure, rats
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TABLE II
Mean Values of the In Situ (at the Pleural Surface) Peak Rarefactional

Pressure pr(in situ)
and Peak Compressional Pressure pc(in situ)

.

Mean (SEM) Mean (SEM)
Number of pr(in situ) pc(in situ) Lesions lesion area lesion depth
animals (MPa) (MPa) MI (%) (mm2) (mm)

Beamwidth = 470 µm; frequency = 2.8 MHz
3 (sham) 0.26 0.28 0.15 0 — —
12 5.11 5.07 2.57 17 (11) 2.08 (1.92) 0.22 (0.15)
12 7.61 9.39 3.90 42 (14) 1.65 (0.72) 0.54 (0.20)
12 10.2 14.3 5.26 67 (14) 2.40 (0.76) 0.85 (0.25)

Beamwidth = 930 µm; frequency = 2.8 MHz
3 (sham) 0.26 0.28 0.15 0 — —
12 4.93 11.8 2.16 25 (13) 0.95 (0.52) 0.28 (0.15)
12 7.53 19.9 3.27 75 (13) 5.19 (1.45) 1.25 (0.29)
12 10.2 28.1 4.40 100 (0) 16.0 (1.73) 2.72 (0.26)

Beamwidth = 310 µm; frequency = 5.6 MHz
3 (sham) 0.23 0.26 0.063 0 — —
12 5.04 7.49 1.74 8 (8) 0.04 (0.04) 0.02 (0.02)
12 7.57 12.1 2.55 17 (11) 0.53 (0.42) 0.26 (0.16)
12 10.1 16.8 3.38 33 (14) 1.90 (1.10) 0.36 (0.15)

Beamwidth = 510 µm; frequency = 5.6 MHz
3 (sham) 0.23 0.26 0.063 0 — —
12 5.46 9.88 1.36 8 (8) 0.05 (0.05) 0.06 (0.06)
12 8.04 14.9 1.99 67 (14) 2.43 (0.79) 1.04 (0.30)
12 10.7 20.1 2.64 92 (8) 7.07 (1.27) 1.93 (0.22)

All rats were exposed to pulsed ultrasound (pulse repetition frequency of 1 kHz and exposure duration of
10 s). The sham exposure conditions used a pulse repetition frequency of 10 Hz. Mean values of the MI, as
measured according to the applicable standard [27], are provided because the MI is a regulated quantity of
diagnostic ultrasound equipment.

were removed from the water and holder and euthanized
under anesthesia by cervical dislocation.

The left thoracic wall was opened, and the thickness of
the intercostal tissue (skin, fat, fascia, muscle, and parietal
pleura) between the ribs was measured with a digital mi-
crometer (accuracy: 10 µm) at the black dot used for trans-
ducer alignment. These chest wall measurements were used
for later calculation of the in situ ultrasonic pressures at
the visceral pleural surface. The lungs were removed from
each animal, and the left lung was scored for the presence
or absence of hemorrhage. As previously reported [17], [19],
lung hemorrhage formed along the pathway of the ultra-
sound beam and the lesion assumed a conical shape. The
base of the lesion originated at the visceral pleural surface
and was elliptical in shape. The lesion extended into lung
parenchyma to form its apex at varied depths within the
lung. The left lung was fixed by immersion in 10% neutral-
buffered formalin for a minimum of 24 h. After fixation,
the elliptical dimensions of each lung lesion at the visceral
pleural surface were measured using a digital micrometer
where a is the semi-major axis and b is the semi-minor axis.
The lesion was then bisected, and the depth d of the lesion
within the pulmonary parenchyma was also measured. The
surface area (πab) and volume (πabd/3) of the lesion were
calculated for each animal. Each half of the bisected lesion
was embedded in paraffin, sectioned at 5 µm, stained with
hematoxylin and eosin, and evaluated microscopically.

