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Abstract
This study was performed to examine the frequency dependence of glomerular capillary hemorrhage
(GCH) induced by contrast aided diagnostic ultrasound in rats. Diagnostic ultrasound (DUS) scanners
were utilized for exposure at 3.2, 5.0 and 7.4 MHz, and previously published data at 1.5 and 2.5 MHz
also was included. A laboratory exposure system was used to simulate DUS exposure at 1.0, 1.5,
2.25, 3.5, 5.0 and 7.5 MHz with higher peak rarefactional pressure amplitudes (PRPAs) than were
available from our DUS systems. The right kidneys of rats mounted in a water bath were exposed to
intermittent image pulse sequences at 1 s intervals during infusion of diluted ultrasound contrast
agent. The percentage of GCH was zero for low PRPAs, and then rapidly increased with increasing
PRPAs above an apparent threshold, pt. The values of pt were approximately proportional to the
ultrasound frequency, f, such that pt/f was approximately 0.5 MPa/MHz for DUS and 0.6 MPa/MHz
for laboratory-system exposures. The increasing thresholds with increasing frequency limited the
GCH effect for contrast aided DUS, and no GCH was seen for DUS at 5.0 or 7.4 MHz for the highest
available PRPAs.
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Introduction and Literature
Ultrasound contrast agents (UCAs), which are suspensions of gas bodies (stabilized
microbubbles), have been developed to enhance conventional ultrasound imaging in patients
with sub-optimal examination results. Several extensive reviews describe UCA developments
and applications (Averkiou, et al. 2003; Raisinghani et al. 2004; Blomley et al. 2007).
Albunex® was the first transpulmonary UCA approved in the USA in 1994, and Levovist®
was introduced in Europe in 1996 (Albrecht et al. 2004). Newer commercial UCAs are now
in clinical usage; for example, Definity® (perflutren lipid microsphere injectable suspension,
Brystol-Myers Squibb Medical Imaging, N. Billerica MA USA) approved in the USA in 2001
contains up to 1.2·1010 microbubbles/ml of 1.1–3.3 µm diameter. The UCA are injected agents
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and they have been evaluated primarily as drugs by the US Food and Drug Administration
(USFDA), with restrictions to specific medical conditions. This separated approval process for
the diagnostic ultrasound (DUS) imaging machines (e. g. using the 510(k) exemption in the
USA) and the UCA (using pharmaceutical evaluation) leaves a fundamental problem
concerning the interaction of imaging ultrasound exposure with a gas body. UCAs and special
ultrasound imaging modes to utilize them present a challenge to safety assurance for diagnostic
ultrasound (DUS) for two reasons. First, UCAs were developed, for the most part, after the
landmark 1992 Output Display Standard (ODS) and the US Food and Drug Administration
510(k) guidelines for diagnostic ultrasound (DUS) imaging (AIUM/NEMA, 1992; FDA,
1997). Second, ultrasound actively interacts with the injected drugs, by activating the gas
bodies and creating a novel cavitational device for diagnosis (or therapy). This problem
apparently has impeded the UCA approval process and has lead to frustration within the
diagnostic ultrasound community in the USA, which has solicited the USFDA for expedited
approval of new UCAs and UCA applications (Greenbaum et al. 2007).

Prior to the development of UCAs, cavitation biology research could not be pursued in vivo
for DUS-relevant conditions, because there appeared to be few, if any, suitable cavitation nuclei
in living mammals. Theoretical analysis indicated that inertial cavitation thresholds for optimal
nucleation were dependent on the ultrasonic frequency (Apfel and Holland, 1991). This
theoretical result was used in creating the Mechanical Index (MI) exposure parameter for
regulatory purposes in the ODS. The MI includes a dependence on frequency, f, as well as on
the peak rarefactional pressure amplitude (PRPA), pr, of imaging pulses and provides an
estimate of the value of pr /f½ within the scanned tissue. The guideline upper limit was set at
MI=1.9 for the 510(k) process (FDA, 1997), in accordance with legal requirements enacted in
1976. However, no thorough experimental database existed when the MI was developed, which
could be used to confirm its utility for anticipating the occurrence or magnitude of cavitational
bioeffects induced in mammals by DUS with UCA.

