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Abstract--Measurements of minimum thicknesses, in a four-layer, overlying tissue model, on 22 pregnancies 
between 15 and 20 weeks gestation, yielded a global minimum and a mean of the minimum total thickness per 
patient of 1.7 and 2.9 ¢m, respectively, and a minimum and mean subcutaneous fat thickness of 0.7 and 1.4 cm. 
Conservative calculations of the minimum attenuation per patient, at 3.5 MHz indicated that less than 2.5% of 15 
to 20 week pregnancies should fall below the lower 95% prediction line of: Attenuation (dB) = 0.10 × Maternal 
Weight (kg) - 3.0. The smallest calculated attenuation for any of the 21 subjects was 0.8 dB MHz -1 indicating 
just under a factor of two protection at 3.5 MHz of proximal fetal tissues compared with ultrasound intensities 
measured in water. This value is lower than those generally used in the past. The knowledge of distributions of 
transducer-to-fetal distances and thicknesses of overlying tissues is also important for improvement of image 
quality. Measurement of minimum depth of the anterior fetal thorax in 57 examinations of 25 to 40 week fetuses 
y~elded minimum and mean values of 2.5 and 4.1 cm, respectively. 
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characterization, Ultrasonic tissue effects, Effects of ultrasonic irradiation on fetus, Pregnancy, Ultrasonic 
attenuation, Maternal anatomy, Fetal monitoring, Image enhancement, Ultrasonic Doppler, Adverse effects, 
Second trimester. 

I N T R O D U C T I O N  

This work was undertaken to estimate and to facili- 
tate future estimations of  the ultrasound exposure to 
the fetus in the worst cases, those in which there is 
m i n i m u m  ultrasound at tenuation by intervening tis- 
sues. Identification of  a worst case, or a small group 
of  potentially high exposure situations, is necessary 
for the opt imal  design of  ultrasound equipment  that 
is free of  significant risk to the fetus. Appropriate 
measurements  in these cases allow calculation of  es- 
t imated in s i tu intensities for comparison with actual 
measurements  and even with results of  ultrasound 
bioeffects and hyper thermia  studies. Other types of  
examinat ions,  for example,  intraoperat ive imaging 
with a saline or water standoff, provide even less at- 
t enua t ion  by  t issues p rox i m a l  to the focal point .  
However,  obstetrical applications are more  numer-  
ous and probably warrant  greater attention. 

The knowledge of  distributions of  distances to 
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the fetus from the transducer and of thicknesses of  
various overlying tissue layers is as impor tant  for po- 
tential improvements  in image quality as it is for ex- 
posure estimates. Ul t rasound rays are refracted as 
they pass at any nonperpendicular  angle between two 
layers of  differing speeds. Then, even flat layers of  
subcutaneous fat can cause an error in sector scanner 
measu remen t s  of  lateral distance, for example  in 
f emur  length measurements .  The thickness of  fat 
layers determines the degree of  effect on the focusing 
of  all scanners. 

Several earlier efforts at estimating attenuation 
in tissues overlying the fetus centered on first trimes- 
ter pregnancy. They have been summar ized  by Stew- 
art  and  S t ra tmeyer  (1982) and  the N C R P  (1983). 
Those  m e a s u r e m e n t s  yielded t ransducer- to-gesta-  
tional sac at tenuations (in decibels) ranging fromfo to 
7fo, where )Co is the ultrasound frequency (in MHz).  
Those measurements  generally used relatively large, 
phase sensitive ultrasound receivers to moni tor  the 
acoustic pressure in the uterus or the pressure de- 
crease in reflections f rom a steel sphere in the uterus. 
Such phase sensitive techniques might be expected to 
over estimate the m i n i m u m  attenuation to the fetus 
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as illustrated by the following example. A lump of  fat 
on one side of  an ultrasound beam can delay the 
wavefront and cause it to arrive at one side of  a typi- 
cal (phase sensitive) transducer, at a different time 
(out of  phase) compared with the wavefront incident 
on the other side of  the transducer. Therefore, the 
early experiments on attenuation of  sound in reach- 
ing the fetus should be repeated with phase insensi- 
tive methods, including a careful search for the peak 
or average in the beam. Calculations for the same 
anatomical situation in early gestation have ranged 
from a maximum of  23 dB at 2.5 MHz, using older, 
phase sensitive attenuation data (Hall 1975), to 4.1 
dB at 3.5 MHz using phase insensitive attenuation 
data (NCRP 1983). In vitro measurements of  temper- 
ature during exposure have been made recently, but 
the exposure conditions were not those which might 
produce the highest anticipated temperature rises and 
none were detected (Soothill et al. 1987). 