C. Statistics

Logistic regression analysis was used to examine
the dependence of the lesion incidence rates on ultra-
sonic frequency, in situ peak rarefactional pressure, and
beamwidth. The logistic regression analysis models the
log-odds of an event (i.e., occurrence of a lesion) as a lin-
ear function, with coefficients for each of the variables in
the study [32]. Maximum likelihood estimates of the model
parameters, estimated covariance matrices, and confidence
intervals were computed using S-Plus�(Insightful Corp.,
Seattle, WA). Variables were selected by backward elimi-
nation. Initially, all experimental variables and their pair-
wise interactions were considered as candidates for inclu-
sion in the logistic regression model. Parameters failing
to achieve statistical significance in the multiple logistic
regression model were eliminated from the model. Lo-
gistic regression estimates and confidence intervals were
transformed to yield estimates and confidence intervals
for two “effective dose” (ED) thresholds, the ED05 and
ED50 thresholds (i.e., the in situ peak rarefactional pres-
sure associated with 5 and 50% probabilities of lesions,
respectively) [33]. It is understood that in situ peak rar-
efactional pressure is a dose in the generalized sense of an
exposure quantity rather than in the specific sense of a
chemical concentration.
Depth and root surface area (

√
surface area) of lesions

were analyzed using Gaussian-Tobit regression using the
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S-Plus survReg function. The Tobit regression model is a
hybrid between a quantal threshold regression model for
the occurrence of observations equal to zero and a linear
regression model for observations greater than zero. Zero
values are treated as the outcome of a continuous latent
variable (“stress”) that produces no observable outcome
below a threshold. Above the threshold, the “stress” is
measurable and modeled as a continuous outcome. The
threshold estimate is determined by the median regression
line, which is estimated from the trend of the observed
continuous outcomes and the percentages of zeros. Statis-
tically, the Tobit regression model is a censored regres-
sion model that treats zeros as continuous measurements
truncated at zero [34], [35]. Parameters in the model were
determined using backwards selection as described in the
section on logistic regression. Initially, all variables and
their pairwise interactions were considered as candidates.
Parameters failing to achieve significance were eliminated.
Frequency and beamwidth were forced into the model be-
cause they were primary variables to be assessed.
For animals with lesions, the depth or root surface area

was included as the response measurement. For animals
without lesions, the depth or root surface area was in-
cluded as a zero value. Graphs of ordered residuals versus
normal percentiles indicated the need for a square root
transformation of surface area, in order to achieve an ade-
quate fit of a linear Tobit model. For the Tobit model, the
median lesion size (depth or root surface area) was zero
up to some nonnegative value of in situ peak rarefactional
pressure. Above that level, the zero crossing, the median
lesion size increases linearly. The Gaussian-Tobit model
allows estimation of percentiles of lesion depth or surface
area as well as incidence rates for lesions. In addition to
a regression line for the median response above zero, the
Tobit regression provides a model for the probability of a
zero measurement as a function of the regression variables.
The ED05 and ED50 (in situ peak rarefactional pressure
associated with a 5 and 50% incidence rate) were com-
puted, as were the exposure levels where the probabilities
of zero were 95 and 50%, respectively (incidence estimates
of 5 and 50%). Standard errors were derived by first-order
Taylor approximation.

III. Results

A. Percentage of Animals with Lesions

The logistic regression model for incidence of lesions
[Fig. 2(a)] was highly statistically significant, with a log-
likelihood ratio chi-square of 63.07 on 3 degrees of freedom
and P < 0.0001, indicating that the association between
lesions and the variables in the model cannot be explained
by chance alone. Beamwidth and in situ peak rarefactional
pressure were found to be significant variables. Moreover,
these variables exhibit a synergism: higher in situ peak
rarefactional pressure is associated with a larger effect
caused by beamwidth. Frequency was not found to be a

Fig. 2. a) Lesion occurrence, b) lesion depth, c) lesion surface area,
and d) lesion volume as a function of the in situ peak rarefactional
pressure. The dashed lines are straight lines connecting the mean
values and are intended to provide graphical guidance for the four
frequency/beamwidth exposures. Error bars are the standard errors
of the mean (n = 12 for each exposure condition).
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significant factor; however, it was included in the model
for estimation purposes.
Let p denote the probability of a lesion. The estimated

logistic regression model was given by

log
{

p

1− p

}
= − 3.20︸︷︷︸

(1.34)

