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Abstract--The levels for hind limb paralysis from I MHz,  continuous wave, unfocnsed ultrasound in the neonatal 
mouse were determined at I and 16 bars hydrostatic pressure and at 10 and 37°C. Above a specific intensity level 
at each temperature, the exposure duration for paralysis of 50% of specimens exposed (tso) was found to be 
greater at 16 bars than at 1 bar suggesting a threshold for cavitational involvement. Using these results, the 
intensity thresholds for cavitation were found to be in the ranges of 120-150 W / c m  z and 53-74 W / c m  2 at 10°C 
and 37°(2, respectively. This temperature dependence is consistent with a cavitation mechanism. In addition, the 
ts0 at 289 W / c m  2 and 10°C was measured as a function of hydrostatic pressure and showed that cavitation was 
suppressed at hydrostatic pressures above approximately 10 bars. This result and the intensity threshold for 
cavitation at I bar and 10°C yielded similar values for the threshold negative total pressure for cavitation in the 
neonatal mouse. 
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INTRODUCTION 

Ultrasound is known to induce biological effects by 
thermal and nonthermal mechanisms. Of the several 
nonthermal mechanisms which may be important, 
cavitation has been shown to be the cause of many 
effects in vitro (Ciaravino et al., 1981), in plants (Car- 
stensen et al., 1979), and in fruitflies (Child et al., 
1981). Additionally, Apfel (1982, 1986) and Flynn 
(1982) have shown theoretically that cavitation can 
occur from diagnostic-like microsecond pulses of ul- 
trasound in water, ter Haar and Daniels (1986) have 
shown that bubbles can be caused to grow by ultra- 
sound irradiation of the guinea pig hind limb at less 
than 1 W/cm 2, demonstrating the existence of nuclei 
in mammals. Yet it has been shown previously (Fry 
et al., 1971; Dunn and Fry, 1971; Lele et al., 1973; 
Lele, 1987; Frizzell, 1988) that intensities on the 
order of 1500 W/cm 2 are needed to produce transient 
cavitation-type damage to mammalian brain and 
liver by focused ultrasound. Thus the role of cavita- 
tion in the production of biological effects in mam- 
mals needs further investigation. 

J" Address  all c o r r e s p o n d e n c e  to: L e o n  A. Frizzell.  

The mouse neonate has been a useful model for 
the determination of the exposure conditions for hind 
limb paralysis associated with exposure to unfocused 
ultrasound (Dunn, 1958; Frizzell et al., 1983). Friz- 
zell et al. (1983) reported that at 1 MHz and 10°C, at 
intensities of 144 W/cm 2 and lower, there was no 
change in the exposure duration for paralysis of 50% 
of specimens exposed (ts0) between exposures at l 
and 16 bars (l bar = 100 kPa) hydrostatic pressure. 
Conversely, at 289 W/cm 2 the tso nearly doubled with 
the increase in pressure. Since increased pressure 
tends to suppress cavitational effects (Flynn, 1964; ter 
Haar et al., 1982; Lele, 1987), this was evidence for 
cavitation involvement at 289 W/cm 2 at 1 bar hydro- 
static pressure. Additionally, Frizzell and Lee (1986) 
reported that the minimum intensity for cavitational 
involvement in the hind limb paralysis is lower at 
37°C than at 10°C. 

In this study, the levels for hind limb paralysis 
from 1 MHz, continuous wave, unfocused ultra- 
sound in the neonatal mouse were determined at 1 
and 16 bars hydrostatic pressure and at 10°C and 
37°C. The ts0 at 289 W/cm 2 and 10°C was measured 
as a function of hydrostatic pressure. Using these re- 
sults, the threshold exposure conditions for cavita- 
tional involvement at l0 and 37°C were determined. 
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METHODS AND PROCEDURE 

The details of the equipment, irradiation proce- 
dure, and data analysis have been reported previously 
(Frizzell et al., 1983) and are only summarized here. 
The specimens were ICR [Hap: (ICR)BR Harlan In- 
dustries] Swiss white laboratory mouse neonates har- 
vested within 24 hours of birth (mean weight 1.61 g, 
standard deviation 0.06 g). Only those animals 
weighing within one standard deviation of the mean 
were used for this study. The neonates were anesthe- 
tized by lowering their body temperature to about 
10°C via placement on ice for irradiation at 10°C, or 
by intramuscular injections, at the gluteal regions, of 
ketamine hydrochloride and xylazine, each at a dos- 
age of 25 mg/kg, for irradiation at 37°C and for sev- 

eral data points at l 0°C. For three sets of experiments 
at 37°C, halothane gas was used as the anesthetic. 

