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ABSTRACT While there are no known risks 
associated with diagnostic ultrasound, uncertainty 
about the safety of prenatal ultrasound exposure 
remains. The purpose of the present experiment 
was to evaluate the behavioral teratogenic poten- 
tial of continuous-wave (cw) ultrasound in rats, in 
the absence of maternal anesthesia or restraint. 
Pregnant CD rats, trained to remain immobile in a 
water-filled ultrasound exposure tank, were 
scanned with 3 MHz cw ultrasound at levels of 0,2, 
10, 20, or 30 W/cm2 lspTA (spatial peak, temporal 
average intensity) on gestational days 4-20 for ap-  
proximately 10 midday. Offspring were examined 
postnatally for survival, growth, physical land- 
marks of development, behavioral development, 
and the adult functions of locomotor activity, learn- 
ing and memory, and startle reactivity. No effects 
of prenatal ultrasound were found on maternal 
characteristics, offspring survival or growth, physi- 
cal or behavioral landmarks of development, or 
adult tests of passive avoidance or startle. Effects 
at the highest intensity were obtained on corner 
and side locomotor activity and in a multiple-T wa- 
ter maze on measures of errors of commission and 
time spent finding the goal. The results showed that 
prenatal cw ultrasound in rats can induce effects 
on some postnatal neurobehavioral functions at 
high exposure intensities (30 W/cm2), but at lower 
intensities 12-20 W/cm2) no consistent evidence of 
neurobchavioral effects was observed. 
0 1994 Wiley-Liss, Inc. 

The widespread use of ultrasonography during preg- 
nancy reflects the absence of known adverse effects 
and its diagnostic benefits (NIH, '84; Brent et al., '91), 
although the value of routine prenatal ultrasound 
screening is being called into question (Ewigman et al., 
'93). However, recognition of the methodological diffi- 
culties inherent in epidemiological studies for detect- 
ing subtle effects or low frequency severe effects has 

prompted continued caution (Ziskin and Petitti, '88). In 
addition, two developments in clinical practice, the use 
of diagnostic ultrasound devices with increasing acous- 
tic output intensities and the more frequent use of ul- 
trasound for preconception and early gestational exam- 
inations, have prompted a reappraisal of possible 
reproductive risks (Miller, '91; Martin et al., '91; 
AIUM, '93; Tarantal and O'Brien, '94). 

Experimental efforts to delineate the bioeffects of ul- 
trasound on in utero development have been inconclu- 
sive (Carstensen and Gates, '85; O'Brien, '85; Brent et 
al., '91; AIUM, '93; Tarantal and O'Brien, '94). Some 
studies have reported increased malformation rates 
(Mannor et al., '72; Shoji et al., '74; Sikov and Hilde- 
brand, '76; Pizzarello et al., '78; Stolzenberg et al., '80; 
Sarvazyan et al., '82; Takabayashi et al., '85), while 
others have found no such effects (McClain et al., '72; 
O'Brien et al., '82; Child et al., '84, '89; Kimmel et al., 
'83, '89; Vorhees et al., '91a). Effects of ultrasound ex- 
posure on fetal body weight have also been reported 
(Pizzarello et al., '78; Stolzenberg et al., '80; O'Brien, 
'83; Tarantal and Hendrickx, '89a; Hande and Devi, 
'92, '93)' but other studies have found no body weight 
changes (Child et al., '84, '89; Kimmel et al., '83, '89). In 
addition, reports of behavioral teratogenic effects have 
appeared (Murai et al., '75a,b; Sikov et al., '77; Taran- 
tal and Hendrickx, '89b; Norton et al., '91). 
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Part of the difficulty in assessing the developmental 
effects of ultrasound based on animal investigations 
lies in the variability of the experimental conditions, 
exposure parameters, and dependent measures used. 
Where biological alterations have been found, their 
significance is often unclear because appropriate dose- 
effect relationships have not been established. There 
are also uncertainties with respect to the extrapolation 
of experimental animal data t o  humans, particularly 
for factors such as differences in tissue ultrasound at- 
tenuation, target size, species sensitivity, and heating 
effects which depend on the mass of the exposed organ- 
ism (NIH, '84; O'Brien, '92). 

A limitation common to most animal studies of ul- 
trasound developmental effects involves the use of an- 
esthesia or restraint during insonation. These factors 
could potentially confound the experimental results, 
since both are themselves associated with developmen- 
tal toxicity (Mazze et al., '85; Weinstock et al., '88). 
Furthermore, anesthesia-induced hypothermia could 
alter the response to ultrasound-induced heating. In an 
alternative approach to dealing with these problems, 
we developed an ultrasound exposure system using 
rats that had been trained to remain immobile without 
using anesthetics. This system was previously used to 
assess the effects of prenatal exposure to continuous- 
wave (cw) (Vorhees et al., '91a) or pulsed-wave (pw) 
(Fisher et al., '94) ultrasound on fetal body weight and 
malformation potential. The present study extends this 
approach by examining the possible behavioral terato- 
genic efyects of in utero exposure to cw ultrasound us- 
ing the conditioned immobility procedure. 