+0.048 · f︸ ︷︷ ︸
(0.183)

− 0.00424 · b︸ ︷︷ ︸
(0.00165)

+0.00125 · b · pr(in situ)︸ ︷︷ ︸
(0.00022)

(1)

where f denotes the frequency in MHz, b denotes the
beamwidth in µm, and pr(in situ) denotes the in situ peak
rarefactional pressure in MPa. Standard errors are given
in parentheses. Parameter estimates in (1) may be in-
terpreted as log-odds ratios associated with increases of
one unit in the respective regression variables. Because of
the interaction term in the model, the estimated effect
of beamwidth depends on the acoustic pressure pr(in situ).
For example, if pr(in situ) = 4.5 MPa, then according to
the model, each 1-µm increase in beamwidth increases the
log-odds of a lesion by −0.00424+0.00125 ·4.5 = 0.001385.
Therefore, at 4.5 MPa, increasing the beamwidth from
310 to 930 µm (an increase of 620 µm) increases the esti-
mated odds of a lesion by a factor of e(620)(0.001385) = 2.36.
Frequency (f) is not significant but is retained in the model
for estimation purposes. The beamwidth by pr(in situ) prod-
uct in the model is a function of the energy. Technically,
if the acoustic pressure is zero, then the beamwidth and
frequency are zero as well. The model is not designed to
extrapolate to these extreme situations. It is meant to be
reliable within the range of exposures in the experiment.
The ED05 and ED50 thresholds for occurrence of le-

sions were obtained by setting p = 0.05 and 0.50 in (1)
and solving for pr(in situ). Standard errors were computed
by Taylor series expansion of the resultant expression. The
estimated ED05s, ED50s, and standard errors are given in
Table III. The ED05 thresholds are within sampling vari-
ation of each other. This reflects the lack of a beamwidth
effect at low levels of pr(in situ). The ED50s that occur at
higher acoustic pressure levels show a marked effect of
beamwidth. Beamwidths of 470 µm (2.8 MHz; f/1) and
510 µm (5.6 MHz; f/2) led to slightly different ED50 esti-
mates, but the differences were within sampling variation.
The lack of a significant frequency effect over the range of
the experiment is reflected in the similarity of results for
2.8 and 5.6 MHz.

B. Lesion Surface Area and Depth

The Gaussian-Tobit regressions of lesion surface area
and lesion depth [Fig. 2(b and c)] indicated highly statis-
tically significant associations with the experimental vari-
ables. In particular, the regression of root surface area
on frequency, beamwidth, and the interaction between
beamwidth and acoustic pressure produced a highly sta-
tistically significant model (likelihood ratio chi-square =
84.5 on 3 degrees of freedom; P < 0.0001), as did the

regression of lesion depth on frequency, beamwidth, and
the interaction between beamwidth and acoustic pressure
(likelihood ratio chi-square = 86.5 on 3 degrees of free-
dom; P < 0.0001). These results indicate that the associ-
ation between the size of the lesion and the experimental
variables cannot be explained by chance alone.
The Tobit regression line for root surface area

(
√
surface area) was given by:

y = − 2.44︸︷︷︸
(1.10)

+0.038 · f︸ ︷︷ ︸
(0.16)

− 0.00395 · b︸ ︷︷ ︸
(0.00142)

+0.00109 · b · pr(in situ)︸ ︷︷ ︸
(0.00014)

(2a)

log(σ) = 0.55 (0.097) (2b)

where f , b, and pr(in situ) are as (1), σ2 is the error variance,
and standard errors are given in parentheses. If y > 0, then
it denotes the median root surface area. If y ≤ 0, then it
denotes the 100th percentile of a normal distribution with
mean zero and variance σ2, where p is the probability of
a lesion (surface area greater than zero). This quantity is
the Gaussian-Tobit analog of the logit, log{ p

