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ABSTRACT 

The larvae of Drosophila melanogaster were exposed to 

repetitive, micros.econd length pulses of 2 JVIHz ultrasound. 

The observed effects included killing of larvae and delayed 

lethality in the pupal stage. The effects depended strongly 

upon the temporal peak intensity with killing observed at 

spatial, temporal peak intensities above 10 W/cm2 . In fact, 

the observations suggest that there may be a. threshold for these 

effects at approximately this intensity. Temporal average 

intensity appears to be a poor predictor for these biological 

·effects. Marked decreases in survival rates were ob~erved at 

spatial, temporal average 1ntensities as low as 3 mW/cm2 . 

--- -------·------- --· 
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There is a growing body of evidence which points to the 

key role of intercellular gas bodies in the mechanism of the 

action of ultrasound on plant tissues (Carstensen et al., 1979; 

Miller, 1979; Nyborg et al., 1974). Furthermore, it appears 

that stabilized gas bodies can mediate biological effects at 

very low ultrasonic intensities (Hughes and Nyborg; 1962; 

Miller et al., 1979). W~ether similar effe~ts ~ai be expe;ted 

to occur in mammals will depend first of all on the presence.and 

distribution of gas bubbles, if any, in their tissues. Remarkably 

little is known about this subject. If undissolv~d gases are 

present, the distribution may change from time to time depending 

upon the physiological state of the mammal. Thus, even after 

essential information on gas in tissues is obtained~ direct 

studies with mammals may be difficult because of variability 

in the subjects. 

The ideal subject for the extension of these studies would 

have a stable, reproducible~ well-defined population of ga~ 

bodies distributed throughout its tissues with sizes which 

range within an order of magnitude of one micron in diameter. 

Because of their respiratory systems, insects come very close 

to being ideal experimental animals. The larval stage of devel

opment is particularly attractive. Larvae can be submerged for 

extended periods of time for convenieni; exposure to,ultrasound. 

These organisms undergo rapid, complex developmental processes. 

Thus, relatively subtle effects at the time of exposure may be 

magnified during development into gross, easily scored, abnormal 

characteristics. 

2. 



,-~ 

With c.w. exposures of eggs, larvae or pupae of Drosophila 

I 2 
melanogaster, ultrasonic intensity levels of the order of 1 W cm 

are required to produce observable bioeffects (Fritz-Niggli and 

Boni, 1950; Fritz~Niggli, 1951; Lotmar, 1952; Selman and Counce, 

1953; Counce and S~lman, 1955; Pay et al., 1978; Child et al,, 

1980a). Since the temporal average intensities used in diagnos

tic ultrasound are one to three orders of magnitude smaller than 

these values, there is very little in the referenced Drosophila 

studies to suggest hazard, However, it must be remembered that 

because these organisms are very small, heat exchange with an 

aqueous environment is excellent. For this reason, we can be 

confiderit that those effects which have been reported are non

thermal (Carstensen and Child, 1980). Thus, the usefulness of 

temporal average intensity as a basis for predicting bioeffects 

is questionable, 

Pizzarello et al. (1978) reported "miniature flies" emerging 

from a population of Drosophila larvae which had been exposed for 

2.5 min to.the field of a pulsed diagnostic ultrasound unit which 

had an acoustic output of approximately 1,5 mW. We were unable 

to confirm these findings, and, in fact, observed no effects at 

all at that level, However, when we increased the temporal peak 

intensity by a factor of ten, a significant fraction of the irra

diated larvae failed to complete the cycle of development to the 

adult stage (Child et al., 1980b), i;e,, lethal effects were 

observed at spatial, temporal average intensities of 12 mW/cm2 . 

The corresponding spatial average, temporal peak intensity was 

approximately 24 W/cm2 . 
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Because of the implications of these findings, we have 

continued to explore the effects of pulsed, low average inten

sity ultrasound on Drosophila larvae. In our attempts to confirm 

the miniature fly effect, we used a transducer directed downward 

into a dish containing the larvae. Since with that set-up the 

actual exposure conditions are extremely difficult to define, 

we first demonstrated that the effects could be found in traveling 

wave fields. The remainder of the work has been directed to the 

questions of dose and threshold for the effects~ The essential 

studies of mechanisms have been deferred for future research. 