Recent measurements of  ultrasound attenuation 
in the abdominal wall and organs proximal to points 
in the liver and kidney have been performed on fixed 
sections from two cadavers (Smith et al. 1985). Good 
agreement was obtained between in situ measure- 
ments and a layered tissue model similar to that em- 
ployed here. At tenuat ion  coefficients used in that  
model were those measured in tissue samples from 
the cadavers. 

Models of  ultrasound attenuation proximal to 
the fetus may be subdivided into each of  the trimes- 
ters. Attenuation estimates in the first and last tri- 
mester were suggested by Carson (1988), based on an 
informal search of  worst cases in a few clinical exami- 
nat ions.  As deta i led in Table  l, these est imates  
yielded a total min imum attenuation at 3.5 MHz of  
3.9 dB in the first trimester and 1.6 dB in the third 
trimester, from overlying tissue of  thicknesses of  2.6 

and 1.0 cm, respectively. These estimates, being less 
than earlier estimates and measurements, suggested a 
need for specific worst case measurements. Another 
recent estimate of  min imum overlying tissue thick- 
ness was 1.25 cm for the third trimester, based on 
experience with a water path scanner (Kossoff 1988, 
private communication).  One might expect the po- 
tential for damage from a given intensity in situ to be 
higher in early pregnancy than in near term, because 
damage to a single cell can be critical during organo- 
genesis and because the fetus is believed to be more 
sensitive to hyper thermia  in the early stages. The 
added a t tenuat ion  in early pregnancy counterbal-  
ances that somewhat. 

M E T H O D S  

The second trimester case was studied most ex- 
tensively because of  the limited information on this 
trimester, because of  the expected fetal sensitivity to 
thermal and other insults at this stage and because the 
amount  of  overlying tissue was expected to be signifi- 
cantly thinner than in the first trimester. Ultrasound 
imaging for guidance of  genetic amniocentesis pro- 
vided a large set of  patients in a limited range of  
gestational ages. Thicknesses of  overlying tissues were 
measured in group A, consisting of  22 pregnancies 
between 15 and 20 weeks gestation. The mean gesta- 
tional age and mean maternal weight were 16.6 weeks 
and 64.9 kg, respectively. Subjects were selected ran- 
domly, independent of  maternal size. In all cases, the 
study was approved by the appropriate institutional 
review board. Informed consent was obtained from 
the subjects, after the nature of  the procedures had 
been fully explained. 

The second tr imester  imaging was performed 
with a conventional sector scanner (Picker Artis. with 

Table 1. Attenuation in previously-suggested worst case fetal exposures during the first and third trimesters. 
Assumed values for attenuation coefficients and tissue path lengths in the first trimester case are the same as 

Table 2.4 of NCRP Report 74 (NCRP, 1983) except only a 1 cm path length of fat is assumed here. 

Attenuation coefficient First trimester Near term 

(Np/cm- (dB/ Path length Attenuation Path Attenuation 
Tissue MHz) cm-MHz) (cm) (dB/MHz) (cm) (dB/MHz) 

Fat 0.053 0.46 1.0 0.46 0.3 0.14 
Muscle, skin & 

bladdert 0.059 0.51 0.6 0.31 0.5 0.26 
Bladder t & uterine 

muscle 0.039 0.34 1.0 0.34 0.2 0.07 
Total attenuation 1.11 0.47 

Attenuation at 3.5 
MHz 3.9 dB 1.6 dB 

t No path through the bladder wall is assumed in the near term example. 
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a 5 or 3.5 MHz transducer). Two to six images were 
recorded specifically to display the min imum thick- 
ness of  tissues overlying the fetus and giving a good 
view thereof. To facilitate differentiation of  the var- 
ious surface layers, a standoff was employed, consist- 
ing of  250 ml intravenous saline drip bags or 3M 
butadiene-styrene Flotation Pad T M  material contain- 
ing scatterers for increased attenuation. 

