
Ultrasound in Med. & Biol., Vol. 33, No. 2, pp. 311–317, 2007
Copyright © 2007 World Federation for Ultrasound in Medicine & Biology

Printed in the USA. All rights reserved
0301-5629/07/$–see front matter
doi:10.1016/j.ultrasmedbio.2006.08.015

● Original Contribution

HEMORRHAGE NEAR FETAL RAT BONE EXPOSED TO PULSED
ULTRASOUND

TIMOTHY A. BIGELOW,*† RITA J. MILLER,† JAMES P. BLUE, JR.,† and
WILLIAM D. O’BRIEN, JR.†

*Department of Electrical Engineering, University of North Dakota, Grand Forks, ND, USA; and †Bioacoustics
Research Laboratory, Department of Electrical and Computer Engineering, University of Illinois at Urbana-

Champaign, Urbana, IL, USA

(Received 9 February 2006; revised 3 August 2006; in final form 10 August 2006)

Abstract—Ultrasound-induced hemorrhage near the fetal rat skull was investigated to determine if the damage
could be correlated with temporal-average intensity. A 0.92-MHz f/1 spherically focused transducer (5.1-cm focal
length) was used to expose the skull of 18- to 19-day gestation exteriorized Sprague-Dawley rat fetuses (n � 197).
There were four ultrasound-exposed groups (n � 36 each), one sham exposed group (n � 36) and one cage
control group (n � 17). Three of the ultrasound-exposed groups had the same peak compressional (10 MPa)/peak
rarefactional (6.7 MPa) pressure but different spatial-peak temporal-average intensities (ITA) of 1.9, 4.7 and 9.4
W/cm2; the pulse repetition frequency (PRF) was varied (100, 250 and 500 Hz, respectively). The fourth
ultrasound-exposed group had a peak compressional (6.7 MPa)/peak rarefactional (5.0 MPa) pressure and
corresponding ITA of 4.6 W/cm2; PRF was 500 Hz. Hemorrhage occurrence increased slightly with increasing ITA,
as well as peak rarefactional pressure and PRF, but the hemorrhage area did not correlate with any of the
exposure parameters. (E-mail: timothybigelow@mail.und.nodak.edu) © 2007 World Federation for Ultra-
sound in Medicine & Biology.
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INTRODUCTION

In addition to its long history in diagnostic applications,
ultrasound at high intensities also has been used in ther-
apeutic applications. A principal advantage of using ul-
trasound in treating ailments has been its ability to non-
invasively target specific regions of interest at depth
without affecting the interposed tissue. This selective
targeting capability is a great advantage when other
treatment options, such as surgery, are not possible or
greatly increase the risk to the patient. Ultrasound ther-
apy often involves thermal ablation where tissue necrosis
is induced by elevated temperatures (Foley et al. 2004;
Hynynen 1997; Lizzi et al. 1992; Otsuka et al. 2005;
Souchon et al. 2003; Takegami et al. 2005; Wu et al.
2004). Ultrasound also has been used to remove tissue in
a controlled manner (Xu et al. 2004, 2005), gene trans-
fection (Christiansen et al. 2003; Zarnitsyn and Prausnitz
2004), localized drug delivery (Shortencarier et al. 2004)
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and the acceleration of thrombolysis (Everbach and
Francis 2000).

One ultrasound therapy application that has received
relatively little attention is use on or near the developing
fetus. However, before the use of ultrasound therapy can be
safely explored on or near the fetus, the potential risk of
ultrasound-induced bioeffects on the fetus needs to be better
understood so that unintended bioeffects can be avoided or
minimized when using ultrasound for thermal ablation or
gene/drug delivery, for example. Although there have been
considerable studies of ultrasound-induced fetal-related
thermal bioeffects (Barnett 2000; Duggan et al. 1995; Ed-
wards et al. 1995; Herman and Harris 2002, 2003; Horder
et al. 1998; Mazza et al. 2004; Miller and Dewey 2003;
Miller et al. 2002, 2004; Miller and Ziskin 1989; Stone et al.
1992), not all bioeffects may result from heating. One
harmful bioeffect that has received relatively little attention
is ultrasound-induced hemorrhage near the fetal skull, an
effect that should be avoided when using ultrasound for
therapy applications.