MATERIALS AND METHODS 

Colonies of Drosophila melanogaster, wil~ type (Wards 

Natural Science Establishment, Inc.; Rochester, New York), 

weie maintained and cultured as described earlier (Child et al., 

1980a). In the present study, larvae were collected on the third 

day after eggs were deposited. After being rinsed free of the 

culture medium, the larvae were placed in water in the exposure 

cell and after treatment were removed with a pipette having an 

internal diameter of 1,5 mm.· All experiments were conducted at 

room temperature, approximately 22°c. 

The source transducer for the~e studies was a damped 

piezoceramic plate with a radius of 0.64 cm. and center 

f,requency of approximately 2 MHZ. . The electrical excitation 

was a one microsecond burst of a 2 or 2.4 MHz carrier. The 

temporal response of the transducer, as measured on the axis 
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~ta distance of 6 cm with a probe hydrophone (Mediscan, Inc., 

East Hartford, Connecticut), is shown in Figure 1. 

For this report, the exposures were carried out with the 

two configurations illustrated in Figure 2. The containers 

for the.larvae were made from agar and plastic film so that 
\ 

reflections and absorption losses from the container materials 

. were less thah one percent of the incident intensity. Sound 

which passes through the sample is absorbed by natural rubber. 

In Figure 2a, because of the proximity of the sample to the 

source, the sound field to which the larvae are exposed is 

complex even though reflections have been eliminated. Figure 

2b shows the final step toward a definable sound field. Here 

the transpar~nt container for the larvae was placed 6 cm from 

th~ source wher~ the beam width was broad enough that the in

tensity within the 3 mm diameter chamber was uniform to within 

+10 percent as measured with a probe hydrophone. At the frequency 

and distances used in these experiments, the harmonic content 

in the wave at the sample arising from nonlinear properties of 

the water coupling path was less than 20 percent even at the 

highest intensities (Muir and Carstensen, 1980; Carstensen et al., 

1980). 

In the exposure condition of Figure 2a, the spatial average 

intensity was calculated by dividing the total acoustic power 

from the source by its area. Temporal average power was determined 

bi measurement of the radiation force on a large absorbing 

target. The output within each p~lse was not affected by 

the pulse repetition rate. It was possible, therefore, to 

increase sensitivity and accuracy by measuring temporal average, 
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acoustic power at a high pulse repetition rate and scaling to 

give desired average powers at smaller pulse rates. For the 

exposure co~dition of Figure 2b, the axial intensity at the ~ite 

of the sample was measured with a 0,16 cm diameter steel sphere 

radiometer (Dunn et al., 1977; Carstensen et al,, 1980), Again, 

the sensitivity of the radiometer was adjusted by choice of 

pulse repetition rate and scaled approximately for the desired 

exposure conditions, Temporal peak intensities were obtained 

from the pulse shape (Figure 1)·and the known energy contained 

in each pulse as described earlier (Child et al., 1980b), 

In the exposure condition of Figure 2a, a large number of 

larvae (20-40) could be exposed simultaneously~ In condition (b), 

container size limited the number to approximately five, After 

exposure, the larvae were transferred to plastic Petri dishes 

containing sucrose agar for food and a dampened sponge to main

tain humidity, and held at 25° C throughout development to the 

imago.stage, Blind scoring techniques were used to monitor 

development over this period on a daily basis. Typically the 

data points in the figures represent the means of five separate 

experiments on different days with 40-80 larvae in Bach of the 

experimental conditions in each experiment. 

RESULTS 

As shown in Figure J, exposure of Drosophila larvae to 

spatial, temporal average intensities as low as 6 mW/cm2 •have 

pronounced effects on their growth, development and. eventual 
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survival to the adult form. This figure shows the marked 
.• ,t~ , ~ . ~ ' 

dependence of these effects upon the temporal peak intensity. 