MATERIALS AND METHODS 
Animals 

Subjects were nulliparous female Sprague-Dawley 
CD (VAF) rats (Charles River, Portage, MI), housed 
according to the guidelines of the American Associa- 
tion for the Accreditation of Laboratory Animal Care. 
Prior to  placing females with males, immobility train- 
ing was conducted in a water-filled chamber approxi- 
mately the same size as that of the confinement cham- 
ber in the ultrasound exposure tank. Each female 
received 2 consecutive days of 12 miniday followed by 2 
days of 10 miniday confinement in the training tank. 
This repeated confinement elicited a conditioned im- 
mobility, i.e., an attenuation of efforts to escape. Fe- 
males were housed with males on the day following the 
last training session. Discovery of a vaginal plug was 
considered embryonic (E) day 0. 

On EO, dams were assigned to one of five treatment 
groups for cw Ultrasound exposure on a weight- 
matched basis and encoded on the exposimetry com- 
puter so that experimenters were blind to treatment 
group assignment. At least 16 dams were assigned to 
each group. On E3, each dam received refresher immo- 
bility training (12 min) in the exposure tank. After 

removal from the vessel, the abdomen of each rat was 
depilated. 

Exposure system 
For detailed descriptions of the ultrasound exposim- 

etry system which was developed specifically for these 
experiments see Smith et al. ('90) and Vorhees et al. 
('91a). Briefly, the exposure system consisted of a wa- 
ter-filled, rectangular container constructed of acrylic, 
with a partially focused 4.6 cm diameter, 3 MHz, PZT-4 
crystal mounted in a movable transducer assembly 
platform approximately 30 cm below the water surface. 
Pregnant rats that had been trained to remain immo- 
bile were placed individually in an inner confinement 
chamber (10 x 15 cm) directly above the ultrasound 
beam. The ultrasound beam was calibrated under free- 
field conditions with a calibrated membrane hydro- 
phone (Marconi; see Smith et al. 1'901 for details). For a 
stationary beam, at the focus that would be a location 
within the floating rat, the free-field 90% and 50% in- 
tensity beam widths were 1.6 and 3.2 cm, respectively. 
At  the focus the four cw values of the spatial peak, 
temporal average intensity (Is,,,) used were 0, 2, 10, 
20, and 30 Wicm', as calculated from the measured 
instantaneous pressures. Measurement uncertainty 
yields an intensity uncertainty of +- 15%. 

Intensities were selected to span a broad range of 
exposures in an attempt to  establish a clear bioeffect. 
Accordingly, our lowest exposure intensity of 2 Wicm2 
was chosen to be at  or slightly above the upper bound- 
ary of diagnostic intensities. At the opposite extreme, 
30 Wicm2 was chosen as one we estimated was likely to 
increase body temperature and might produce a de- 
monstrable effect. Intermediate values were chosen in 
equal steps below the highest value in order to describe 
a dose-response relationship for any effects obtained. 
The values were also selected based on our previous 
data showing that these cw intensities were not terato- 
genic (Vorhees et al., '91a). Duration of exposure was 
selected somewhat arbitrarily, but was based on the 
length of time of some clinical examinations and the 
time rats could be trained to remain relatively immo- 
bile. 

A modification of an approach described by OBrien 
et al. ('82) was used to provide uniform ultrasound ex- 
posure to the floating rat's abdominal surface, which 
was estimated to be approximately 7 (width at the wid- 
est point) x 8 cm (xiphoid process to the prepuce) on 
E17. A raster scan pattern of the movable transducer 
assembly was set at 8 x 13.5 cm, or approximately 1 
cm inside each wall of the confinement chamber, so 
that the entire enclosure was insonated. The raster 
scan sequence consisted of sixteen 8 cm rasters sepa- 
rated by l cm. Each rat received one raster scan per 
day on E4-20 for a total of 17 insonation exposures, 
each lasting 10 min, with 2 min of transducer position- 
ing time at the beginning of the scanning pattern for a 
total of 12 minisession. Based on the raster scan pat- 
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TABLE 1. Testing sequence for maleifemale pairs of offspring in each litter' 

Offspring pair 
Test A B c D Age (days) 
Pinna detachment + + + + (k 
Incisor eruption + + + + 7+ 
Eye opening + + + + lZ+ 
Vaginal patency (F only) + + + + 3 k  
Balanopreputial separation (M only) + + + + 35- 
Olfactory orientation + + - 9, 11, 13 
Early locomotion + + - - 10, 12, 14 
Air righting + + 
Acoustic startle + + 
Cincinnati water maze + + 50-54 2 3 

+ 60-74 Passive avoidance + 
~ - 20,60 Locomotor activity + + 

Acoustic and tactile startle + + 

- 

15-18 
18-20 

- - 
- - 
~ - 

- - 

75 - - 

'There were 16 litters per group and 8 offspring per litter divided into 4 male/female pairs. 
Pairs were arbitrarily labeled A, B, C, and D. "+" indicates that the pair received the 
indicated test and "-" indicates that it did not. 'I+" indicates that rats were tested from the 
day shown until the criterion was met. 

tern and transducer speed, the time that a specific body 
site was within the 90% intensity beam width during 
one scanning session was determined t o  be 8-12 sec. 
For the 50% intensity beam width the exposure time 
ranged between 41 and 46.5 sec. Body temperature was 
not measured because of the complexity of this proce- 
dure in unrestrained rats. Our decision was that body 
temperature would be measured in subsequent exper- 
iments only if clear bioeffects emerged from the present 
experiment. 