Ultrasound-induced hemorrhage near the mouse fe-

tal skull has been observed from lithotripter (Dalecki et
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al. 1997) and single-element ultrasound pulsed exposures
(Dalecki et al. 1999). The authors of these studies
claimed that the hemorrhage did not result from heating
because the occurrence of hemorrhage did not increase
with increasing frequency (Dalecki et al. 1999). They did
not explain, however, why they would expect the heating
of bone to increase with the higher frequency sources
used in their experiment. Although absorption of bone
does increase with frequency, they neglected the role of
beam width on the heating of bone. In their investigation,
the higher frequency transducers had smaller beam
widths. As the beam width is reduced, the temperature
rise resulting from ultrasound absorption also should
decrease (Carstensen et al. 1990; Vella et al. 2003).
Instead of heating, the authors attributed the hemorrhage
to relative motion between partially ossified bone and the
surrounding tissue resulting from radiation force. How-
ever, their argument is not completely convincing be-
cause the force resulting from ultrasound would be much
smaller than the force on the skull during normal deliv-
ery.

The frequency dependence of the observed hemor-
rhage suggests that cavitation might be the mechanism
responsible for the bioeffect because the likelihood of
inertial cavitation decreases with increasing frequency
(Apfel and Holland 1991). Although some have argued
that any occurrence of hemorrhage is due to cavitation
(Carstensen et al. 1992), ultrasound-induced lung hem-
orrhage, for example, has been shown not to result from
inertial cavitation (O’Brien et al. 2000). Dalecki et al.
(1999) dismissed cavitation as a possible mechanism
because cavitation nuclei are typically not present in
tissue (Carstensen et al. 2000). However, despite the lack
of known nuclei in tissue, cavitation has been observed
in human tissue (Coleman et al. 1995). Furthermore, the
collapse of a microbubble near bone might result in
increased tissue damage due to the formation of a mi-
crojet (Brujan 2004; Gracewski et al. 2005). Microjets
form due to the asymmetric collapse of the bubbles near
boundaries and can be used to erode metals (Blake and
Gibson 1987; Chiu et al. 2005; Pearson et al. 2004).
Microjets could potentially damage the vasculature if a
blood vessel is sufficiently close to the bone, which
would be the case for developing bone. The inner layer
of the periosteum, which contains the osteoblasts for
developing bone, is highly vascularized and is the major
component for blood flow in the developing bone. The
vascularization of the periosteum decreases as the bone
matures. Therefore, cavitation also needs to be investi-
gated as a possible mechanism for hemorrhage near
developing fetal bone.

The goal of this study was to provide more exper-
imental evidence of hemorrhage near fetal bone resulting

from ultrasound exposure to determine if the hemorrhage
could at least be correlated with the spatial-peak tempo-
ral-average intensity (temperature or radiation force type
mechanism) or peak rarefactional pressure (cavitation
type mechanism). If the damage correlates with the spa-
tial-peak temporal-average intensity, the risk of hemor-
rhage might be estimated in the same way the risk of
heating is assessed. Our goal was not to conclusively
determine the mechanism responsible for the observed
damage, as this would not be possible using the results
from a single study.

Experiment Protocol
The experimental protocol was approved by the

Institutional Animal Care and Use Committee at the
University of Illinois at Urbana-Champaign and satisfied
all campus and NIH rules for the humane use of labora-
tory animals.

Pregnant Sprague-Dawley rats (Harlan, Indianapo-
lis, IN) with a gestational age of 18 to 19 d were
anesthetized with ketamine hydrochloride (87.0 mg/kg)
and xylazine (13.0 mg/kg) administered intramuscularly.
The pregnant rats were placed in dorsal recumbency, and
their abdomens shaved. Incisions were made in the pel-
vic region; the tissue layers were pulled back revealing
the uterus containing the developing fetuses. A standoff
vessel containing 37°C degassed water was gently posi-
tioned in contact with the uterus, and mineral oil was
used as a coupling agent on the uterine surface. The
ultrasound beam axis for an f/1 (5.1-cm focal length)
0.92-MHz spherically focused transducer (Matec/Valpey
Fisher Instruments, Inc., Hopkinton, MA) was then vi-
sually aligned through the uterus over the fetal skull. The
focus was positioned at the fetal skull by maximizing the
reflection at the focal depth from a low-amplitude pulse
with a pulse duration (PD) of 12.3 �s (i.e., alignment
exposure).