In this series of experiments, the larvae were exposed .for 2 .. 5 

minutes at a repetition rate of 500 pulses per sec. Sham 

exposure conditions were tolerated by the organisms remarkably 

well; survival to imagos occurred for more than 90 percent of 

these controls in expertment after experiment. With spatial 

average, temporal peak intensities up to approximately 10 W/cm2 

(spatial, temporal average intensities up to 4 mW/cm2 ), the 

ultrasonic treatment appears to have no effect. At spatial 

average, temporal peak intensities of 13 W/cm2 (spatial, tem

poral average, 6 mW/cm2 ) and above, a large fraction of the 

expose4 population failed to enter the pupal stage and a larger 

fraction failed to emerge as imagos. A small fraction of the 

exposed larvae are delayed in entering the pupal stage. In 

fact, living larvae were found occasionally in the exposed 

samples at the same ·time that fully developed imagos were 

emerging from their pupal cases. However, the numbers of 

organisms in the delayed po~ulation were too small to quanti

tate reliably . 

. For these exposures, the damage inflicted by ultrasound 

rarely caused instant death. Instead, developmental processes 

in the organisms were impaired so that a large fraction of the 

population in the two highest exposures were unable to accom

plish all of the changes necessary to become imagos. The 

easiest endpoint to express this phenomenon in a quantitative 

way is the difference between the numbers of pupae and imagos. 
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This particular kind of delayed lethality -- the number of 

larvae which developed into the pupal stage but failed to 

emerge-:--- is shown in Figure Jb, both as the ratio of numbers 

of dead pupae to the total number of larvae in the sample, and 

as the ratio of the numbers of dead·pupae to the total number 

of pupae in the sample. The metamorphosis within the pupal 

stage appeared to proceed in some cases up to the development 

of nearly complete imagos. However, they lacked the capacity 

to emerge from the pupal case. Gross abnormalities in the 

adult population were so rare that we could not make a signi

ficant comparison between controls and treated groups. 

The data in Figure J demonstrate a very sharp dependence 

of the biological effects upon the temporal peak intensity. 

Since spatial variations in intensity with the exposure arrange

ment of Figure 2a are large, it must be conceded that results 

could have been dominated by the highest intensity regions within 

the field. To test this idea, the experiments were repeated 

using the exposure·arrangement of Figure 2b. The results are 

presented in Figure 4. As anticipated, the spatial peak in

tensities required to.produce observable effects are greater 

than the spatial average intensities in the experiment of 

Figure J by a factor.of approximately two. This is probably 

close to the ratio of spatial peak to spatial avera~e inten

sities near the transducer. 

In the absence of any cl~ar-cut biological effects or 

models which would predict biological effects at very low 

intensities, it has become common practice to specify the 
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outputs of clinical instruments in terms of temporal average 

intensity. This wouid be the appropriate parameter for estima

tion of tissue heating. That temporal average intensity has 

little meaning as a predictor of damage to larvae is shown in 

Figure 5, Here a spatial average, temporal peak intensity of 

50 W/cm2 was· used throughout and t.he pulse repetition rate 

varied. Changing the av,erage intensity in this way by a 

factor of 100 has only a modest effect on the biological end

points. Here again, the difference between the numbers of 

pupae and imagos provides a quantitative measure of one aspect 

of. delayed lethality. 

Occasionally, the total energy delivered (product of 

average intensity and time) is used as a kind of ultrasonic 

dose parameter, It is reasonably clear from Figure 5 that the 

energy parameter does not provide a useful predictor of the 

observed effects of ultrasound on larvae. The data presented 

in Figure 6 tell the same story in another way. Using a pulse 

w1th a temporal peak intensity of 50 W/cm 2 , we see that 500 pps 

for five ~inutes produces a significantly gteater effect than 

2500 pps for one minute. 

The data in Figures J and 4 suggest that there may be a 

threshold for the biological effects. By threshold, we ~ean 

that there may exist a peak intensity below which no effects 

would be produced even for very long exposures. To test this 

idea, we chose conditions which gave.no apparent effect inan 

exposure of 2,5 minutes (4 W/cm2 spatial average, temporal 

peak intensity, 500 pps, temporal spatial average intensity, 
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2 mW/cm2) and extended the exposure times up to 20 minutes. 

This seems to be approaching the maximum time that the larvae 

will tolerate submersion. As shown in Figure 7, the survival 

rates of treated larvae were indistinguishable from controls 

over this range of exposure times. In an attempt to push the 

exposure further without increasing the temporal peak intensity 

ot the pulses or the to~al exposure time, we increased the pulse 

repetition rate by a factor of 40 to 20,00P pps. Again, the 

exposed population had approximately the same survival rate as 

the controls. 