After anesthetization the specimen was mounted 
in a specimen holder assembly, and the dorsal skin 
overlying the lumbar vertebral region was surgically 
removed. The specimen was aligned using an optical 
microscope and a high-intensity backlight so that, 
upon placing the holder assembly in the irradiation 
chamber (see Fig. l), the ultrasound beam was cen- 
tered on the third lumbar vertebral region on the 
dorsal side of the animal. The irradiation chamber 
contained degassed Ringer's solution coupling me- 
dium maintained at the desired temperature within 
0. l °C. The specimen was located in the far field of 
the 1 MHz unfocused quartz source, where the trans- 
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Fig. 1. Block diagram of the system electronics and irradiation chamber. 
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verse width of the ultrasound beam, to points of 95% 
of peak intensity, was approximately 3 mm. 

In this study the intensity reported is the spatial 
peak intensity, but the intensity was well within 5% of 
the peak over the entire third lumbar region of the 
neonate as indicated by the beam width reported 
above. The in situ intensity is not reported because 
the path to the ventral side of the spinal cord, where 
the motor neurons are located, contains more than 
one tissue and there is some uncertainty in their 
thickness. However, an estimate of the maximum ef- 
fect of attenuation yields a value for the in situ inten- 
sity 8% lower than the incident intensity. This calcu- 
lation assumed a cartilage layer of thickness 0.05 cm, 
representing the dorsal portion of the spinal column 
which is minimally ossified, and a 0.1 cm depth of 
spinal cord. Recall that the skin was removed prior to 
irradiation. The corresponding attenuation coeffi- 
cients used were 0.58 cm -~ (Dussik and Fritch, 1956) 
and 0.1 (Dunn and Brady, 1974). Since the value for 
cartilage increases with age (Dussik and Fritch, 1956), 
it is likely that the attenuation in the cartilage of the 
dorsal surface of the spinal column in the neonate is 
less than used for this calculation. Thus, the effects of 
linear attenuation should result in in situ intensities 
well within 8% of the reported intensities. However, it 
is also expected that harmonic generation due to 
nonlinear propagation will occur at the higher inten- 
sities used in this study, which means that some of the 
energy incident on the specimen will be in the har- 
monics of 1 MHz. This will result in increased ab- 
sorption and a decreased amplitude at 1 MHz. 

The electronics for driving the transducer con- 
sisted of a Wavetek model 3006 synthesized signal 
generator with attenuator, whose output was con- 
nected to a mixer controlled by an accurate counter 
to pass the signal for the desired exposure duration 
(see Fig. 1). The gated rf pulse was amplified by a 
500-W Electronic Navigation Industries model 
A-500 wideband amplifier and fed through a match- 
ing and feedback network to the transducer. The 
feedback signal was amplified and used to control the 
amplitude of the signal from the signal generator to 
maintain the necessary voltage on the quartz trans- 
ducer to produce the desired sound intensity at the 
specimen. 

For the irradiations performed at atmospheric 
pressure, the specimen was irradiated approximately 
5 min after placement in the irradiation chamber. 
This allowed ample time for the temperature of the 
mouse neonate to reach equilibrium. At equilibrium 
the core body temperature of the specimen, which 
was measured by embedding a small thermocouple 