The invention of gas body UCAs qualitatively changed this situation, because UCA gas bodies
can serve as virtually optimal cavitation nuclei. Physical nucleation of cavitation activity by
UCAs has been shown in vitro (Miller and Thomas, 1995) and in vivo (Porter et al. 2001). New
cavitation bioeffects data has gradually accumulated for conditions relevant to DUS with UCA,
and has been the subject of several recent authoritative reviews (NCRP, 2002; Dalecki,
2007; Miller et al. in press). The in situ peak rarefactional pressure amplitude (PRPA) is the
primary exposure parameter for cavitation. Estimating the equivalent MI is also important for
relating bioeffects research to clinical DUS exposure, because this PRPA-related exposure
parameter is displayed on most modern ultrasound scanners. Microscale bioeffects of
cavitation activity in contrast DUS have been observed primarily for intermittent imaging, for
which the gas bodies are destroyed and then allowed to re-fill the tissue before the next contrast-
destructive image. These bioeffects include capillary leakage for moderate PRPAs, with
capillary rupture and injury of adjacent parenchymal cells at higher PRPAs. At a given
frequency, the microscale bioeffects also have been reported to depend on the agent, gas body
dose, dose infusion rate, ultrasonic pulse duration, pulse repetition period, scan rate,
intermittent interval, tissue perfusion, and other patient-related factors.

However, the available data on the frequency dependence of relevant bioeffects remains quite
limited. In vitro studies with laboratory exposure systems indicate that cavitation thresholds
are low relative to DUS upper limits and that thresholds for cellular bioeffects with UCAs
increase with ultrasonic frequency more rapidly than f½ (Miller et al, 1997; Dalecki et al.
1997; Miller and Dou, 2004a,b). These insights are important but cannot be related directly to
in vivo DUS conditions with circulating contrast agent. Most in vivo studies of potential
bioeffects of contrast ultrasound have employed diagnostic ultrasound scanners as the exposure
source (Miller et al. in press), but only a few of these have provided information on the
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frequency dependence of bioeffects. The induction of glomerular capillary hemorrhage (GCH)
by diagnostic ultrasound exposure with Optison™ (or experimental agents designated
MP-1950 and MP-2211) in the circulation was investigated by Wibble et al. (2002) using DUS
imaging of rat kidneys at 1.8, 4.0 or 6 MHz. Capillary hemorrhage was scored by surface
markings, and increased with increasing MI above apparent thresholds of about 0.6 and 1.0
(midway between the lowest exposure with the effect and the next lower level) at 1.8 and 4.0
MHz. The bioeffect was not produced at 6 MHz for the highest available exposure. There was
some uncertainty in the actual in situ exposure in this study, because the probe was in contact
with the rats (i. e., with the kidney center only about 1 cm away). In independent research, the
GCH bioeffect was confirmed using Definity® with a 1.5 MHz probe scanning rats mounted
in a water bath (to assure placement of the kidney at the focal maximum of the field) and the
threshold was comparable at MI=0.6 (Miller et al. 2007a). In another study using a different
DUS machine operating at 2.5 MHz, the apparent threshold for GCH was found to be MI=0.95
using similar in vivo conditions (Miller et al. 2007b). These studies of GCH induced by contrast
DUS have indicated increasing thresholds for increasing ultrasound frequency, but only over
a narrow range permitted by DUS machines, which complicates the accurate determination of
the frequency dependence of cavitational bioeffects in DUS.

Laboratory exposure systems can expand parameter ranges beyond those available on clinical
DUS systems. However, the confident extrapolation of results to the clinical problem requires
the simulation of DUS exposure, which can be problematical with simple unscanned laboratory
systems. For example, a laboratory exposure system was used to study induction of petechial
hemorrhage in mouse intestine with UCA at different frequencies (Miller and Gies, 2000).
However, unfocused fixed beams were energized with a simple pulse train, without allowing
for intermittent refill of the tissue with agent, which likely limited the sensitivity of the study.
Researchers studying capillary hemorrhage induced by contrast DUS with an older model DUS
system resorted to a strategy of manually switching the scanner on and off each 10 s ten times,
in order to crudely approximate intermittent scanning (Miller and Quddus, 2000). DUS-specific
parameters can influence results in ways which might be unexpected or counter-intuitive. The
time needed for a scanned beam to pass a point in tissue was shown to be important for GCH
induced by contrast DUS: slower scan rates of Doppler imaging delivering a long sequence of
pulses, which slowly ramped up in PRPA, produced a much lower effect than fast B mode
scans (Miller et al. 2007b). Recently, we have developed a method to simulate DUS exposure
of UCA in vivo by using a laboratory exposure system with amplitude modulation of a pulse
train to mimic the image pulse sequences of intermittent DUS scanning (Miller et al. 2007c).
This method employed damped focused transducers to create DUS-like fields in rat kidney,
and exposure at several positions during contrast infusions to approximate the exposure of
image scan planes in DUS.