After alignment, the fetuses were randomly exposed
to one of four different ultrasound exposures (denoted A,
B, C and D) using a PD of 9.6 �s or a sham exposure for
an exposure duration of 60 s. The exposure conditions,
including the alignment exposure as measured with a
calibrated membrane hydrophone (Marconi, Ltd., Essex,
England) in a water bath, are provided in Table 1. For

Table 1. Overview of exposure conditions.

Exposure pc, pr (MPa) PRF ITA

Alignment, Sham 1.1, 1.1 25 Hz 6.9 mW/cm2

A 10.2, 6.7 100 Hz 1.9 W/cm2

B 10.2, 6.7 250 Hz 4.7 W/cm2

C 10.2, 6.7 500 Hz 9.4 W/cm2

D 6.7, 5.0 500 Hz 4.6 W/cm2
three of the four exposures (A, B and C), the peak
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compressional pressure (pc) and the peak rarefactional
pressure (pr) were the same (i.e., 10.2 and 6.7 MPa,
respectively). The spatial-peak temporal-average inten-
sities (ITA) were varied by changing the pulse repetition
frequency (PRF). If hemorrhage correlated with ultra-
sound pressure, all three of these exposures should result
in approximately the same hemorrhage occurrence and
size. In addition, exposures B and D had approximately
the same ITA, but different pc and pr values. Hence, the
hemorrhage occurrence and size for exposures B and D
should be very similar if hemorrhage correlated with ITA.

Thirty-six fetuses (corresponding to 15 mothers)
were used for each ultrasound or sham exposure for a
total of 180 fetuses. The exposure conditions for the
fetuses were randomized (� two fetuses per exposure
condition per mother). Following fetal exposures, the
mother and fetuses were humanely euthanized while
under anesthesia, and the fetuses were examined for
tissue hemorrhage. Examples of the hemorrhage ob-
served on the fetuses are shown in Fig. 1. In addition to
the 180 fetuses, two pregnant rats were anesthetized and
humanely euthanized without exteriorizing the fetuses or

Fig. 1. Images showing two different hemorrhages on fetal
heads resulting from ultrasound exposure.
exposing them to ultrasound (17 total in secondary con-
trol group; cage controls). These 17 fetuses were also
assessed for hemorrhages. The individuals responsible
for alignment of the transducer and assessing the hem-
orrhaging remained blinded to the exposure conditions
until completion of the study.

RESULTS

The percentage of hemorrhage occurrences for the
fetuses at exposures ITA, pr and PRF are shown in Fig. 2
and summarized in Table 2. The results are plotted by
comparing ITAand pr with PRF because cavitation dam-
age has been shown to be more significant at higher
PRFs (Chang et al. 2001; Chen et al. 2003; Madanshetty
et al. 1991). If cavitation is the mechanism responsible
for the hemorrhage, then the hemorrhage should be en-
hanced at higher PRFs and higher pr’s. The solid line
denotes hemorrhage occurrences anywhere on the body
of the fetus, and the dashed line denotes hemorrhage
occurrences on the fetal head only. Hemorrhage was
expected on the fetal head because the ultrasound beam
should have been aligned with the fetal skull. The hem-
orrhage occurrence in the sham exposures (Table 1) and
the absence of hemorrhage in secondary control group
(all zero) might indicate that the alignment exposure
generated some hemorrhage. However, the occurrence in
the sham exposures also could have resulted from an
adjacent fetus moving into the path of the ultrasound
beam, which will be considered in the Discussion. An-
other possibility is that exteriorizing the fetuses in-
creased the stress experienced by the fetus and that
resulted in some hemorrhage. Fetal motion and fetal
stress are more likely culprits than the sham exposure for
producing hemorrhage because exposure A (all-body
hemorrhage occurrence of 11%) had approximately the
same occurrence as that of the sham exposures (all-body
hemorrhage occurrence of 14%).