probe in the abdomen of several specimens, was 10.2 
+_ 0.1 °C and 37.1 +_ 0.1 °C when the temperature of 
the Ringer's coupling medium was 10°C and 37°C, 
respectively. After irradiation the specimen was re- 
moved from the irradiation chamber and allowed to 
recover from the anesthetic. For those animals anes- 
thetized by cooling, full recovery was achieved after a 
15 min warming period at room temperature. For 
those animals anesthetized with intramuscular injec- 
tions of ketamine hydrochloride and xylazine, full 
recovery was achieved at approximately 3-4 h at 
room temperature. Animals anesthetized by inhala- 
tion ofhalothane gas recovered fully in about 20 rain. 
When the irradiations were performed above atmo- 
spheric pressure, particularly at 16 bars, the specimen 
was irradiated approximately 15 rain after placement 
in the irradiation chamber. It took about 5 min to 
seal the irradiation chamber and 10 min to pressurize 
the chamber using compressed air. After the irradia- 
tion, the chamber was decompressed slowly for 15 
min. The recovery time for animals irradiated under 
hyperbaric conditions was similar to that for animals 
irradiated at atmospheric pressure. Sham irradiation 
experiments were performed at a hydrostatic pressure 
of 16 bars at both 10°C and 37°C, each with 20 ani- 
mals. No functional changes or other adverse effects 
were observed at either temperature up to 4 h post- 
sham irradiation. 

Those animals anesthetized by cooling were ex- 
amined initially at a minimum of 4 min, and again at 
15 min, post-irradiation for hind limb paralysis 
(Frizzell et al., 1983). Those animals anesthetized by 
halothane were examined approximately 20 min 
post-irradiation, and those anesthetized by ketamine 
hydrochloride and xylazine were examined approxi- 
mately 4 h post-irradiation. Overall the results ap- 
peared to show little difference with time of examina- 
tion. The examination was achieved by gently stimu- 
lating the hind feet, tail, or belly of the neonate with a 
small surgical forceps. If no functional alteration had 
occurred, the animal responded with a strong reflex- 
ive movement of the hind limbs. Paralyzed speci- 
mens exhibited no reflexive response of the hind 
limbs. 

At the desired temperature and pressure, approx- 
imately 20 mouse neonates were irradiated at a speci- 
fied intensity and exposure duration. This procedure 
was repeated for five or six different exposure dura- 
tions at a common intensity, and the percentage of 
the specimens with hind limb paralysis was deter- 
mined at each exposure duration. These results were 
plotted as the percentage of specimens paralyzed 
versus the inverse of the exposure duration, and a 
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probit analysis (Finney, 1971) was performed to de- 
termine the exposure duration for 10, 50, and 90% 
occurrence of  paralysis at the specified intensity level 
(see Fig. 2). The combination of  the intensity and the 
exposure duration for paralysis in 50% of specimens 
exposed specifies the effective dose 50%, EDs0, expo- 
sure conditions. Additional details of  this method can 
be found in a previous publication (Frizzell et al., 
1983). 

RESULTS AND DISCUSSION 

The EDs0 ultrasonic exposure condit ions for 
hind limb paralysis in the mouse neonate were deter- 
mined at 1 and 16 bars hydrostatic pressure and at 
both l0 ° and 37°C temperature for the intensity 
range of 45 to 289 W/cm 2 (see Table 1). In order to 
fully assess the effect of  the different methods of  anes- 
thesia, the EDs0 ultrasonic exposure conditions were 
de te rmined  using the different a fo remen t ioned  
methods of  anesthesia for several intensity levels at 
atmospheric pressure and at both 10 and 37°C (see 
Table l). The results appear to be independent of  the 
methods of  anesthesia employed in this study. 

The probit fit to the sigmoid curve for percentage 
of  specimens paralyzed versus the inverse of  exposure 
duration (see Fig. 2) yielded a 95% confidence inter- 
val of less than 1% in all but one case. To get a better 
determination of  the variability associated with these 
measurements, the t50 at 86 W/cm 2, 37°C and 1 bar 
was determined five separate t imes (see Table 2). 
Four  o f  the experiments  for this s tudy were per- 
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Fig. 2. Plot of percentage of specimens paralyzed versus t- J 
at 192 W/cm 2 and 1 MHz in 10oC Ringer's solution. The 
solid line is derived from the probit analysis. The dashed 

lines indicate the 10, 50, and 90% paralysis conditions. 

Table 1. Exposure duration ho, tso, and tgo in seconds for 
ED~o, ED50, and EDgo exposure conditions, respectively, 
at l MHz. I is the ultrasonic intensity in W / c m  2, P is the 

hydrostatic pressure in bars, and T is the ambient 
temperature. Abbreviations CO, KX, and HT denote 
anesthesia induction by cooling on ice, ketamine HC1 

and xylazine, and halothane, respectively. 