The purpose of this study was to examine the frequency dependence of GCH by contrast aided
diagnostic ultrasound in rats. Renal imaging is an important application of contrast aided
diagnostic ultrasound (Wei et al. 2001; Robbin et al. 2003; Correas et al. 2006), and therefore
the GCH bioeffect is directly relevant to the cavitation bioeffects problem in DUS safety
assurance. Diagnostic ultrasound scanners were utilized to the extent possible, including the
previously published work at 1.5 MHz (Miller et al. 2007a) and 2.5 MHz (Miller et al.
2007b). The laboratory exposure system was used to simulate diagnostic ultrasound exposure
for higher PRPAs than those available with our diagnostic equipment. Exposures at frequencies
of 1.0, 1.5, 2.25, 3.5, 5.0 and 7.5 MHz expanded the frequency range over which GCH induction
could be observed. This research indicated a rapid increase of the magnitude of GCH above a
threshold PRPA and an approximately linear frequency dependence of the GCH thresholds.
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Materials and Methods
This study was designed to expose the right kidneys of rats with circulating UCA to different
frequencies of pulsed ultrasound, under conditions which were intended to simulate reasonable
worst-case clinical conditions in essential respects. The plan was developed as a model system
for cavitation biology research, rather than as a replication of any specific contrast aided DUS
examination. Both actual DUS scanners and laboratory transducers were used. The
anesthetized rats were exposed to ultrasound in a water bath at normal focal distances. For each
exposure source and frequency combination, groups of rats were exposed to a series of
calibrated in situ values of the PRPA. The glomerular capillary hemorrhage (GCH) bioeffect
was measured both by gross examination of the kidney surface, and by histological scoring in
the center of the scan plane. The results were used to determine the occurrence of GCH as a
function of PRPA including the apparent threshold for each source and frequency, and then to
assess the frequency dependence of these thresholds and of the magnitude of the bioeffect
above the thresholds.

This investigation was conducted with the approval of the University Committee on the Use
and Care of Animals, University of Michigan. Hairless rats (CD hairless, Charles River
Laboratories, Wilmington MA) were anesthetized by intramuscular injection of pentobarbital
at a dose of 50 mg/kg. A 24 gauge cannula was inserted into a tail vein for UCA injections.
The rats were mounted on their left side on a plastic holder, which was then mounted vertically
in a bath of 37 °C degassed water with the rat’s head above the water level. A total of 171 rats
were used in this study with 163 yielding usable data (8 rats suffered anesthetic death or other
problems, and were excluded from the study). In addition, the data from exposure-response
tests using identical DUS exposure methods in three previous studies were incorporated into
this study for comparison to the newer data. Data for 1.5 MHz DUS were included from 25
rats scanned with a tissue mimicking path (Miller et al. 2007a) and 6 rats scanned with a water-
path (Miller et al. 2007c). Data for 2.5 MHz B mode flash echo imaging were included from
22 rats (Miller et al. 2007b).