There is a monotonic increase in hemorrhage oc-
currence as ITA increases (Fig. 2a), but no such increase
in the sham exposures, indicating a possible dependence
on temporal-average intensity. Hemorrhage occurrence
for the 4.6 W/cm2- exposure (D) is different than the 4.7
W/cm2-exposure (B), but the difference is on the same
order as hemorrhage occurrence in the sham exposures,
suggesting a possible correlation with ITA.

Hemorrhage occurrence does not correlate with pr

(Fig. 2b) due to the large variation in occurrence at a pr

of 6.7 MPa (A, B and C). However, exposure C (pr of 6.7
MPa) results in a larger occurrence than exposure D (pr

of 5.0 MPa) when the same PRF of 500 Hz is used. Also,
hemorrhage occurrence increases monotonically with in-
creasing PRF (Fig. 2c), with the exception of exposure
D, which corresponds to a smaller pr. Therefore, hemor-

rhage occurrence increases when pr and PRF are consid-
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ered together, suggesting cavitation as a possible mech-
anism.

In addition to hemorrhage occurrence, the damage
also is quantified by estimating the hemorrhaged surface
area by an ellipse and measuring the major and minor
axes. Figure 3 illustrates the largest (upper error bar),
smallest (lower error bar), and mean hemorrhage area as
functions of ITA, pr and PRF. Although there are large
variations in the hemorrhage area, the largest hemor-
rhages occur for exposure D, which has a pressure and
temporal-average intensity in the middle of the ranges
considered, whereas the other exposures yield approxi-
mately the same hemorrhage sizes. Hence, the hemor-
rhage area does not correlate with ITA, pr or PRF.

DISCUSSION

Hemorrhage occurrence generally increased with
ITA as well as pr and PRF when compared together,

Fig. 2. Hemorrhage occurrence vs. (a) spatial-peak temp
(c) pulse repetition frequency, PRF. The solid line denot

The dashed line denotes hemorrh

Table 2. Hemorrhage occurrence and area (mean � standard
deviation) summary.

Exposure

All-body
occurrence

(%)

Skull
occurrence

(%)

All-body
area

(mm2)
Skull area

(mm2)

Alignment, Sham 14 11 2.6 � 2.8 1.8 � 2.6
A 11 9 3.1 � 3.4 1.4 � 0.76
B 28 21 2.5 � 2.6 2.3 � 2.9
C 31 27 2.7 � 3.4 2.0 � 3.1

D 19 15 5.1 � 4.4 4.1 � 4.9
whereas hemorrhage area did not increase. Hence, the
mechanism responsible for hemorrhage initiation might
be different from the mechanism responsible for hemor-
rhage growth. The overall low hemorrhage occurrence
also was surprising given the exposure conditions used in
this study. The lack of correlation between hemorrhage
area and ITA or pr and PRF, as well as the reduced
hemorrhage occurrence, might be related to fetal motion.
After positioning the uterus containing the fetus and
aligning the transducer, the fetus could move. The fetal
movement also could cause the fetus to move out of the
path of the ultrasound beam. In the worst-case scenario,
an adjacent fetus might shift into the beam because of the
proximity of the fetuses in the uterus. This also could
explain hemorrhage occurrence in some of the sham
exposures, as well as the hemorrhage at locations other
than the fetal head. Minimally, the same location on the
fetus would not be exposed for the entire time if fetal
movement occurred.

Some fetal movement could be detected by moni-
toring the backscattered waveform during the ultrasound
exposure if the reflected waveform did not saturate the
receiver. The receiver gain was set to monitor the align-
ment echoes and not the exposure echoes. In this study,
fetal movement was observed in 14/26 (54%) of the
echoes that did not saturate the receiver for exposure A,
11/23 (48%) for exposure B, 14/19 (74%) for exposure C
and 11/28 (39%) for exposure D. The mean hemorrhage

erage intensity, ITA; (b) peak rarefactional pressure, pr;
orrhage occurrences anywhere on the body of the fetus.
currences on the fetal head only.
oral-av
es hem
area tended to decrease as the perceived fetal movement
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increased (Fig. 4). Hence, the hemorrhage area appeared
to correlate with fetal movement.