In several cases, the sector scanner was used to 
record images of  the same plane, with and without a 
standoff. The same plane was then imaged with a 
linear array. The min imum thickness of  overlying 
tissue was measured for each condition. Measure- 
ments  with the s tandoff  pad and the linear array 
agreed within + 1 ram, while direct contact  sector 
scanning depressed the thickness of  overlying tissues 
by an average of  3 mm more than the other two 
methods. Calipers were used and compared with ver- 
tical distance markers on the side. These distance 
markers had been calibrated with a tissue-mimicking 
test object as having less than a + 1% inaccuracy. Tis- 
sues were grouped into the categories listed in the 
caption to Fig. 1 because those layers could be distin- 
guished or estimated and because of  the known dif- 
ferences in attenuation coefficients (or expected dif- 
ferences in future measurements). The placenta is not 
included because it will not, in the worst cases, lie in 
the imaging path proximal to the fetus. Typical anat- 
omy is illustrated in the ultrasound image of  Fig. 2 for 
a 15 week pregnancy. 

Groups B and C, consisting of  227 and 57 exami- 
nations, respectively, were analyzed for the mini- 
m um maternal skin to anterior fetal thorax distance. 
This min imum distance to the anterior fetal thorax 
(referred to subsequently as min imum fetal thorax 
depth) was acquired initially for data quality assur- 
ance in a larger study. These two groups covered pre- 
sumably  normal  pregnancies  between 25 and 40 
weeks gestation and were performed with a mechani- 
cal sector scanner (ATL Mark 100, 3.5 and 5 MHz, 
13 m m  diameter transducers), without standoffs. In 
group B, a single image was acquired at the end of  the 
examination, with a modest effort made to make that 
image reveal the min imum ultrasound path length to 
the anterior fetal thorax. The ultrasonographer then 
measured the min imum fetal thorax depth in that 
image. To compare those min imum depths per image 
with a value closer to min imum depth per examina- 
tion, the 57 subjects in Group C were studied in ex- 
actly the same manner  as Group B, except that all of  
approximately 25 images acquired on a subject were 
analyzed for the overall min imum fetal thorax depth, 
as well as for min imum depth in the last image. The 
mean gestational age and maternal weight were 31.9 

A 
S 

(a) 

F A 

(b) 

Fig. 1. (a) Anatomical model for second trimester preg- 
nancy as used in Model F2. Transverse view. (b) Sagittal 
view. For attenuation calculations, layer boundaries are as- 
sumed to be normal to the ultrasound scan. Anatomical 
tissue layers are as follows. Layers A and F are combined in 
the measurements. S--skin and subcutaneous fat; A--ab- 
dominal muscle or linea alba; F--fatty fascia (preperitoneal 

fat); U--myometrium; P--pubic bone; B--Bladder. 

weeks and 72.8 kg, respectively, for Group B and 32.3 
weeks and 69.8 kg for Group C. 

Except for skin, attenuation coefficients used to 
calculate attenuation in the various tissue layers of  
Group A were the same as those employed previously 
(N CRP  1983, p. 380; Carson 1988). In dB cm -1 
MHz -1, they were: 

skin - -  1.5 
subcutaneous fat--0.46 
abdominal (skeletal) muscle and preperitoneal 
fascia--0.51 
myometr ium (smooth muscle)--0.29 

These estimates are at or slightly lower than the 
best measured values in vitro (NCRP 1983, p. 28). 
The a t t enua t ion  coefficient for skeletal muscle is 
slightly lower than the phase insensitive measure- 
ment of  0.55 dB cm -~, made on bovine gluteal mus- 
cle. In the absence of  measurements, for preperito- 
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Fig. 2. Typical anatomy for the tissue model. Between each pair of arrows from the top are the standoff, skin and 
subcutaneous fat combined, abdominal muscle and fatty fascia combined and the myometrium. The fetal head is 
below the myometrium, with a small segment of placenta on the right. The abdominal wall layers are usually 

visualized more clearly with a linear array. 

neal fascia, the same value was taken as for skeletal 
muscle. These two layers were initially separated in 
our initial thickness, but they could not be discrimi- 
nated reliably and were combined.  The value for sub- 
cutaneous fat is approximately midway within the 
phase sensitive range for breast tissue (NCRP 1983). 
The m y o m e t r i u m  value is in the phase sensitive range 
of  0.23 to 1.9 dB cm -1 MHz  -1 for smooth muscle 
(NCRP 1983). For  skin, the mean  and m i n i m u m  
thicknesses used were based on Dines et al. (1984) 
and ICRP (1975) and the at tenuation coefficient was 
based on Naka ima  et al. (1976) and Poh lhammer  and 
O'Brien (1980). 