Ultrasound exposure systems
Two exposure systems were used: a diagnostic ultrasound machine and a laboratory exposure
system. The diagnostic machine was a GE Vingmed System V (General Electric Co., Cincinnati
OH) with cardiac phased array probes. Some previously published results from the FPA 2.5
probe were included in this study for 1.5 MHz intermittent imaging (Miller et al. 2007a, c). In
addition, previously published results obtained using a Powervision 8000 (model SSA-390A,
Toshiba Corporation, Tochigi-Ken, JPN) with PVN-375AT probe were included in this study
for data on 2.5 MHz intermittent imaging (B mode Flash Echo Imaging mode) (Miller et al.
2007b). Characteristics for each of the eleven exposure arrangements are listed in Table 1. As
described previously, the probes were clamped in a water bath with the right kidney of a rat
located at the focal zone (Miller et al. 2007a). The selected frequency in this study for the FPA
2.5 probe was 3.6 MHz (3.2 MHz actual frequency measured from the pulse waveform) with
a 26 Hz frame rate. The selected frequencies for the FPA 10 probe were 5.0 MHz with a 68.1
frame rate and 10 MHz (7.4 MHz actual) with a 46.8 Hz frame rate. The scan rates were
modified for exposure by the intermittent frame-trigger feature at a 1 s interval (e. g. a 26 Hz
scan generated once per s). Even for intermittent imaging, the frame rate is important for
determining the duration of the image pulse sequence (IPS) arriving at a point in the tissue as
the scanning beam passes by, which is an important parameter for the GCH effect (Miller et
al. 2007b). The IPSs were observed at the focal maximum and consisted of a sequence of pulses
(of approximately equal pulse duration), which were separated by a fixed pulse repetition
period and increased in amplitude to the peak (when the beam was aimed directly at the
hydrophone) and then declined. The peak rarefactional pressure amplitude (PRPA) was
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measured according to Miller et al. (2007c). This PRPA measurement was derated by an
attenuation factor, which was measured by insertion of abdominal wall tissue samples from
four rats between the probe and hydrophone, to provide the in situ value at the kidney. This
derated value also was used for estimating the equivalent Mechanical Index (MI) of the
exposures (which has relevance to the on-screen MI value in human clinical examinations).
The thickness of the scan plane at the half PRPA (−6 dB) points were measured and are listed
in Table I as the beam width (BW). To help characterize the IPS, the rarefactional pressure
amplitudes were fitted with a 4 parameter Gaussian envelope (Sigmaplot 9.0, Systat Software
Inc., Point Richmond CA USA), which was used to determine an IPS duration of each scan as
the full width of the envelope at half the PRPA. The timing parameters needed to characterize
the IPS were the pulse duration, pulse repetition period (PRP), IPS duration and image
repetition period (set to 1 s), which are listed in Table 1.

The laboratory exposure system consisted of a transducer, power amplifier (A-500, Electronic
Navigation Industries, Rochester NY), function generator (model 3314A function generator,
Hewlett Packard Co., Palo Alto CA) and an arbitrary waveform generator (model 33220A,
Agilent Technologies, Loveland CO). Six damped single element transducers (Panametrics,
Olympus NDT Inc. Waltham, MA) with 1.9 cm diameter and 3.8 cm focus were used at their
resonant ultrasonic frequencies of 1.0, 1.5, 2.25, 3.5, 5.0 and 7.5 MHz. The function generator
was set using the n-cycle mode with n=3 to produce a simple pulse train with pulse durations
and PRPs similar to those of DUS. The PRPAs were measured as described above, except that
an additional adjustment was made for the reduction in apparent PRPA due to the finite size
of the hydrophone, as described previously (Miller and Dou, 2004a). The beam widths listed
in Table 1 were determined as the mean of the two perpendicular diameters at the half PRPA
(−6 dB) points. The main purpose of the laboratory system was to allow exposure at higher
PRPAs than were available with the DUS systems, and thereby extend the frequency range
over which GCH could be detected (see Table 1). The arbitrary waveform generator was used
to modulate the amplitudes of the pulse train from the function generator with a Gaussian
function, in order to simulate the IPS of a DUS scan, as described previously (Miller et al.
2007c). The pulse durations, PRPs and IPS durations, which are given as the full width at half
the peak PRPA of the Gaussian function, are listed in Table 1. The parameter values were
chosen to give shorter pulses, PRPs and IPS durations for increasing ultrasound frequency, as
expected for clinical DUS, but were not adjusted to duplicate any specific DUS system. The
exposures with the laboratory system were aimed at the kidney pelvis with the aid of the DUS
system with the FPA 10 probe operating at 8 MHz with default settings, as described previously
(Miller et al. 2007c). Once the center of the right kidney was located, the DUS probe was
shifted horizontally to position the laboratory transducer at the same place with its focal zone
at the kidney cortex.