Hemorrhage occurrence increased as a function of
ITA (Fig. 2a), suggesting a thermal or radiation force
mechanism. To examine the possibility of a thermal
mechanism further, an approximate temperature increase
was calculated. The temperature increase as a function of
time, t, for heating of the fetal skull, assuming all of the
heating is due to sound absorption in an infinitesimally
thin layer, is approximately given by (Carstensen et al.
1990)

Fig. 3. Hemorrhage area for (a) all body locations vs. IT

(d) head-only locations vs. ITA; (e) head-onl
Fig. 4. Hemorrhage area vs. perceived fetal movement.
T(t) � �
0

�

�I(r)

4K �e�r⁄L�2 � erfc��t ⁄ � � r ⁄ �4�t��

� er⁄Lerfc��t ⁄ � � r ⁄ �4�t��dr, (1)

where � is the thermal diffusivity of the medium; � is the
time constant for perfusion; L is the perfusion length
�L � ����, K is the thermal conductivity coefficient; �
is a dimensionless constant that gives the fraction of the
incident intensity that is absorbed; r is the radial distance
perpendicular to the beam axis (along the thin bone layer
where the sound is absorbed); I(r) is the incident tempo-
ral-average intensity at r assuming circular symmetry
about the beam axis. For the calculation, K � 0.6
W/m�°C; � � 1.4 � 10�7 m2/s, � � 100 s, and � � 0.6
(Carstensen et al. 1990). I(r) used in the calculation was
given by

I(r) � ITA	2J1
 	r


(f # )�
	r


(f # )
�

2

, (2)

where the location of ITA is at the focus that was mea-

all body locations vs. pr; (c) all body locations vs. PRF;
ions vs. pr; (f) head-only locations vs. PRF.
; (b)
sured for each exposure condition; 
 is the wavelength of
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the sound (corresponding to 0.92 MHz); f# is the f-num-
ber for the source (i.e., 1 for our study).

The calculated temperature increases as a function
of time associated with the four exposures (A, B, C and
D), which are shown in Fig. 5. The maximum tempera-
ture increase for the alignment exposure (not shown) was
0.026°C. Significant temperature increases are expected
relatively quickly for all four of the exposure conditions
assuming the beam is incident on bone. In addition, the
hemorrhage occurrences, C�B�D�A, (Table 2) corre-
late with the calculated temperature increases,
C�B�D�A, where, for example, the exposure with the
highest temperature also had the largest hemorrhage oc-
currence.

To further investigate the possibility of heating as a
mechanism, the temperature increases resulting from
three of the exposures in the work of Dalecki and col-
leagues (1999) also were calculated using the same as-
sumptions and their reported ultrasound focal intensities.
The 100-Hz PRF, 10-�s PD fetal mouse exposures from
their work that we considered were 1.2 MHz (ITA � 1.3
W/cm2; hemorrhage occurrence of 40%), 2.4 MHz (ITA

� 1.5 W/cm2; hemorrhage occurrence of 13%) and 3.6
MHz (ITA � 1.2 W/cm2; hemorrhage occurrence of 6%).
Dalecki and colleagues (1999) found sham exposures
with a hemorrhage occurrence of 3.5% to 7%. Although
less heating is expected from the exposures used in their
study, the hemorrhage occurrences that they found, 1.2
MHz � 2.4 MHz � 3.6 MHz, directly correlated with
the estimated temperature increases (Fig. 6). Hence, the
frequency dependence observed in their study might be
due to a beam width dependence, and the hemorrhage
might be due to heating.

Although heating is a possible mechanism for the
observed hemorrhage, the damage might be due to cav-

Fig. 5. Estimated temperature increase for ultrasound exposures

used in our study.
itation. Cavitation would agree with the generally ob-
served dependence on pr and PRF in our study, as well as
the frequency dependence in the work of Dalecki and
colleagues (1999), because the likelihood of inertial cav-
itation decreases with increasing frequency (Apfel and
Holland 1991). Therefore, more experiments are needed
before the mechanism(s) responsible for the occurrence
and severity of the hemorrhage can be identified.
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