The exposure tank was refilled daily with fresh 
deionized water and allowed to degas overnight. Water 
temperature was maintained at 35°C by a proportional 
temperature controller (Yellow Springs model 72, Yel- 
low Springs, OH). 

Behavioral teratological procedures 
Dams were allowed to deliver naturally. On the day 

of birth (PO), offspring were examined for external 
defects, sexed, numbered, and four males and four 
females selected for retention using a random number 
table. On P9 offspring were individually marked in 
preparation for reflex testing using black indelible 
ink. A summary of the testing sequence is provided in 
Table 1. 

Physical landmarks. Daily from PO, each offspring 
was examined for bilateral detachment of the pinnae. 
Daily from P7, each offspring was examined for bilat- 
eral eruption of upper and lower incisors, noted sepa- 
rately. Daily from P12, each offspring was examined 
for bilateral eyelid opening to its fullest extent (to 
outer epicanthus). In addition, day of preputial separa- 
tion was noted for males and day of vaginal patency 
was noted for females. 

Reflexology. Four tests of early reflex and/or be- 
havior were conducted on all retained offspring per lit- 
ter: olfactory orientation, air righting, early locomotion 

(pivoting), and acoustic startle. All of these tests have 
been described in detail elsewhere with minor modifi- 
cations as  noted below (Vorhees, '83). Olfactory orien- 
tation was conducted on days P9, P11, and P13 for 1 
miniday by placing animals in a 12 x 38 cm runway 
midway between equal measured amounts of home 
cage bedding and clean bedding and scoring move- 
ments in either direction based on line crossings 
marked on the floor ranging from -4 (nearest the 
clean bedding) to + 4 (nearest the home bedding). Eval- 
uation of pivoting was conducted on days P10, P12, and 
P14 for 1 miniday in a Digiscan activity monitor de- 
signed for mice. Air righting was conducted on days 
P15-18 using a new stop-action photographic method 
(Vorhees et al., '94). Each offspring received 3 righting 
trials per day when released from a standard height of 
30 cm to a padded landing surface. The proportion of 
rats successfully righting on either 2/3 or 3/3 trials per 
day was used to analyze the results of this test. Acous- 
tic startle testing was conducted on days P19 % 1 and 
again on P75 in a San Diego Instruments (San Diego, 
CA) model SR startle apparatus. Each offspring re- 
ceived 51 trials consisting of exposure to the startle 
stimulus (115 dB(A)), a broad band signal with a pre- 
dominant frequency of 4 kHz lasting for 20 msec, with 
70 dB background noise, an  intertrial interval of 8 sec, 
and a response window of 100 msec, following an initial 
5 min test chamber acclimation period. A pressure 
transducer converted the animal's flinch into a voltage 
signal that was used to quantify the maximum ampli- 
tude (V,,,), average amplitude (V,,,,), and latency to 
maximum response (Tmax) on each trial. Activity test- 
ing on day P20 is described below. 

Offspring were weaned on P28 and housed in same 
sex pairs, then housed individually on P42. After wean- 
ing, two maleifemale pairs (A and D) per litter were 
assessed on two tests of learning and memory (Cincin 
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TABLE 2. Effects of cw ultrasound on reproductive outcome after exposure on E4-20 

Deoendent variable 0 2 10 20 30 
No. sperm-positive females 
No. non-parturient dams' 
No. litters found dead 
Litters with >6 liveborn 
Gestation length (daysI2 
Litter size at birth" 
Offspring mortality at birth 
Offspring mortality P1-28 
Offsorim mortalitv P29-90 

16 16 
0 0 
0 0 
0 0 

21.7 (0.1) 21.8 (0.1) 
15.5 (0.5) 15.5 (0.5) 

31248 41248 
21128 21128 
011253 011243 

17 
0 
0 
1 

21.9 (0.1) 
14.2 (0.9) 

31242 

01126 
21iza 

20 
2 
1 
0 

21.7 (0.1) 
14.4 (0.8) 

21254 
31141 
011313 

18 
0 
0 
1 

21.8 (0.1) 
14.3 (0.8) 

31258 
31136 
01133 

'Both non-parturient dams' litters were 100% resorbed. 
'Values represent the group mean k SEM (in parentheses). 
3Numbers do not sum from previous row due to  some offspring not being retained after weaning. Only four males and four 
females were retained after weaning; any extras were euthanized. 

nati water maze and passive avoidance), while pairs B 
and C were tested for activity, and pairs A and B for 
startle reactivity. 