1−p}, on the
left side of (1). Therefore, 2(a and b) were used to com-
pute ED05 and ED50 thresholds (Table III). They exhibit
similar patterns as the corresponding quantities for occur-
rence of lesions. The ED05 estimates were within sampling
variation, with estimates ranging from 3.8 to 4.4 MPa and
standard errors ranging from 1.0 to 1.6 MPa. The ED50
estimates show the significant effects of beamwidth and
pr(in situ), although beamwidths of 470 µm (2.8 MHz; f/1)
and 510 µm (5.6 MHz; f/2) did not lead to significantly
different estimates.
The Tobit regression line for lesion depth was given by

y = − 2.13︸︷︷︸
(0.79)

+0.093 · f︸ ︷︷ ︸
(0.11)

− 0.0028 · b︸ ︷︷ ︸
(0.0010)

+0.00080 · b · pr(in situ)︸ ︷︷ ︸
(0.00010)

(3a)

log(σ) = 0.22 (0.096) (3b)

where f , b, and pr(in situ) are as in (1), σ2 is the error
variance, and standard errors are given in parentheses.
ED05 and ED50 thresholds were calculated as described
previously and are given in Table III. The ED05 esti-
mates ranged from 1.8 to 3.3 MPa, and standard errors
ranged from 1.0 to 1.6 MPa. Within the range of the ex-
periment (excluding extrapolated values in Table III), the
maximum difference between ED05 estimates was 1.5 MPa
with a standard error of 0.91 MPa, so the ED05 estimates
are within sampling variation. The ED50 estimates show
significant effects of beamwidth and pr(in situ), although
beamwidths of 470 µm (2.8 MHz; f/1) and 510 µm (5.6
MHz; f/2) did not lead to significantly different estimates.
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TABLE III
Estimated In Situ Peak Rarefaction Pressure Thresholds for Beamwidths

of 310, 470, 510, and 930 µm at 2.8 and 5.6 MHz for Lesion Occurrence, Area, and Depth.

Threshold estimate∗ (MPa)
Beamwidth Frequency ED05 ED50

(µm) (MHz) Measure (standard error) (standard error)

310 2.8 Occurrence∗∗ 3.7 (±2.2) 11.3 (±2.1)
310 2.8 Area∗∗ 4.4 (±1.6) 10.5 (±1.8)
310 2.8 Depth∗∗ 2.8 (±1.6) 11.1 (±1.8)

470 2.8 Occurrence 3.6 (±1.5) 8.6 (±1.5)
470 2.8 Area 4.1 (±1.2) 8.2 (±1.3)
470 2.8 Depth 3.1 (±1.1) 8.5 (±1.3)

510 2.8 Occurrence∗∗ 3.6 (±1.5) 8.2 (±1.5)
510 2.8 Area∗∗ 4.1 (±1.1) 7.8 (±1.2)
510 2.8 Depth∗∗ 3.1 (±1.1) 8.1 (±1.2)

930 2.8 Occurrence 3.5 (±1.2) 6.0 (±1.2)
930 2.8 Area 3.9 (±1.0) 5.9 (±1.1)
930 2.8 Depth 3.3 (±1.0) 6.0 (±1.1)

310 5.6 Occurrence 3.5 (±1.8) 10.9 (±1.8)
310 5.6 Area 4.1 (±1.3) 10.2 (±1.5)
310 5.6 Depth 1.8 (±1.3) 10.0 (±1.5)

470 5.6 Occurrence∗∗ 3.4 (±1.5) 8.4 (±1.5)
470 5.6 Area∗∗ 3.9 (±1.1) 8.0 (±1.2)
470 5.6 Depth∗∗ 2.4 (±1.1) 7.8 (±1.2)

510 5.6 Occurrence 3.4 (±1.4) 8.0 (±1.4)
510 5.6 Area 3.9 (±1.1) 7.6 (±1.2)
510 5.6 Depth 2.4 (±1.1) 7.5 (±1.2)

930 5.6 Occurrence∗∗ 3.4 (±1.3) 5.9 (±1.3)
930 5.6 Area∗∗ 3.8 (±1.1) 5.8 (±1.2)
930 5.6 Depth∗∗ 2.9 (±1.1) 5.7 (±1.2)

∗ED05: Obtained by inverting the logistic regression model for the 5% probability or the Tobit model
for 95% censoring at zero. ED50: Obtained by inverting the logistic regression model for the 50%
probability or the Tobit model for 50% censoring at zero.
∗∗Extrapolated ED05 and ED50 estimates.

