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0 Ultrasound Exposure 

DETERMINATION OF IN SITU EXPOSURE 

W. D. O’BRIEN 
Department of Electrical and Computer Engineering, University of Illinois, Urbana, Illinois, USA 

A major goal for ultrasonic biophysicists is to determine 
“dose.” Currently, not even a definition of dose exists 
for ultrasound. 

To focus the discussion, let us evaluate an ap- 
proach for estimating doses in the human gestational 
sac. The NCRP No. 74 document has summarized in 
tabular form those studies which have attempted to 
evaluate the attenuation between the skin (abdominal) 
and surface and gestational sac. This document further 
included a theoretical, layered model approach to es- 
timate loss between skin and sac. A wide range of values 
for this attenuation, or more properly insertion loss 
has been noted. Thus, one important goal should be 
research directed at the accurate and precise determi- 
nation of the insertion loss between the human ab- 
dominal surface and gestational sac as a function of 
gestational age. 

A next step would be to evaluate the distribution 
of ultrasonic field quantities within the gestational sac. 
To simplify this, consider a lossy sphere in which plane 
wave ultrasound is incident. Applying Nyborg’s heated 
sphere model provides an estimate of heating within 
the sphere but this approach assumes that heating is 
uniform. This assumption is not valid, as shown by 
Longley and O’Brien (1982). Here the instantaneous, 
complex acoustic pressure was analytically evaluated 
for a plane wave ultrasound incident upon a lossy 
sphere. Later. Cavicchi and O’Brien ( 1985) colourfully 
demonstrated the spatial distribution of Energy Density 
Rate as a function of sphere size. density and speed. A 
suggested conclusion would be that if heating is the 
dosimetric quantity of interest, then the spatial distri- 
bution of Energy Density Rate would be useful but not 
complete. Rather, the spatial distribution of instanta- 
neous, complex acoustic pressure would be of greater 
value. 
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SUMMARY 

A distinction was made between the measurable 
in situ “exposure,” and “dose” which is not measur- 
able. The difficulty in attempting to calculate the in 
situ exposure of ultrasound at the location of the de- 
veloping embryo within the gestational sac was pre- 
sented. On the basis of tissue properties the calculated 
total attenuation of a 3.5 MHz ultrasound beam trans- 

Table 6. Calculated attenuation of tissues and interfaces 
along ultrasound path to gestational sac 

Ultrasound Path 

Attenuation 
coefficient 

dB/cm 

Acoustic 
impedance g/s 

cm* x 10-5 
Attenuation 

dB 

Fat, 1.0 cm 1.6 1.6 
Fat/Muscle interface (1.36.1.65) 0.04 
Muscle. 0.6 cm 1.8 1.1 
Muscle/Urine interface - (1.65.1.59) 0.0 
Urine, 6.0 cm 0.04 - 0.2 
Urine/Uterus interface (1.59. 1.69) 0.0 
Uterine Muscle 1.0 cm 1.2 - 1.2 

Total Attenuation 4. I dB 
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Table 7. Reported attenuation between abdominal surface and uterine cavity in early pregnancy 
(Stewart and Stratmeyer. 1982) 

No. of Attenuation Distance 
patients (dB) (cm) 

Average 
attenuation 
coefficient 
(dB/cm) 

Frequency 
(MHz) Reference 

2-4 
(2.5 mean) 

6-14 
(9:36 mean) 

2-7.5 
(5.3 mean) 

12 mean 

8 33 

2-4.5 0.5-I 2.25 Bang, 1972 

5-11 

3-5.8 

6 

6 

0.9-1.56 
(1.2 mean) 

0.6-1.8 
(1.1 mean) 

.5-7.2 
(2.7 mean) 

1.7-10.7 

2.25 Etienne et al. 1976 

2.25 Takeuchi et al. 1977 

2 Morohashi and Iizuka, 1977 

5 Morohashi and Iizuka, 1977 

Table 8. Exposure parameters for a fixed transducer generating a well-defined beam. For pulsed operation 
the temporal average (IsPTA, is,,,, or IT) is the value averaged over the complete repetition period 

Symbol Description 

l4. 
lspTA = I(SPTA) 
IsATA = I(SATA) 
IsATA,T = I(SATA.T) = Ir 
$w, = I(SPPA) 
‘I, 
In3 

Total emitted acoustical power (time-averaged) 
Spatial-peak temporal-average intensity. Temporal average at the spatial peak 
Time-average intensity spatially averaged over “effective cross section” of beam 
Time-average intensity at radiating face of transducer spatially averaged over effective area 
Spatial-peak pulse-average intensity. Intensity at spatial peak, time-averaged over pulse duration 
For a pulse, highest of the maxima of the instantaneous intensity at the spatial peak 
Spatial peak intensity averaged over largest half-cycle of a pulse; equal to 1,/I for nearly-sinusoidal 

oscillations. For simplicity called ‘*maximum intensity” 

mitted from the transducer to the gestational sac is 4.1 
dB, shown in Table 6. However, this value varies con- 
siderably from published in viva measurements in dif- 
ferent patients, and the subject requires further inves- 
tigation. 