Water maze. The Cincinnati water maze is a multi- 
ple-T maze with nine double-ended cul-de-sacs. Rats 
were tested beginning on the nearest Monday to day 
P50 for 5 consecutive days. On the first day, rats re- 
ceived 4 trials in a 150 cm straight swimming channel. 
On the remaining days, rats received 2 trials per day in 
the maze in path B using an unassisted escape test 
procedure. Rats were scored for errors and time to com- 
plete the maze up to a limit of 5 minitrial. Details of the 
apparatus (Vorhees, '87) and test procedures (Vorhees 
et al., '91bj have been described previously. Pairs A 
and D received this test. 

Passive avoidance. Step-through passive avoid- 
ance was conducted on days P60 and P74. On P60, each 
rat was placed in the two-compartment apparatus on 
the lighted side and allowed up to 3 min to spontane- 
ously crossover to the dark side (rats not crossing on 
the first trial were retested the next day for crossover, 
but if they failed a second time they were eliminated 
from further testing). Upon crossing, the door dividing 
the two compartments was closed and a single scram- 
bled shock (0.9 mA, 1 sec duration) was administered 
through the grid floor. On P74 rats were returned to 
the lighted side and latency to reenter the dark side 
was assessed for up to 3 min, with no shock for those 
crossing. Pairs A and D received this test. 

Activity. Locomotor activity was assessed using a 
video tracking system described in detail elsewhere 
(Vorhees et al., '92). Rats were tested twice, once on 
P20 and again on P60 for 30 min on each occasion. 
Computer-generated tracings of the animal's path re- 
corded each 0.1 sec were scored by length in different 
regions of the 40  x 40 cm field under red lights. Ac- 
tivity in these regions was termed corner, side, and 
central activity. The combination of corner and side 
activity was defined as peripheral activity and of all 
regions as total activity. In addition, the number of 
section entries was defined as  the number of transi- 
tions. Pairs B and C received this test. 

Startle. Startle was tested on P75 using two stimu- 
lus modalities: acoustic and tactile. The acoustic test 
was identical to that described above prior to weaning. 
The tactile test consisted of 51 additional trials in 
which the stimulus used was a mid-chamber air-puff of 
12 psi administered for 20 msec on each trial. All other 
exposure and measurement parameters were as  de- 
scribed above for the preweaning acoustic startle test. 
Pairs A and B were administered this test. 

Statistical procedures 
All data except mortality were analyzed using fixed- 

effect factorial analyses of variance (general linear 
model), with the litter mean used t o  represent all the 
subjects within a litter, stratified by sex. Some behav- 
ioral tests and body weight measurements involved re- 
peated assessments of the same subjects. In these cases, 
a split-plot analysis of variance was used with trials as 
a within-subjects factor in the model. In instances in 
which a test for sphericity of the variance-covariance 
matrix of split-plot analyses of variance was signifi- 
cant, the Greenhouse-Geisser correction of F-ratios in- 
volving the repeated measure factor was used. Mortal- 
ity data were analyzed by Fisher's test for uncorrelated 
proportions. For all analyses of variance, a posteriori 
group comparisons were conducted using Duncan's 
multiple range test. 

RESULTS 
The reproductive outcomes of the experiment are 

summarized in Table 2. Ultrasound exposure had no 
demonstrable effect upon the number of nonparturient 
dams, resorbed littets, number of litters either born 
dead or with fewer than six live offspring, live litter 
size, gestation length, or sex ratio. There were no sig- 
nificant effects found on maternal or offspring body 
weights. No effects on offspring mortality were found 
(Table 2). 

Physical laudmarks of development 
Physical landmarks of development examined were 

mean day of pinna detachment, upper and lower incisor 
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TABLE 3. Physical landmarks of development in offspring exposed prenatally to cw ultrasound' 

Group (W/cm2) IspTA 
Dependent variable 0 2 10 20 30 P2 
Pinna detachment 3.1 (0.1) 3.0 (0)  3.3 (0.1) 2.9 (0.1) 3.1 (0.1) <0.067 
Preputial separation 40.9 (0.3) 40.4 (0.2) 41.2 (0.3) 40.6 (0.2) 41.3 (0.4) 0.172 
Vaginal patency 33.6 (0.5) 33.4 (0.3) 32.8 (0.2) 32.6 (0.2) 33.0 (0.3) 0.143 

'Data are expressed as group mean (days) * SEM (in parentheses). 
'Based on analysis of variance main effect for treatment group. 

eruption, eye opening, preputial separation in males, 
and vaginal patency in females. No effects were found 
for upper or lower incisor eruption or for eye opening. P 
< 0.2 in treatment group F-ratios were found for pinna 
detachment, preputial separation, and vaginal pa- 
tency. Group means are shown in Table 3. No dose- 
dependent pattern of effects was seen on any of these 
measures. 

Measures of behavioral development 
Two factors were significant for olfactory orienta- 

tion: day and the day x group interaction (F(8,154) = 
2.2, P < 0.04). Duncan group comparisons on each day 
revealed a difference only on day 13 of testing, in which 
the ultrasound 10 Wkm2 (US10) group had higher ori- 
entation scores than controls (Fig. 1). 

Analysis of early locomotion, used as an  index of piv- 
oting development, revealed no significant treatment 
group effects. 