The single element damped transducers provided a simulation of the DUS pulse, PRP and IPS
at a single focal line. Since the beam was fixed, exposure at only one position included a
decreasing volume of kidney cortex as the transducer frequency increased and beam width
decreased (see Table 1). In order to compensate for this volume effect to some extent, only the
1.0 MHz transducer was used in one position. The other laboratory transducers were used to
expose the kidney at multiple positions, which were spaced horizontally at approximately the
−3 dB diameter (i. e. the half power beam width) of the beams, as listed in Table 1. For example,
the 5.0 MHz transducer was used to expose the kidney at six positions, for a total of 6 min.
The evaluation of the resulting bioeffects examined the effects within a cross section passing
through all the exposed positions (as for a scan plane). The multi-position method served to
treat an approximately constant horizontal segment of the cortex cross section on the proximal
side of the kidney for the six laboratory transducers. For example, kidneys exposed by this
scheme at 1 MHz with one position and 5.0 MHz at six positions are shown in Fig. 1a and Fig.
1b, respectively. The regions impacted by exposure with GCH and with blood filled tubules
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visible on the surface are somewhat broadened due to a vertical breathing motion imposed on
the kidney; however, the horizontal extent of the effected areas are approximately the same.
Of course, this exposure scheme did not generate a band of blood-filled tubules extending
completely around the kidney, as was seen for DUS scans (Miller et al. 2007a,b).

Ultrasound Contrast Agent Infusion
A clinical diagnostic UCA (Definity®, Bristol-Myers Squibb Medical Imaging, Inc., N.
Billerica, MA USA) was purchased from the manufacturer and a fresh vial was prepared each
day according to the manufacturer’s instructions. For infusion, 60 µl of the agent was diluted
in a syringe containing 3 ml of sterile saline and used to fill a 30 cm extension tube with the
diluted agent mounted in a syringe pump. With the rat mounted in a water bath, the syringe
was mounted on a syringe pump and the extension tube was connected to the tail vein cannula.
The diluted agent was then infused at 0.5 ml/kg/min, which equals an infusion rate of 10 µl/
kg/min of the undiluted agent. Exposure was begun 15 s after starting the infusion (to allow
agent to begin circulating) and continued for the duration of the exposure (listed in Table 2).

Evaluation of Glomerular Capillary Hemorrhage
The rats were removed from the water bath and mounting board after contrast ultrasound
exposure and the kidney was removed after approximately 5 min. The kidneys were trimmed
to a transverse section about 5 mm thick, which contained the exposed central portion of the
kidney, and placed in buffered 10% formalin fixative. After 5–7 days, the samples were
trimmed again to fit into the histological processing cassettes with guidance from any surface
petechiae of blood filled tubules (e. g. see Fig. 1) and then processed for histology. The
percentage of glomeruli with red blood cells in the Bowman’s space was counted in histological
sections, as described previously (Miller et al. 2007a). Briefly, histological slides from the
center of the scan plane were scored blind using a 20x objective on a light microscope (model
DMRB, Leica Inc., Deerfield IL USA). The percentage of glomeruli with GCH was determined
for the entire section for DUS exposure and for the beam entrance area within the renal cortex
for the laboratory system. The later method ignored any GCH on the beam exit side of the
kidney, because the position of this region varied from cortex to the renal pelvis (containing
no glomeruli). In addition, the kidney surface was observed grossly (e. g. Fig. 1) and any
petechiae formed by blood-filled tubules, which was indicative of GCH, were noted and
counted for low numbers of petechiae. Quantitative histological scoring was performed for all
of the DUS-exposed samples. For the samples exposed with the laboratory system, only
samples from exposure conditions yielding evidence of GCH on the surface (except for 5 sham
exposed samples, for a total of 102 samples examined histologically), because previous
experience showed that there was no possibility of finding hidden GCH when no blood-filled
tubules were evident. The gross observation was not quantitative with respect to the percentage
of GCH, but provided valuable qualitative information as to whether or not any GCH had
occurred.