The results for lesion depth and surface area are quali-
tatively similar to the results for occurrence of lesions. All
exhibit a significant beamwidth effect, including a positive
interaction with acoustic pressure. None exhibit a signi-
ficant effect caused by frequency. In addition to modeling
the incidence rates, the threshold models (2) and (3) pro-
vide median size estimates when the incidence of lesions is
greater than 50%.
Lesion volume was not evaluated statistically because

it is not an independent variable, but it is provided graph-
ically [Fig. 2(d)] for completeness.

IV. Discussion

The objective of this study was to assess the role of
the ultrasound beamwidth (beam diameter incident on the
lung surface) in rats. The incidence of lesions as well as
lesion depth and surface area all exhibited a significant
beamwidth effect. These findings are perhaps the first time
that a beamwidth dependence for a mechanical bioeffect
has been demonstrated. It is well known that there is a

beamwidth dependence for thermal bioeffects [21], [22],
and this dependency is built into the output display stan-
dard’s thermal index [27]. However, there is no beamwidth
dependence built into the MI [27] or into other recom-
mended nonthermal biological effects indices [15].
Another notable finding is that ultrasonic frequency was

not a significant factor over the range of the experiment
(2.8 and 5.6 MHz) as assessed by lesion occurrence, lesion
depth, and surface area. This is consistent with a previ-
ous study that showed that there was no dependence on
ultrasonic frequency over the same frequency range [19]
and provides further support for the reevaluation of the
MI. The basis for the MI was intended to estimate the
potential for mechanical bioeffects [27] and is given by

MI =
pr.3√

f
, (4)

where pr.3 is the water-based peak rarefactional pressure
derated by 0.3 dB/cm-MHz at the location where the de-
rated pulse intensity integral PII.3 is a maximum and f
is the ultrasonic frequency. The measurement procedure
used to determine the MI reported herein was that from
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the applicable standard [27] (Table II). The frequency de-
pendence built into the MI was developed specifically to
reflect the best idea as to the dependence of the likeli-
hood for inertial cavitation on frequency under specified
conditions [16], [27], [36]. These frequency-independent re-
sults, along with the previous findings that inertial cavita-
tion is not responsible for ultrasound-induced lung hemor-
rhage [17], call into question the use of the MI to predict
mechanical effects when the effects are not associated with
an inertial cavitation mechanism.
An additional comment is appropriate about the use of

the MI. The MI was introduced to gauge the likelihood
of the onset of cavitation in an aqueous medium with ap-
propriate nucleation sites [28], not intact tissue. To this
extent, the onset, or threshold, is frequency dependent rel-
ative to the MI for the results reported herein, wherein the
MI threshold is lower at the higher frequency. The MI is
also appropriate for assessing the degree of lesion dam-
age at superthreshold exposure conditions [16]. Further,
the MI has been shown to increase as the degree of lung
damage in rabbits increased [14].
Regarding the findings of frequency independence rela-

tive to pr(in situ), the upper frequency used in this study
was just over twice the lower frequency, giving a factor of
1.5 for the square root of frequency dependence in the MI.
It is possible that exposures over a wider frequency range
might reveal a frequency effect not observed here. Even in
our previous work, we suggested a frequency dependence
of lung hemorrhages in adult rabbits over the 3- to 6-MHz
frequency range [14]. Further, it is interesting to observe
that the ultrasonic threshold dose for production of irre-
versible lesions in mammalian brain was initially shown to
be frequency dependent [37]. However, the lesion threshold
was later shown to be frequency independent over an ex-
tended frequency range (1 to 9 MHz) when the collagenous
trabeculae of the subarachnoid space, interposed between
the arachnoid and the pia mater, was considered [38], [39].
The initial study design was based on the same three