I P Anesthesia tt0 ts0 tgo 

T = 10°C 
45 1 CO 25.00 51.00 - -  
86 1 CO 3.40 5.00 9.40 
86 1 KX 3.60 5.00 8.60 
86 16 CO 3.20 4.90 9.70 

105 1 CO 2.00 2.60 3.50 
122 1 CO 1.40 1.50 1.70 
144 1 CO 0.84 0.97 1.10 
144 1 KX 0.85 0.99 1.20 
144 16 CO 0.85 0.97 1.10 
192 1 CO 0.36 0.44 0.58 
192 1 K X  0.36 0.46 0.61 
192 16 CO 0.44 0.63 1.10 
256 1 CO 0.23 0.30 0.45 
289 1 CO 0.20 0.26 0.37 
289 16 CO 0.29 0.50 1.50 

T = 37°C 
45 1 K X  3.20 5.00 11.00 
45 1 H T  3.50 5.00 9.40 
45 16 KX 3.10 4.70 10.00 
86 1 KX 0.53 0.67 0.89 
86 I HT  0.53 0.65 0.84 
86 16 K X  0.60 0.77 1.10 

105 1 K X  0.26 0.35 0.50 
105 I H T  0.27 0.35 0.52 
105 16 KX 0.36 0.50 0.82 
122 1 KX 0.21 0.27 0.37 
122 16 KX 0.25 0.37 0.73 

formed using ketamine HC1 and xylazine as the anes- 
thetic agent, and one experiment  was performed 
using halothane. As noted above, the results appear to 
be independent  of  the method  of  anesthesia. The 
mean and the standard error of these five sets of  ex- 
periments were 0.66 s and 0.005 s, respectively, for a 
coefficient of variation of 0.8%. Since the determina- 
tion of one ts0 value at 1 bar ambient pressure takes 
approximately two to three weeks, it was not feasible 
to perform multiple determinations at all intensities, 
temperatures, and pressures. However, on occasions 
when new personnel began performing the experi- 
ments, they were required to repeat a previous mea- 
surement. Repetition involving different personnel 
and anesthetics showed agreement within three per- 
cent (Frizzell and Lee, 1986). 

The ED5o data from Table 1 are plotted as inten- 
sity versus exposure duration in Fig. 3. Comparison 
of  the data at 1 and 16 bars hydrostatic pressure 
shows that the results are independent of  pressure at 
low intensities, but above a certain intensity level the 
EDso ultrasonic exposure conditions are greater at 16 
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Table 2. Exposure durations ho, tso, and tgo in seconds for ED~o, EDso, and EDgo exposure conditions, 
respectively, at 86 W/era 2, 370C, and a hydrostatic pressure of  I bar. 
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Description Anesthetic t,o tso tgo 

Exp. 1 
Exp. 2 
Exp. 3 
Exp. 4 

Exp. 1-4 
mean 
standard error 

Exp. 5 

Exp. 1-5 
mean 
standard error 

ketamine HCI + xylazine 
ketamine HC! + xylazine 
ketamine HCI + xylazine 
ketamine HCI + xylazine 

halothane 

0.53 0.67 0.89 
0.51 0.66 0.92 
0.53 0.68 0.95 
0.53 0.66 0.88 

0.53 0.67 0.91 
0.0050 0.0048 0.016 

0.53 0.65 0.84 

0.53 0.66 0.90 
0.0040 0.0049 0.019 
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Table 3. Polynomial regression model by the method of least squares for the different sets of data given 
in Table 1. The fitted model is of the form: log t, = Intercept - A log I + B(log 1) 2, where I is the 
ultrasonic intensity, t, is the exposure duration, and n is the percentage of specimens paralyzed. 

T is the ambient temperature and P is the hydrostatic pressure. 