Analysis of air-righting photographs revealed no sig- 
nificant effect of treatment group on performance of 
this reflex. 

Analyses of preweaning startle habituation revealed 
no treatment group effects. Separate analyses of the 
first trial showed a significant treatment group effect 
for both V,,, and V,,,, (both P < 0.051, however, the 
differences were between the US2 group and the US10 
group. No treatment group differed from controls and 
no dose-dependent pattern was observed, suggesting 
that this effect was due to factors other than ultra- 
sound exposure. 

Preweaning locomotor activity was analyzed for 
number of section transitions, and amount of move- 
ment (distance) in the corners, sides, and central re- 
gions as well as the sum of these as total activity. No 
treatment group effects were found for transitions, to- 
tal, side, or central activity, but a significant group 
main effect was seen for corner activity (F(4,76) = 3.9, 
P < 0.01). Duncan group comparisons revealed that 
this effect was due to increased corner activity in the 
US30 group compared to controls or any other ultra- 
sound exposed group (Fig. 2, left). Follow-up analyses 
of time spent in each region confirmed this effect, i.e., 
the US30 group spent more time in corners than con- 
trols, most notably on intervals 2 and 3, and overall 
(Fig. 2, middle and inset). Interestingly, the analysis of 
time spent on the sides showed an opposite pattern. 

In this case, a significant treatment group effect 
(F(4,76) = 2.6, P < 0.05) and Duncan comparisons re- 
vealed that the US30 group spent less time along the 
sides than controls or other ultrasound exposed groups 
(Fig. 2, right). 

Measures of adult behavioral performance 
Analysis of swimming times in a straight channel 

administered prior to maze testing revealed no treat- 
ment group effects based on a group x sex x trial anal- 
ysis of variance. Similar analysis of maze errors, how- 
ever, revealed a non-significant treatment group main 
effect (F(4,77) = 2.2, P = 0.076) and a significant trial 
x group interaction (F(28,539) = 1.9, P < 0.015). Maze 
times showed a similar pattern, except for these data 
the treatment group main effect was significant 
(F(4,77) = 3.0, P = 0.022), while the trial x group 
interaction was not (F(28,539) = 1.5, P < 0.10). Errors 
for each trial and errors averaged across trials and 
times averaged across trials are shown in Figure 3. 
Increased errors compared to controls were found on 
trial 1 in the US2 group and on trial 2 in the US30 
group by Duncan comparisons. No differences were 
seen on trials 3-8. Across all trials, the only signifi- 
cant Duncan comparison was between the controls and 
the US30 group (P < 0.05). A similar pattern was seen 
on maze times, but the Duncan comparison fell short of 
conventional significance (0.05 > P < 0.10). Again, this 
trend was for the US30 group to spend more time in the 
maze than controls. 

Analyses of passive avoidance revealed no signifi- 
cant treatment group effect on either training or reten- 
tion performance. 

Adult locomotor activity was analyzed in the same 
fashion as preweaning activity. No significant treat- 
ment group effects were found on any measure. 

Adult startle was analyzed in the same fashion as 
preweaning startle. The only difference was that for 
adult startle two habituation sessions were conducted: 
the first for acoustic startle and the second for tactile 
startle. No significant treatment group effects were 
found for either acoustic or tactile startle habituation. 

DISCUSSION 
Interpretation of the current findings 

The time-dependent bioheat transfer equation was 
applied to a circular source to estimate the tempera- 
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Fig. 1. Mean (2SEM) movement toward the home cage scent during olfactory orientation testing in 

rats prenatally exposed to cw ultrasound. **I' < 0.01 compared to control. 

ture increase due to a n  8 sec ultrasound exposure du- 
ration (Pennes, '48; Nyborg, '88; AIUM, '88, '93; Ellis, 
'91; NCRP, '92). This exposure duration is the mini- 
mum time that a specific body site was within the 90% 
intensity beam width during one scanning session. In 
this formulation, the source power is the ultrasonic 
power incident at the rat surface. Using a diameter (D) 
of 1.6 cm (the free-field 90% intensity beam width), the 
source powers calculate (Wsource = ('rrD2/4)Isp~~) to be 
4,20,40, and 60 W for the IspTA values of 2,10,20, and 
30 W/cm2, respectively. An attenuation coefficient (and 
absorption coefficient) value of 0.3 dB/cm-MHz for a 
homogeneous tissue model was used which is the same 
value used by the US .  Food and Drug Administration 
(FDA) for their approval process of diagnostic ultra- 
sound equipment (FDA, '85, '93) and was used in the 
AIUM ('93) model. A moderate perfusion length value 
of 1.18 cm was used which was the same as that used in 

the AIUM ('88) model. The axial profile of the temper- 
ature increase exhibited its maximum value at a range 
of 1.1 cm from the rat's skin surface, which would place 
the maximum temperature increase within the region 
of the dam's embryos. At an  exposure duration of 8 sec, 
the maximum temperature increase for the four respec- 
tive IspTA values was calculated to be 0.56,2.8,5.6, and 
8.3"C. If the base temperature of the rat is 38"C, then 
the potential temperatures of the embryos are pre- 
dicted to be 38.5, 40.8, 43.6, and 46.3"C for about 8 sec 
from the ultrasound exposure. 