pr(in situ) levels of 5.0, 7.5, and 10 MPa for each of the four
transducers. To achieve these in situ exposure conditions,
the calibrated in vitro exposure conditions had to take into
account the rat’s intercostal tissue thickness and attenua-
tion coefficient. The intercostal tissue results from previous
studies [19], [31] were used to estimate the in vitro peak
rarefactional pressure levels that would yield the designed
pr(in situ) levels. Two (2.8 MHz, 470-µm beamwidth and
5.6 MHz, 510-µm beamwidth) of the four transducers used
herein were those used in the previous study [19]. Follow-
ing the experiments, the pr(in situ) values used herein were
slightly different from the design values, and the differences
were due to the different chest wall thicknesses. The design
values were based on the results from a previous study [19],
wherein the lowest and highest pr(in situ) values spanned le-
sion occurrence rates (percentage of lesions) from about 10
to 80%, and the middle pr(in situ) value was about halfway
between the two extreme values. With this design, there
was assurance that lesion production and threshold esti-
mation as a function of beamwidth would be evaluated

properly; that is, lesion occurrence rates would be obtained
within the indicated range.
The characteristics of the lesions produced in rats from

this study were similar to those of mice and rats described
in previous studies [3], [7], [8], [17]–[20], and, as before,
these findings suggest a common pathogenesis in the ini-
tiation and propagation of the lesions as observed at the
gross and microscopic levels.
At the middle and highest pr(in situ) values (ca. 7.5 and

10 MPa), it is interesting to observe that there is an in-
creased effect (incidence, depth, surface area, and volume)
as the beamwidth is increased (Fig. 2). For the approxi-
mately same pr(in situ) value, this would suggest that there
might be an ultrasonic energy effect. To evaluate this
proposition, an estimate of the energy per pulse is cal-
culated from the product of the instantaneous power per
pulse and the pulse duration. The energy per pulse is di-
rectly proportional to the delivered ultrasonic energy per
exposure, because the exposure duration (10 s) and pulse
repetition frequency (1 kHz) were the same for all expo-
sures (10 000 pulses per exposure). The in situ (at the
pleural surface) instantaneous pulse power is numerically
calculated from

Wi =
∫

Ii(r)dS (5)

where Ii(r) is the instantaneous pulse intensity, and dS
is the incremental area of the annulus as a function of
r, the distance lateral from the beam axis. The lateral
intensity distribution of the pulse in the focal region from
a spherically focused transducer, the region that is incident
on the lung surface, is assumed to be [40]

Ii(r) = I0 jinc2
(

r · D
2 · λ · ROC

)
, (6)

where I0 = p2
r(in situ)/ρc is the instantaneous on-axis in-

tensity based on pr(in situ), the in situ peak rarefactional
pressure; ρc = 1.5 Mrayl, the medium’s specific acous-
tic impedance for a plane wave; jinc(X) = J1(2πX)/πX,
where J1(·) is the Bessel function of the first kind of order
one; D is the source diameter; λ is the acoustic wavelength
in the propagation medium; and ROC is the source’s radius
of curvature, which for this calculation is assumed to be
the source’s measured focal length (Table I). The numer-
ical limits of integration included the lateral distribution
from the beam axis to the first zero of the jinc function.
If the outer limit of integration were the –3-dB transmit
beamwidth (the –6-dB pulse-echo focal beamwidth listed
in Table I), then the in situ instantaneous pulse powers
would have been about 57% of those values. The in situ
energy per pulse is calculated from the product of the in
situ instantaneous power per pulse and the pulse duration.
Thus, the temporal waveform for the instantaneous inten-
sity is taken to be rectangular, with height I0 and a dura-
tion equal to the respective pulse durations. The temporal
waveform for the instantaneous power is then rectangular
as well.
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The general trends of the effects (incidence, depth, sur-
face area, and volume) as a function of the in situ energy
per pulse (Fig. 3) suggests a dependence on the incident
ultrasonic energy. Indeed, the logistic and Tobit regres-
sion models in (1), 2(a), and 3(a) all included the term
b · pr(in situ), the square root of the ultrasonic energy, and
it was highly statistically significant in each case. These
observations suggest that the ultrasonic energy might be
considered in future study designs and possibly in consid-
ering the basis for the MI. This suggestion, however, is
tentative until an independent experiment verifies this ob-
servation, that is, until a wider range of pulse durations is
a major experimental variable.
Two of the same transducers used in this study