Experimental Plan and Statistics
For each source and frequency condition, a series of PRPA levels were chosen approximately
3 dB (a factor of two in acoustical power) apart, which included the maximum available peak
PRPA. Five rats were exposed at each level with replacements for the few excluded rats (noted
above), except for one condition limited to 3 rats, because the next higher level had no effect.
The lowest level tested was selected on the basis of the previous work, and included at least
one level with all five samples showing no GCH. A total of 5 groups were tested for the DUS
system (plus the previous data noted above), and 27 groups for the laboratory system.
Numerical results are presented as the mean plus/minus one standard deviation, or plotted as
the mean with standard error bars. For statistical analysis, Student’s t-tests or Mann-Whitney
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rank sum tests were used as appropriate to compare means of the measured parameters, with
statistical significance assumed at P=0.05. The apparent threshold for each source and
frequency condition was taken either to be midway between the lowest level with a significant
percentage of GCH, and the next lower level, or to be at the lowest level with a significant
number of visible petechiae from blood filled tubules on the surface. This method was followed
to establish thresholds which did not have any significant effect at levels below the threshold
(which may occur for force fitting of simple threshold functions such as a hockey-stick
function). Trends in the data were assessed by linear regression.

Results
GCH was evaluated as the percentage of glomeruli with evidence of blood in Bowman’s
(urinary) space in a histological section from the center of the exposure plane. The percentages
of GCH versus PRPA are plotted for the DUS systems in Fig. 2 (top). The three lowest
frequencies gave typical exposure response curves with a sharp rise above apparent thresholds.
The thresholds and other parameters are listed in Table 2. For the two highest frequencies, even
the highest available PRPA did not yield any significant GCH by either histology or visual
inspection. It should be noted that the highest available PRPAs at 5 MHz and 7.4 MHz with
the GE Vingmed system were 2.6 MPa and 2.9 MPa, respectively, which are well below the
upper limit for DUS (4.2 MPa and 5.2 MPa, respectively at MI=1.9).

The percentages of GCH versus PRPA are plotted for the six frequencies of the laboratory
system in Fig. 2 (bottom). Again, each frequency gave a typical exposure-response trend similar
to the DUS results (at the lower frequencies), and the apparent thresholds are listed in Table
2. Near the apparent threshold for GCH, the effect was also measured by counting the number
of surface petechiae of blood filled tubules, which were often present for the highest PRPA
with no significant percentage of GCH in histology. This reflects the sensitivity of the simple
visual inspection of the kidney surface for low incidence of GCH. For the 7.5 MHz transducer,
the GCH seen in histology was not statistically significant for the highest available PRPA, but
the surface petechiae were significant at this PRPA.

The apparent thresholds increased steadily with increasing frequency. These are listed in Table
2 and plotted for the DUS conditions in Figure 3. The thresholds are substantially below the
upper limit of MI=1.9 for the lower frequencies. In this plot with logarithmic scales, the linear
dependence of the threshold pt on frequency f is evident. The solid line is a linear regression
on the three data for frequencies with bioeffects of the form

(1)

in which b=0.49 MPa/MHz, and a=1.05 with r2=0.99. This excellent correlation coefficient
lends confidence in the linear relationship over this narrow frequency range; however, the 95%
confidence limits, which are plotted as the two dotted curves, indicate substantial uncertainty
in the linear relationship (e. g. a=0.5 or a=2 might lie within the confidence limits). The
apparent thresholds for the different laboratory system frequencies are plotted in Fig. 4. Again
a linear regression (Eq. 1) yielded a good fit to the data for b=0.62 and a=1.04 with r2=0.98.
The thresholds were slightly higher than those for the DUS system, which probably reflects
the smaller region of tissue exposed to the peak PRPA for the fixed transducer system (i. e., a
series of beam lines, rather than a plane for the DUS scans). The 95% confidence limits are
much tighter in this case, owing to the broader frequency range covered by the laboratory
system (e. g., these confidence limits rule out a=0.5). The uncertainty in the data points may
be taken to be about ±1.5 dB on the logarithmic scale, because the steps in the exposure levels
were increments of 3 dB. This uncertainty is illustrated by error bars on the 1.5 MHz data point,
and is commensurate with the 95% confidence limits of the linear regression.
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The statistical evaluation of the increasing thresholds for GCH with increasing ultrasonic
frequency indicated that the relationship was approximately linear. Assuming that the exponent
a was exactly 1, then the ratio pt/f was approximately equal to the constant b. This suggests
that the PRPA divided by the ultrasonic frequency (pr/f) may be a useful exposure parameter
for characterizing this bioeffect. The utility of this parameter is illustrated in Fig. 5, which is
a re-plotting of the GCH data from Fig. 2 against pr/f (rather than simply pr). In Fig. 5 the great
spread of the data for different frequencies in Fig. 2, collapses to a much narrower range, with
many of the error bars overlapping for data at different frequencies. A small departure from
this general trend occurred for the 1.0 MHz laboratory system data, which fell below the other
data (i. e. less effective). This departure may reflect the rather low frequency relative to
diagnostic ultrasound and the availability of optimum gas bodies. The optimal size is expected
to increase for decreasing ultrasonic frequency. For 1 MHz, optimum nuclei may not exist in
large numbers for Definity® infusion, particularly after passage through the lung circulation.