Miller and Ziskin ('89) and AIUM ('93) have re- 
viewed the teratologic hyperthermia literature and 
plotted the findings as  a function of temperature rise 
vs. duration of exposure (Miller and Ziskin, '89: fig. 9). 
Fetal temperatures of 41°C for extended periods of time 
appeared to be a threshold for induction of anomalies. 
For shorter periods, higher temperatures were re- 
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quired to produce anomalies. The temperature (T)  vs. 
time at that temperature f t )  graph yielded a lower 
boundary below which no observed thermally induced 
biological effects were reported. This boundary line 
may be expressed in terms of the following formula 

(1) =4'41-" 

where temperature, T,  is represented in "C and time, t, 
in minutes. This function, taken from Miller and 
Ziskin ('89), shows that there is a trade-off between 
temperature elevation and duration of exposure for the 
induction of malformations and that the 41°C threshold 
traditionally recognized for teratogenesis induction is 
not absolute, but rather applies only to sustained tem- 
perature increases. 

The exposure duration reported herein (8 sec) was 
shorter than any reported previously. At a duration t of 

8 sec, Eq. (1) yields a predicted threshold temperature 
T of 44.5"C. The I,,,, values of 20 and 30 Wkm2 used 
herein produce calculated embryonic temperatures of 
43.6 and 463°C which bracket the temperature of 
445°C calculated from Eq. (1). Thus, the two highest 
intensities of ultrasound used herein were near the 
minimum temperature rise estimated to induce terato- 
genesis based on an extrapolation to 8 sec of the bound- 
ary function developed by Miller and Ziskin ('89). 
While this extrapolation is theoretical, it is consistent 
with the large body of data reviewed by Miller and 
Ziskin ('89). Further, as these authors' point out, this 
boundary function is for core temperatures, whereas 
regional temperature elevations would be expected to 
produce smaller effects. The exposure our system pro- 
duced was of the latter type, producing localized expo- 
sures. We believe that these considerations explain 
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prenatally exposed to cw ultrasound. 'P  < 0.10, "P < 0.05, ""P < 0.01 compared to control. 

why we observed no malformations under our experi- 
mental conditions. 

In addition, we employed a conditioned immobiliza- 
tion procedure to examine the developmental effects of 
gestational cw ultrasound exposure in rats without the 
use of anesthesia or forced restraint. The data showed 
that such insonation produced no adverse effects on 
maternal weight or reproductive outcome, nor on post- 
natal growth or survival of the offspring. There was no 
convincing evidence for effects on physical landmarks 
of development nor on most measures of behavioral 
development. Although an effect was found on olfac- 
tory orientation, the pattern of the effect does not sup- 
port the view that i t  was treatment-related. This was 
the case because the effect was only present on one test 
day and occurred only in the US10 group, but was not 
seen in either of the higher intensity exposure groups 
(US20 or US30). A non-linear dose-response pattern 
would have to be invoked to explain this as being due 

to ultrasound and there is no compelling evidence to 
support such an  interpretation. Accordingly, the most 
likely explanation for this effect is that it represents a 
type I statistical error. The other effect obtained on 
preweaning behavior was on the test of locomotor ac- 
tivity. Although most of the measures taken on ani- 
mals during this test were negative, the finding of in- 
creased corner distance and time in the US30 group, 
accompanied by reduced side time in this group, sug- 
gests that this pattern may be due to the treatment. 
The magnitude of the effect (-10% on corner distance) 
was near the detection limit for this test, making de- 
finitive conclusions impossible. This effect should, 
therefore, be viewed as tentative until replicated. 

No effects were found on most of the neurobehavioral 
dependent variables measured on the offspring as  
adults. These included measures of adult locomotor ac- 
tivity, acoustic and tactile startle reactivity, straight 
channel swimming ability, and passive avoidance re- 
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tention. One test, however, the Cincinnati maze test of 
learning, showed evidence of an ultrasound-associated 
treatment effect. This effect was seen on the number of 
errors of commission in the maze and on time spent 
finding the goal. There is often a positive correlation 
between these two measures based on experiments 
with other test agents that are developmental neuro- 
toxins (Vorhees, '87; Vorhees et al., '91b). The effect 
seen; however, was relatively weak, only appearing at  
the highest exposure intensity, was more clearly seen 
in aggregate errors averaged across trials than when 
examined trial-by-trial (Fig. 3, cf. left vs. center), and 
showed no evidence of a dose-response relationship 
within the range used here. Because this maze has 
been one of the most reliable tests of learning impair- 
ments found in developmental neurotoxicology, this ef- 
fect should not be dismissed. It is our interpretation 
that exposure to high intensities of cw ultrasound in- 
duces sufficient central nervous system (CNS) effects to 
result in long-term complex maze learning impair- 
ments in rat offspring following prenatal exposure. The 
threshold for this effect, under the present experimen- 
tal conditions, appears to lie between 20 and 30 W/cm2, 
since no effects were seen on this test at any of the 
lower intensities, save one. There was a single trial 
(trial 1) effect seen in the US2 group for maze errors. 
That this effect did not appear in aggregate errors av- 
eraged across trials or in maze times makes it appear 
less reliable compared to the effect seen in the US30 
group. 