(2.8 MHz, 470-µm beamwidth and 5.6 MHz, 510-µm
beamwidth) were used in a previous study [19]. Further,
both studies used rats, although the study designs were
different. In any case, because there is a database against
which two transducer exposure groups can be compared,
the in situ energy per pulse was calculated for the previous
study, and the results are graphically shown in Fig. 4. It is
encouraging that there is general agreement between the
two studies.
The study design was not as extensive in terms of pro-

viding solid threshold estimates as our previous study [19].
In that study, at least seven pr(in situ) levels were used
to estimate the ultrasonic-induced lung hemorrhage ED05
thresholds for occurrence (lesion percentage). Neverthe-
less, even with three levels of pr(in situ) used in this study,
there is value in estimating the ED05 for comparison pur-
poses. The ED05 occurrence thresholds at 2.8 and 5.6
MHz, respectively, ranged between 3.5 and 3.7 MPa, and
between 3.4 and 3.5 MPa, somewhat higher than that pre-
viously observed (2.3 MPa at 2.8 MHz and 2.8 MPa at 5.6
MHz [19]). The ED05 estimates derived from root surface
area regression are similar to those for occurrence. It is
interesting that the ED05 estimates for depth are lower
and exhibit a weak trend opposite to that previously ob-
served (2.8 to 3.3 MPa at 2.8 MHz and 1.8 to 2.9 MPa
at 5.6 MHz [19]); however, the differences are within the
sampling variation indicated by the standard errors. Possi-
bly, the lower ED05 estimates for depth indicate that this
component of lesion initiation is more responsive than the
surface area to lower acoustic pressure settings.
Also of note is the difference in threshold levels reported

in a summary document [16] compared with those reported
herein (Table III). The summary document reported lower
threshold values (ca. 0.6 to 1.3 MPa) over the 1- to 4-MHz
frequency range and further reported that these thresh-
old values were dependent on frequency (derated rarefac-
tional threshold pressure regression function of 0.63f0.54).
However, the observations reported herein had higher and
frequency-independent threshold values (ca. 2 to 4 MPa;
Table III) over the 3- to 6-MHz frequency range. The dif-
ference in threshold values may be due to the difference in
exposure durations; the summary data experiments typ-
ically used exposure durations of at least 180 s, whereas
the exposure duration used herein was 10 s. The contrast

Fig. 3. (a) Lesion occurrence, (b) lesion depth, (c) lesion surface
area, and (d) lesion volume as a function of the in situ energy per
pulse. The dashed lines are straight lines connecting the mean val-
ues and are intended to provide graphical guidance for the four fre-
quency/beamwidth exposures. Error bars are the standard errors of
the mean (n = 12 for each exposure condition).
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Fig. 4. Comparison of the a) lesion occurrence, b) lesion depth, c)
lesion surface area, and d) lesion volume as a function of the in situ
energy per pulse for the rats exposed with the same two transducers
(2.8 MHz, 470-µm beamwidth and 5.6 MHz, 510-µm beamwidth) in
this study and in a previous study [19]. The dashed lines are straight
lines connecting the mean values and are intended to provide graphi-
cal guidance for the four frequency/beamwidth exposures. Error bars
are the standard errors of the mean (n = 12 for each exposure con-
dition in this study and n = 10 for each exposure condition in the
previous study).

noted about frequency dependency may be due to the fact
that the summary data were compiled from several stud-
ies using different species (mouse, rat, and pig) from differ-
ent laboratories, whereas the same species was used herein
with the same experimental protocol.
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