DISCUSSION 

The presence of standing waves in c.w. exposures of 

Drosophila yields lower thresholds for the induction of bio

logical effects of ultrasound than are found.in traveling 

waves (Lotmar, 1952; Child et al., 1980a). Cavitation thresh

olds are also lower·in standing than in traveling waves. 

Standing waves increase pressure amplitudes and tend to sta

bilize bubbles. It is possible that the physical and biological. 

phenomena are related, In the present investigation, extremely 

short pulses similar to those used in diagnostic ultrasound 

were employed. Our initial exploratory studies replicated as 

nearly as possible the exposure conditions used by ~izzarello 

and co-workers.(1978) (Child et al., 1980b). In this case, 

the transducer was simply directed downward into a small dish 

containing the submerged larvae. Hence, the field was compli

cated by reflections from the bottom of the dish. However, 
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this would not produce standing wave conditions which could 

stabilize bubbles as in the c.w. exposures. The reflections 

were eliminated in the present study to simplify the. physical 

conditions. The biological effects were qualitativ~ly and 

quantitatively similar in the dish and in the anechoic exposure 

chamber. 

It is interesting that delayed-lethality, a phenomenon 

which had been reported by Fritz-Niggli (1951) and Selman and 

Counce (1953), is now clearly evident in populations exposed 

to extremely· short pulses of ultrasound. In our earlier ob

servations of the effects of c.w. ultrasound, we found no 

deaths in the pupal stage which could be related to the treat

ment (Child et al.; 1980a). 

The results of our preliminary tests are consistent with 

the concept of a threshold for these biological effects of 

· ultrasound on Drosophila larvae. The spatial peak intensities 

in the experiments of Figure 7 are probably 1.5 to 2 times the 

spatial average, i.e., 6-8 W/cm2 . This, combined with the data' 

of Figures J and 4, suggests. an order of magnitude of 10 W/cm2 

for the threshold intensity. The threshold concept is impor

tant enough to warrant continued study both experimentally and 

theoretically. 

Although we were guided in the choice of Droso~hila as a 

subject for studies of the biologic~l effects of ultrasound by 

the postulate that a cavitation-related mechanism is involved, 

and although the results obseryed thus far are not in conflict 
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with that postulate, no direct tests of this concept have been 

performed. However, the effects are large in comparison with 

normal biological variations in the organisms and reproducible 

from experiment to experiment. Thus, the results are of 

interest on their own merit. In the absence of the established 

mechanism, it is impossible to make a direct positive .extra

polation from the larvae to human subjects. In fact, it is 

reassuring to recall that after irradiation of cat brain 

in vivo at peak intensities of 1500 W/cm2 
in 10 µs pulses 

(1000 pps for 1800 sec), Lele (1978) found no histologically 

detectable damage. 

Because of the nature of the effects and the level of the 

exposures at which they occur, we must speculate on the possible 

implications for health and safety. Although it is not necessarily 

the proper way to deal with the limited information available, 

the most conservative approach to the question would be to concede 

that an effect which occurs in.one subject could occur under 

similar exposure ievels in a different subject, if the t~o subjects 

were structurally and acoustically similar. The lower limits at 

which deleterious effects were observed in larvae occurred with 

exposures at spatial, temporal .peak intensities of the order of 

/ 
2 10 W cm . A large number of diagnostic ultrasound units in use at 
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the present time do not exceed these levels in their normal operatioris 

(Carson, et al., 1978). Thus even the most cons~rvitive view says 

that the task of diagnosis can be conducted efficaciously at peak 

intensity levels lower than those which have demonstrated harmful 

effects on Drosophila larvae. 

These organisms do appear to be unusually sensitive to 

irradiation with the characteristics of diagnostic ultrasound. 