In a previous study (Vorhees et al., '91a), we found no 
evidence of embryotoxicity after prenatal exposure of 
rats to levels of cw ultrasound up t o  30 W/cmz or to 
comparable pw exposures (Fisher et al., '94) equivalent 
to the highest exposure in the present study in terms of 
ISPTA. Thus, by comparison of the morphological mea- 
sures used in those experiments and the functional 
ones used herein, we conclude that CNS dysfunction 
may be more sensitive to the effects of high intensity 
prenatal ultrasound insonation than are measures of 
malformations or fetal or postnatal body weight, the 
latter thought by some to be the most sensitive index of 
prenatal effects. 

Previous behavioral teratogenicity studies 
on ultrasound 

There have been relatively few reports on the behav- 
ioral teratogenic potential of ultrasound exposure. 
Murai et al. ('75a) exposed gravid Wistar rats to Dopp- 
ler ultrasound on E9 for 5 hr to 20 mW/cm2 at 2.3 MHz. 
Rats were forcibly restrained by tightly wrapping them 
in wire mesh. Sham exposed and unrestrained control 
groups were included and a complex procedure was 
used which resulted in nine fostering conditions. A 0.3 
day acceleration of eye opening was found, but the 
effect only occurred in relation to unrestrained con- 
trols. No effects on limb movement, hindleg move- 

ment, walking, surface righting, negative geotaxis, 
or cliff avoidance were found. Differences were found 
for the grasp reflex, vibrissa placing, visual placing, 
and air righting. However, only the delay in the grasp 
reflex was significant compared to restrained con- 
trols. 

Murai et al. ('75b) tested the male offspring as 
adults. No effects on open-field ambulation or defeca- 
tion were found. However, they reported that on the 
second and third days a higher percentage of the in- 
sonated group vocalized than either restrained or un- 
restrained controls. It was also found that in shock 
avoidance the insonated group spent more time on the 
unshocked side than the unrestrained controls, but not 
compared to the restrained controls, and the insonated 
group committed fewer crossovers than either control 
group. A vertical vs. horizontal stripe shock-escape vi- 
sual cue discrimination test showed no group differ- 
ences. While at first glance these data appear sugges- 
tive, the experiment reported in these papers has 
numerous methodological shortcomings: 1) despite 
nine fosteringlcrossfostering conditions, fostering was 
ignored as a factor in the data analyses; 2) the data 
were analyzed by subject without regard to litter mem- 
bership, undoubtedly causing overestimations of the 
number of significant effects (Holson and Pearce, '92); 
3) most of the differences were between the insonated 
and unrestrained controls, which means that these ef- 
fects were due to restraint rather than ultrasound; 4) 
rats' abdomens were not depilated, a factor which un- 
doubtedly resulted in an attenuated ultrasound signal; 
and 5) the few effects which occurred between the in- 
sonated and restrained controls were small and of 
doubtful significance. 

Sikov et al. ('77) and Sikov and Hildebrand ('79) 
anesthetized gravid Wistar rats on El5 and exterior- 
ized the uterus and exposed the fetuses to 0.01, 0.04, 
0.71, 0.54, or 1.0 W/cm2 of 0.93 MHz cw ultrasound for 
5 min. They reported a delay in development of the 
grasp reflex on days 1 and 6 ,  a delay in surface righting 
on day 6 ,  a delay in head lifting and whole body lifting 
on day 13, and reduced hanging from a bar on day 15. 
This experiment had careful characterization of expo- 
sure parameters and used multiple groups at different 
intensities of ultrasound. Controls were appropriately 
sham treated. The problem with these results is that 
the findings are only descriptive and are reported using 
individual offspring as separate data points, with no 
allowance for litter membership. No tests of signifi- 
cance were provided. Group sizes were not indicated, 
the insonation method (direct exposure of exteriorized 
fetuses) was unusual, no tests of more complex func- 
tions were included, most of the findings were not dose- 
dependent, and no control for the separate effects of the 
anesthetic was included. 

Tarantal and Hendrickx ('89a,b) exposed awake cy- 
nomolgus monkeys to 12 mW/cm2 cw ultrasound at 7.5 
MHz 5 timesiweek on E21-35 (10 mirdexposure), 3 
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timesiweek on E36-60 (10 miniexposure), and once/ 
week on E61-150 (20 min/exposure). Controls were 
sham exposed. Offspring (13 exposed and 10 controls) 
were followed for 1 year. The authors reported no ef- 
fects on Brazelton-like neonatal assessments of behav- 
ioral state, reflexes, or habituation, but increased tone 
in the exposed group. During arena observations, the 
exposed offspring showed increased quiet activity, pri- 
marily sitting, during the first 5 weeks out of 14. No 
differences between groups were found on tests of ob- 
ject constancy, fine motor coordination, or  discrimina- 
tion-reversal learning. This experiment was carefully 
performed and the data appropriately analyzed. The 
insonation device was a clinical instrument and expo- 
sure was not fully characterized. 