T 
(of) 

Intersection Pt. 
P FI" 

(bars) n Intercept A B value I (W/cm:) tn (s) 

10 1 50 13.3 9.78 1.67 1700 
120 1.7 

10 16 50 16.5 13.2 2.60 520 

10 1 10 9.53 6.43 0.92 990 
120 1.4 10 16 10 11.4 8.45 1.46 740 

37 1 50 10.2 7.92 1.33 300 
53 2.8 37 16 50 10.5 8.60 1.62 50000 

37 l l0 7.04 4.88 0.56 108 
49 2.5 

37 16 10 4.80 2.69 0.05 25000 

t The F value is an indicator of how well the curve fits the data. The larger the F value, the better the fit. 

bars than at 1 bar. Assuming that the standard error 
associated with each tso value is not greater than 3% of  
the mean, then the differences in the observed 40 at 1 
bar and 16 bars hydrostatic pressure at intensity levels 
of  192 W/cm 2 and 289 W/cm 2 at 10°C and at inten- 
sity levels of  86 W/cm 2, 105 W/cm 2, and 122 W/cm 2 
at 37°C are all statistically significant at p < 0.001. 
Since an increased hydrostatic pressure tends to sup- 
press cavitation (Flynn, 1964; ter Haar  et al., 1982; 
Lele, 1987), cavitational involvement is indicated for 
exposures at 1 bar for exposure levels which show an 
effect of  hydrostatic pressure on the EDso. The results 
also show that with an elevation in the temperature, 
cavitation appears to be involved at a lower intensity 
level. This temperature dependence is consistent with 
a cavitation mechanism (Flynn, 1964; Crum, 1979). 

Visual inspection of  Fig. 3 would suggest that the 
threshold intensities for cavitational involvement are 
approximately 150 W/cm 2 at 10°C and 60 W/cm 2 at 
37°C. In order to determine precisely the threshold 
intensity for cavitational involvement at both tem- 
peratures, the data of  Table 1, and Fig. 3, for each 
temperature and pressure were fit to a second-order 
po lynomia l  curve  min imiz ing  least-square error.  
Similar procedures  were per formed for the corre- 
sponding EDI0 exposure conditions listed in Table 1. 
The results and statistical data are listed in Table 3, 
and the EDso data at l0 ° and 37°C are plotted in Figs. 
4 and 5, respectively. The max imum intensity for 
intersection of  the l and 16 bar curves yielded inten- 
sity thresholds for cavitation at 120 W/cm 2 and 53 
W/cm 2 at l0 and 37°C, respectively. As seen in Table 
3, the results based on the ED~o exposure conditions 
are similar. These values are lower than expected 
based on the visual inspection of  Fig. 3. However, 
when a 3% error is added to the 40 values, the highest 

intersection point is 150 W/cm 2 and 0.92 s at 10°C 
and 74 W/cm 2 and 1.1 s at 37°C. Thus, it seems 
appropriate to consider that the threshold for cavita- 
t ional involvement  falls in the ranges of  120-150 
W/cm 2 at 1.7-0.92 s exposure duration at 10°C and 
53-74 W/cm 2 at 2.8- I. 1 s exposure duration at 37°C. 
Finally, it should be understood that the particular 
polynomial  funct ion used to generate the data  o f  
Table 3 was chosen because it provided an excellent 
fit to the data and does not  imply an underlying 
model which explains the shapes of  the curves. 
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Fig. 4. Plot of intensity versus exposure duration curves 
generated by a polynomial regression fit to the EDs0 expo- 
sure conditions at 10*C. The solid and dashed curves repre- 
sent exposure at 1 bar and 16 bars hydrostatic pressure, 

respectively. 
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The ts0 at 10°C and at 289 W/cm 2 was deter- 
mined as a function of  hydrostatic pressure over the 
range from 1 to 16 bars. The results are listed in Table 
4 and are plotted in Fig. 6. From the plot in Fig. 6, it 
can be seen clearly that the tso essentially reaches an 
asymptotic value of  0.50 s when the hydrostatic pres- 
sure is increased beyond approximately l0 bars. This 
indicates that the effect of  cavitation is suppressed at 
pressures greater than this threshold value. These re- 
sults can be compared to the results in Table 3 in the 
following way. 

For a traveling plane acoustic wave, the time 
averaged intensity I can be expressed as 

I - (1) 
2pc  ' 

where Pa is the acoustic pressure amplitude and pc is 
the product  of  density and speed of  sound of  the 

Table 4. Exposure duration tso in seconds for EDso 
exposure conditions at 289 W/cm 2 and 10°C. 