Discussion and Summary
The ultrasonic frequency dependence of glomerular capillary hemorrhage (GCH) induced by
diagnostic ultrasound with contrast agent was investigated. Both diagnostic ultrasound (DUS)
machines and a laboratory exposure system, which simulated DUS exposure with extended
ranges of exposure PRPA, were used for exposure of rat kidneys. The exposure-response trend
was a rapid rise in percentage of GCH with PRPA above an apparent threshold pt, see Fig. 2.
The thresholds were defined at each frequency with detectable GCH as the lowest PRPA for
significant indications of the effect (see Methods). Results for the DUS frequencies indicated
a linear dependence of PRPA threshold on frequency, which was approximately pt = 0.5 f (Fig.
3). To avoid the GCH bioeffect, DUS modes for use with contrast agents could be limited to
pr/f < 0.5. However, the limited frequency range of 1.5–3.2 MHz, for which the bioeffect could
be observed with DUS exposure, limited the confidence in this functional dependence. The
laboratory system was used to simulate intermittent DUS image pulse sequences for six
frequencies. The results again indicated a linear dependence of PRPA thresholds on frequency
with pt = 0.6 f (Fig. 4), which provided confirmation of the linear dependence over the range
1.0–7.5 MHz. This functional dependence of apparent thresholds has also been noted for
several in vitro bioeffects (Miller and Dou, 2004a;Miller et al. in press), which implies that
this parameter may have a broader significance in ultrasonic cavitation biology. Plotting the
percentage of GCH against the parameter pr/f collapsed the disparate exposure-response curves
into a tight grouping (Fig. 5), which indicates that this parameter carries predictive value even
for the frequency dependence of the magnitude of GCH above the threshold. This magnitude
increases rapidly with increasing pr/f. The percentage GCH data (omitting the 1 MHz data set,
and data means equal to zero) versus pr/f in a logarithmic plot had a linear regression slope of
4.2 (r2=0.89), which indicates a dependence approximately of the form (pr/f)4 above the
threshold.

The Mechanical Index (MI) parameter, which has the form pr/f½, has an incorrect frequency
dependence for describing GCH, see Fig. 3 and Fig. 4. In addition, the upper limit of 1.9 on
the MI does not provide assurance that GCH would not occur in DUS examinations. At 1.5
MHz, the DUS threshold was found to be 0.95 MPa, which corresponds to MI=0.78, a factor
of 2.4 (7.8 dB) lower than the upper limit. The MI was derived from theory for optimal
nucleation of cavitation; however, the theoretical prediction of the inertial cavitation threshold
in blood (Apfel and Holland, 1991) (Fig. 3 and Fig. 4) falls well below the GCH thresholds at
the higher frequencies. The bioeffects thresholds apparently depend on other processes in
addition to the threshold for inertial collapse cavitation. The MI has also been found to be of
little value for forecasting gas body destruction and the loss of image contrast (Forsberg et al.
2006), which may be related to cavitation nucleation.
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As discussed in a previous report (Williams et al. 2007), the characteristics of rat and human
glomerular capillaries are about the same and, therefore, GCH would be expected to occur in
human clinical examinations if the same agent dose and ultrasound exposure reached the human
kidney as reached the rat kidney in this study. Estimates of the equivalent threshold MI values,
relevant to the on-screen MI, have been listed in Table 2. However, it should be noted that the
on-screen MI may not accurately specify the exposure in a kidney during a clinical examination.
For example, obese patients may have significantly greater attenuation than assumed in the MI
calculation. In addition, the laboratory system exposures used here exceeded the upper limits
of DUS for the higher PRPA values. The increasing thresholds with increasing frequency
limited the GCH effect for contrast aided DUS, and no GCH was seen for DUS at 5.0 or 7.4
MHz for the highest available PRPAs. Since the threshold at 7.5 MHz was greater than the
USFDA upper limit guideline of MI=1.9, the GCH effect would not be expected to occur for
a clinical examination, with other parameters similar to those used in this study, at frequencies
of 7.5 MHz or above.