More recently, Norton et  al. ('91) have reported on 
the effects of prenatal exposure to pw ultrasound of 
0.78 W/cm2 (I,,,,) given for 30 min on day E l 4  (con- 
ception as  EO) a t  2.5 MHz to gravid CD rats. Sham 
exposed, anesthetic controls, and unexposed controls 
were included. Ultrasound-exposed offspring had sig- 
nificantly longer negative geotaxis times and longer 
reflex suspension times than either control group, but 
no differences in continuous corridor activity. On a test 
of gait, both the ultrasound group and the sham ex- 
posed group had longer stride length and a smaller 
angle of alternate strides than untreated controls. No 
histological changes in cortical layers were observed. 
Findings were based on nested analyses of variance 
with subject nested within litter. This experiment was 
well designed and adequate group sizes and data anal- 
yses were used. The data suggest that some reflex de- 
lays may be attributable to ultrasound, while other 
effects, such as  those for gait, are more closely related 
to anesthesia than to ultrasound. Norton et al. ('91) 
also shaved their rats prior to insonation to eliminate 
hair as a source of signal attenuation; however, only 
one exposure intensity was used, therefore no dose-re- 
sponse information was obtained. 

Finally, Hande et al. ('93) anesthetized Swiss mice 
with ketamine and exposed them to ultrasound using 
a clinical device on day 11.5 or 14.5 of gestation for 
10 min at ISPTF of 1 W/cmz with IsATA of 240 mW/cm2. 
The offspring were tested at 3 and 6 months. The 
day 14.5 exposed group showed reduced preference for 
the dark side of an  open-field at 3 months of age, and 
both ultrasound groups showed reduced preference at  
6 months. On passive avoidance, no differences were 
seen a t  3 months, but at 6 months the day 14.5 group 
required more trials to remain passive than controls. 
No differences in 24 h r  retention were found. The 
ultrasound exposure in this experiment was not 
thoroughly characterized and abdominal hair was 
not removed prior to exposure. The authors report 
the data analyzed by subjects, but state that it 
was also analyzed by litter. The by-litter F-tests were 
not shown, but given that most of the P values were 
close to 0.05 with degrees of freedom of 21147, it is 

unlikely that these would be signficant with reduced 
degrees of freedom terms of 2127 in a by-litter 
analysis. 

Two other CNS effects of ultrasound have been re- 
ported. Norton et al. ('90) reported that the same expo- 
sure described by Norton et al. ('91) also caused in- 
creased nucleus sizes in neurons, increased numbers of 
pyknotic cells, increased numbers of macrophages, and 
decreased numbers of mitotic figures on E15, 24 h r  
after ultrasound exposure. In an  experiment by Ellis- 
man et al. ('87), postnatal day 3 and 5 Sprague-Dawley 
rats were exposed to pw ultrasound at  0.135 mW/cm2 at 
3.5 MHz for 30 min and dorsal root nerves from the 
spinal cord were examined by electron microscopy up to 
24 hr  later. Vacuoles and evidence of demyelinization 
were seen in 10 exposed offspring compared to 6 con- 
trols. No anesthesia was used, but the neonates were 
forcibly restrained. 

Comparing these data to ours is difficult because ei- 
ther restraint or anesthesia was present in all of these 
previous studies. The morphological results of Norton 
et al. ('91) suggest adverse effects, but their neurobe- 
havioral findings are mixed and not clearly indicative 
of an adverse change. The data of Tarantal and Hen- 
drickx ('89b) are limited and the interpretation is too 
uncertain to indicate adverse effects, while the data of 
Murai ('75a,b) and Sikov and Hildebrand ('79) funda- 
mentally show no effects. The data of Ellisman et al. 
('87) show effects but the sample size was small, the 
insonation incompletely characterized, and no effects 
beyond 24 hr  were shown. Therefore, our findings at 30 
W/cm2 on water maze learning and activity and the 
data of Tarantal and Hendrickx ('89a,b) in primates 
are the most suggestive that exist for long-term CNS 
effects from prenatal ultrasound exposure. However, at 
this juncture, both experimental approaches need rep- 
licating prior to any conclusion that these effects are 
reliable indices of ultrasound's effects on brain devel- 
opment. 

The meaning of such data for humans is at this point 
unclear. Stark et al. ('84) raised concern about ultra- 
sound's effects on the brain when they reported more 
cases of dyslexia in exposed than in unexposed 7- and 
12-year-old children, even though they found no effects 
on cognitive outcome. Recently, Salvesen et al. ('92) 
completed two randomized clinical trials in Norway 
and followed the children to 8-9 years of age and found 
no association between prenatal ultrasound exposure 
and dyslexia, nor any effects on reading or spelling 
attainment or on measures of intelligence. However, 
this same group (Salvesen et al., '93) has reported a 
small, but significant increase in non-right-handed 
dominance in children at this age. While the authors 
caution that the latter finding might not be meaningful 
and i t  is not clear how to interpret a shift in hand 
dominance, it indicates that the effects of prenatal ul- 
trasound on brain development remain incompletely 
resolved. 
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