Hopefully, thej wi11 provide a st~rting point for explorations 



.. 

of more general phenomena.· At the present time, there is a 

substantial gap between these initial, simple observations 

and an understanding. of the implications for health and 

safety. 
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FIGURE CAPTIONS 

Figure 1. Time Dependence of the Ultrasonic Intensity for the 

Pulses Used in the Irradiation of Drosophila Larvae. The obser- · 

vations were made with a probe hydrophone at a distance of 6 cm· 

on the axis of the transducer. The ordinate is proportional to 

the square of the envelope o~ th~ output of the hydrophone in 

arbitrary units. Absolute values of the intensity were obtained 

by setting the integral of the intensity over the pulse length 

to the energy/cm2 with a single pulse as measured either with an 

absorbing target or a steel sphere radiometer (average intensity/ 

pulse repetition rate). Since the temporal dependence of the 

intensity varies with position near the face of the transducer, 

this pulse was used in all calculations of temporal peak inten

sities. 

Figure 2, Arrangements for Exposure of Drosophila Larvae to 

Ultrasound. (a) The larvae, in water, rest on a plastic film window 

at a distance of ~pproximately 1 cm from the source. (b) The larvae 
were placed 6 cm from the source, in the last axial maximum of 

the interference field. The diameter of this exposure chamber 

was small enough that the field to which the larvae were exposed 

was uniform to within ±10 percent of the spatial mean intensity, 

Figure 3, The Influence of Spatial Average, Temporal Peak In

tensity on the Survival of Drosophila melanogaster Larvae 

.Exposed to Short Pulses of Ultrasound. The exposure arrange

ment in Figure 2a was used with a frequency of 2.4 IVIHz, an 

exposure time of 2.5 ciinutes, and a pulse repetition rate of 

500 sec-1 . (a) The ordinate gives the ratios of the numbers 
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of pupae to the numbers of; exposed · larvae (A) and the ratio of 

the numbers of imagos to the number of exposed larvae (o). 

(b) The ordinate gives a measure of delayed lethality first 

as the ratio of the numbers of dead pupae to the number of 

larvae ( C) and second as the ratio of the numbers of dead 

pupae to the total number of pupae in the sample ( •) . The 

bars•are·two standard errors high. The curves in the figures 
' 

have no theoretical implications, but are used to join related 

data points, 

Figure.4. The Influence of Spatial Peak, Temporal Peak Intensity 

on the Survival of Drosophila melanogaster Larvae Exposed to Short 

Pulses of Ultrasound. ·The exposure arrangement in Figure 2b was 

used with a frequency of 2 MHz, an exposure time of 2,5 minutes, 

and a pulse repetition rate of 500 sec-l (a) The ordinate gives 

· the ratios of the· numbers of pupae to the numbers of exposed lar.- · 

vae ( A) .and the ratio of the numbers of imagos to the number of 

exposed larvae (o). (b) The ordinatij. gives a measure of delayed 

lethality first as the ratio of the numbers of dead pupae to the 

number of larvae (D) and second as the ratio of the numbers of 

dead pupae to the total number of pupae in the sample ( • ) . 
Figure 5, Influence of Pulse Repetition Rate on the Survival of 

Drosophila melanogaster Larvae Exposed to Short Pulses of Ultra

sound,· The exposure arrangement in Figure 2a was used with a 

frequency of 2.4 MHz, spatial average, temporal peak intensity 

o·f 50 W/cm2 and exposure time of 1 minute. (A), number of pupae/ 

number of larvae: (o), number of imagos/number of larvae, The 

bars are two standard errors in height. 
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Figure 6. Influence of Exposure Time on the Survival of 

Drosophila melanogaster Larvae Treated with Short Pulses of 

Ulttasound. The arrangement in Figure 2a was used with a 

frequency of 2.4 MHz. The filled data points describe a series 

of experiments in which the spatial average, temporal peak in-
. 2 2 tensity was held at 50 W/cm : (A), 500 pps, 25 mW/cm temporal 

average intensity; ( •), 2500 pps, 125 mW/cm2 temporal average . 
' 

intensity. 

Figure 7, Tests of the Threshold Concept. Here the spatial 

average, temporal peak intensity was 4 W/cm2 . (o), sham exposed; 

(A), 500 pps, 2 mW/cm2 temporal average intensity; (a) 20,000 

pps, 80 mW/cm2 temporal average intensity. The bars are two 

standard errors high. Frequency, 2.4 MHz. Exposure arrange

ment, Figure 2a. 
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