At frequencies used in pregnancy diagnosis the 
presence in the sound field of spheres with dimensions 
equivalent to the gestational sac can significantly in- 
crease pressure within the sphere. Also a small change 
(5%) in density or velocity can give rise to an increase 
by a factor of 20 in p* compared to a situation where 
there is no sphere. Therefore the potential for a max- 

Fig. 1. Temporal waveform of the acoustic pressure at the 
focal point. The times over which various intensity values 

would be obtained are indicated. 

imum pressure “hot spot” exists for a position at the 
posterior part of the sphere which also corresponds to 
the position in the gestational sac occupied by a 6-7 
wk fetus. These factors indicate the difficulty in at- 
tempting to determine dose in situ if exposure param- 
eters alone are used. 

DISCUSSION 

Exposure estimates can be made by using B-mode 
imaging data to determine the tissue type and beam 
path length in the same way that individual patient’s 
physical dimensions are used to predetermine exposure 
levels for radiation therapy. B-mode imaging data al- 
lows accurate identification of the type and dimension 
of abdominal tissue which can be used to estimate the 
exposure of uterine content for individual patients. 

The correlation between temperature increase and 
acoustic parameters was discussed with the conclusion 
drawn that intensity can only predict heating for plane 
waves. In complex fields p’ pressure averaged gives a 
better relationship. Specification of acoustic pressure 
as a function of space and time was sufficient to de- 
termine other parameters such as intensity and instan- 
taneous particle velocity. 
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Table 9. Exposure parameter of choice 

Parameter of choice PO(c t) = Instantaneous acoustic pressure as a function of position and time 

I = rc (temporal averaged intensity) 
P 

d i = - (Instantaneous) 
PC 

PC 

1, = P, 
for pulsed conditions (free field measurement) 

2pc 

p = acoustic pressure. PO = pressure amplitude, p = density, c = speed of sound, pc = characteristic acoustic impedance, 
i = instantaneous intensity. I = intensity averaged over one or more cycles. 

CRITICAL PARAMETERS IN PULSED ULTRASOUND EXPOSURES 

S. B. BARNETT 
Ultrasonics Institute, Sydney 2000, Australia 

The AIUM Bioeffects Committee report (1977) on the 
effects of ultrasound on mammalian tissue refers to 
exposures based on the temporal average intensity and 
It (product of SPTA intensity and time). This was de- 
rived from results of studies using continuous wave 
insonations where the shortest exposure was 1 s, and 
the reported bioeffects were associated with tempera- 
ture change. Intensity/time relationships have since 
been clearly identified (Lele, 1979; Nyborg, 1979; Car- 
stensen, 198 1; NCRP, 1983) and the degree of tem- 
perature increase in mammalian tissue can be predicted 
from data on tissue absorption coefficients and ultra- 
sound characteristics such as beam diameter, frequency 
and temporal average intensity. The low spatial average 
temporal average intensity (40 mW/cm’ CW) reported 
to produce skeletal abnormalities (Shoji et al., 197 1) 
in mice after 5 h continuous exposure has been shown 
to increase the in zlfero temperature by more than 1 “C 
(Lele, 1975). 

In obstetrical diagnostic procedures the relatively 
short single point exposure (Kossoff, 1978) would not 
significantly increase the temperature of the fetus. 
However, nonthermal mechanisms may be involved 
as recent studies with diagnostic intensity levels of 
pulsed ultrasound have reported changes in cell sus- 
pensions where the minimal absorption characteristics 
ofthe dilute media precludes thermal effects (Love and 
Kremkau. 1980). 

The involvement of nonthermal mechanisms has 
been indicated by studies which have shown pulsed 
ultrasound to be more effective than CW in producing 
changes. Examples are seen where the rate of cell 
growth was retarded to the same extent with lower 
SATA intensities of pulsed than CW ultrasound (Her- 
ing and Shepstone, 1972; Maeda, 1980). Alternatively 
growth rate was reduced to a greater extent with pulsed 
ultrasound when the same intensity was used for pulsed 
ultrasound and continuous wave (Bleaney, 1972; Sar- 
vazyan, 1980). 

The complexity of dosage quantification in pulsed 
ultrasound is illustrated by the results of some studies 
in which the relationship of temporal average and tem- 
poral peak intensity is altered (Takabayashi et al., 
1981). An increase in the rate of fetal abnormalities 
was reported in mice following insonation with 5 ps 
pulses, of 0.3 W/cm2 (SATA) intensity, but no increase 
occurred when the same temporal average intensity 
was achieved by reducing the temporal peak intensity 
by a factor of two and increasing the pulse duration 
accordingly. Furthermore no increase in abnormalities 
was observed when the pulse duration was reduced 
from 5 to 3 ps, whilst maintaining all other exposure 
levels at the original value. Unfortunately, Child et al. 
(1985) have been unable to confirm this result. 

In an experiment in which gas bubbles were de- 
liberately introduced into a suspension to induce a form 