P is the hydrostatic pressure in bars. 

P (bars) ts0 (s) 

1 0.26 
5 0.29 
8.5 0.44 

10 0.49 
16 0.50 
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Fig. 6. Plot of the exposure duration for paralysis of 50% of 
specimens, ts0, versus hydrostatic pressure at an intensity of 

289 W/cm 2 and at 10°C. 

medium.  In general, transient cavitation does not 
occur in a liquid medium unless the maximum nega- 
tive value of  the total pressure is lower than a certain 
threshold value Pth, where the total pressure Pt is 
given by 

Pt = P,~ cos o~t + Ph, (2) 

where Ph is the hydrostatic pressure and w is the angu- 
lar frequency. If the intensity threshold for cavitation 
is taken as being in the range of  120-150 W/cm 2 at 
10°C and l bar hydrostat ic pressure, then, using 
equations (1) and (2), Pth is calculated to be in the 
range o f -  18 to - 2 0  bars, where the acoustic imped- 
ance pc for the Ringer's coupling medium at 10°C 
was taken as 1.47 × l 06  MKS rayls. For  intensities 
above this threshold range, suppression of  cavitation 
would  occur  i f  the hydros ta t ic  pressure is large 
enough such that Pt is always greater than Pth. Based 
on the data of  Table 4 and Fig. 6, cavitation was 
suppressed at 289 W/cm 2 when the hydrostatic pres- 
sure exceeded approximately 10 bars. This yields a Pth 
of  approximately - 1 9  bars which is in the range for 
Pth calculated above. 

C O N C L U S I O N S  

The results obtained in this study indicate that 
ultrasonically induced cavitation is involved in the 
production of  hind limb paralysis of  the mouse neo- 
nate at intensities above the range of  120-150 W/cm 2 
at 10°C and above the range of  53-74 W/cm 2 at 
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37°C. This qualitative temperature dependence is as 
expected for cavitation phenomena. 

The tso was determined at 289 W/cm 2 and 10°C 
as a function of hydrostatic pressure showing that the 
ts0 reaches an asymptotic value of 0.50 s when the 
hydrostatic pressure is increased beyond approxi- 
mately 10 bars. Thus cavitation was suppressed when 
the hydrostatic pressure was greater than 10 bars. 

An intensity of 120-150 W/cm 2 at 1 bar hydro- 
static pressure and an intensity of 289 W/cm 2 at l0 
bar hydrostatic pressure yield a maximum negative 
total pressure o f -  18 to - 2 0  bars and - 1 9  bars, re- 
spectively. Again, it should be noted that some har- 
monic generation is expected to occur due to nonlin- 
ear propagation in the coupling medium, which will 
reduce the amplitude of the l MHz signal. However, 
based on plane wave theory, the difference between 
this effect at 135 and 289 W/cm 2 is on the order of 
10%. Thus, even considering nonlinear effects, both 
sets of  experiments discussed above yield similar 
threshold maximum negative total pressures for cavi- 
tational involvement in the hind limb paralysis at 
10°C. Since a cavitation threshold dependent upon 
the maximum negative total pressure is often indica- 
tive of transient cavitation, these results suggest that 
transient rather than stable cavitation may be respon- 
sible for the observed cavitational effects. 

These threshold intensity levels are well below 
those determined for adult mammalian brain and 
liver (Fry et al., 1971; Dunn and Fry, 1971; Lele et al., 
1973; Lele, 1987; Frizzell, 1988). Though the reason 
for this difference is not yet clear, these results are 
consistent with the lower intensity thresholds for cav- 
itation observed by others for long exposure dura- 
tions (Lehmann and Herrick, 1953; Martin et al., 
198 l; ter Haar et al., 1986). However, the threshold 
intensity levels reported here are well above the time- 
averaged intensities employed with diagnostic and 
diathermic ultrasonic systems. On the other hand, the 
effect of  diagnosticlike short duration, repetitive 
pulses of ultrasound, where the temporal peak inten- 
sity may exceed these thresholds needs to be exam- 
ined. 
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