The results of this study accentuate the need for continual revaluation of the safety assurance
framework for diagnostic ultrasound. The need appears to be particularly acute with respect to
the cavitation mechanism for bioeffects studied herein, because bioeffects likely could occur
in the clinical setting for existing ultrasound machines and contrast agents. The upper limit for
the MI exposure parameter fails in its safety assurance role because bioeffects occur at lower
levels. The need for reconsideration of the safety assurance framework for DUS arises from
other bioeffects findings as well. Lung hemorrhage is also possible with present diagnostic
ultrasound machines (AIUM, 2000). The MI does not apply to this bioeffect, because it does
not depend on the inertial cavitation mechanism (Raeman et al. 1997; O’Brien et al. 2000).
Data on lung hemorrhage has been used to propose a complex new index for this bioeffect,
which includes timing parameters (Church and O’Brien, 2007). Furthermore, the establishment
of rigid upper limits for diagnostic ultrasound machines has become a matter of debate (O’Brien
and Miller, 2001; O’Brien et al. 2002), because the unscientific limits were based on the state-
of-the-art for pre-1976 DUS. As medical ultrasound evolves and research related to safety
accumulates, safety assurance parameters should be developed and adjusted on a scientific
basis. Different exposure indices and limits might be appropriate for qualitatively different
types of examinations, such as for contrast enhanced DUS.
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1.
Gross photographs of kidneys exposed with the laboratory system at the highest available
rarefactional pressure amplitudes showing the extent of the effected regions on the surface.
For 1 MHz (top), the exposure was at one position of the fixed beam. For 5 MHz (bottom),
exposures were made at six adjacent positions along a scan line in order to cover a distance
along the line similar to that covered by the single 1 MHz exposure. Scale bars: 1 mm.
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2.
The percentage of glomerular capillary hemorrhage (GCH) from histology for the different
ultrasound frequency sources, each plotted as a function of the peak rarefactional pressure
amplitude (PRPA). Typically, the bioeffect increased rapidly above an apparent threshold both
for diagnostic ultrasound (DUS) exposure and for laboratory system (LAB) exposure. For the
DUS at 5.0 MHz and 7.4 MHz, no GCH was induced even for the highest available PRPA.
For the LAB at 7.5 MHz, the GCH was not significant for the histological evaluation (although
GCH was evidenced by blood filled tubules grossly visible on the surface of the kidneys).
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3.
Apparent thresholds for the diagnostic ultrasound exposures in terms of the peak rarefactional
pressure amplitude (PRPA) plotted against the ultrasonic frequency of the source. The filled
squares show the result for the frequencies with significant glomerular capillary hemorrhage
(GCH), while the empty squares show the highest PRPAs available at the frequencies for which
no significant GCH was seen. The solid line fitted to the data by linear regression has with
95% confidence limits shown as dotted curves. The line labeled MI=1.9 represents the upper
limit for the Mechanical Index in diagnostic ultrasound, and the dash-dot line represent the
theoretical prediction of cavitation thresholds in blood (Apfel and Holland, 1991).
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4.
Apparent thresholds of glomerular capillary hemorrhage for the laboratory-system exposures
in terms of the peak rarefactional pressure amplitude (PRPA) plotted against the ultrasonic
frequency of the transducers. The error bars on the 1.5 MHz data point illustrated the
uncertainty due to the step size between exposure levels. The solid line fitted to the data by
linear regression has 95% confidence limits shown as dotted curves, which lends support for
the approximate proportionality of the PRPA thresholds to the ultrasonic frequency. The line
labeled MI=1.9 represents the upper limit for the Mechanical Index in diagnostic ultrasound,
and the dash-dot line represent the theoretical prediction of cavitation thresholds in blood
(Apfel and Holland, 1991).
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5.
The percentage of glomerular capillary hemorrhage (GCH) from histology as shown in Fig. 2,
but replotted as a function of the peak rarefactional pressure amplitude (PRPA) divided by the
ultrasonic frequency. The disparate curves in Fig. 2 collapse into a more consistent exposure-
response when plotted against this PRPA/frequency exposure parameter.
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