Attenuation in body fluids and attenuation due 
to reflections at the identified layer boundaries were 
negligible in this p e r p e n d i c u l a r  layered mode l  
(NCRP 1983; Carson 1988; Smith et al. 1985), and 
were not included. 

R E S U L T S  

In the measu remen t s  to de te rmine  the differ- 
ences in abdomina l  wall compress ion  by different 
transducer contact methods,  abdominal  wall thick- 
ness was measured at a total of  22 locations with 
thicknesses between 8 and 38 m m  in the 14 subjects. 
The  sector scanner  depressed the abdomina l  wall 
such that the mean abdominal  wall thickness was less 
than with the standoff by 3.5 + 0.2 m m  standard 
error of  the mean  (SEM). In this sample, mean ab- 
dominal  wall thickness with the standoff was 20.0 
+ 1.4 m m  SEM. Wall thickness measurements  with 
the linear array in direct contact were only 1.2 + 0.3 

m m  less than these with the standoff. With both the 
linear array and sector scanner, in this limited sam- 
ple, there was no correlation between the amount  of  
abdominal  wall compression and the abdominal  wall 
thickness, materna l  weight, or gestational age. All 
thicknesses of  overlying tissues are reported as mea- 
sured with the standoff. 

Figure  3 shows ind iv idua l  m e a s u r e m e n t s  of  
thicknesses of  overlying tissue layers and total overly- 
ing tissue thicknesses in the second trimester group, 
Group  A, as a function of  maternal  weight. Linear 
regressions covering all subjects up to a mate rna l  
weight o f  82 kg are shown as the solid lines. Gesta- 
tional age was included in a multivariate linear re- 
gression, but did not increase the correlation coeffi- 
cient in this sample,  taken over  a relatively short  
range of  gestational age. The one case at 97 kg was 
not included in the linear regressions, because the 
data suggested that  different ana tomica l  s t ructure 
may  be present in this obese case, and the relation- 
ships may, indeed, be particularly nonlinear above a 
certain body weight. Perhaps the tissues were so flexi- 
ble that they could be moved  to the side or could be 
displaced more  readily by the transducer. This sug- 
gests caution in applying these results to individuals 
above 82 kg. 

Coefficients of  the linear regressions for tissue 
thickness are given in Table 2, along with the 95% 
confidence limits for the equation: 

Thickness (cm) = Weight Coefficient 

× Weight (kg) + Constant  (cm). 
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Fig. 3. For the 21 subjects examined from 15 to 20 weeks gestation, thicknesses are shown as a function of 
maternal weight for the three tissue layers, excluding skin, which are always overlying the fetus. The three 
individual thicknesses and their total thickness, including 2 mm for skin, were measured along the line offering 
the minimum soft tissue path length to the fetus, as well as a good view of the fetus, in a typical amniocentesis 

procedure. Linear regressions are shown as solid lines. 

The probabili ty that the regression relation be- 
tween layer thicknesses and maternal  weight could 
result f rom random fluctuations is given in Table 2, 
as calculated by the F-test (Gardner  1987). It is clear 
that the relations with maternal  weight are less signifi- 
cant for abdominal  muscle thickness and myome-  
t r ium than fat, as might be expected. The 95% confi- 

dence limits show the 95% confidence range for the 
regression line. A different type of  limit is required to 
indicate the range of  m i n i m u m  tissue layer thick- 
nesses into which 95% of  all future individual mea- 
surements  are predicted to fall, using the same patient 
populat ion and methods.  The 95% prediction limits 
in Table 2 give such a range (Sokal and Rohl f  1981), 
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Table  2. L inear  regressions of  m i n i m u m  thickness  o f  tissue layers overlying the  fetus. 

Regression coefficients 
of thicknesses (cm) 

Ti~ue 

Maternal weight Coefficients Probability 
coefficient determination relation is 

(cm/kg) Constant (cm) R 2 random 

Total 
[95% conf. lira.] 
(95% pred. lim.) 

Subcutaneous fat 
[95% conf. lim.] 
(95% pred. lim.) 

Abdominal muscle 
preperitoneal 
fascia 

[95% conf. lim.] 
(95% pred. lim.) 

Myometrium 
[95% conf. lim.] 
(95% pred. lim.) 

and 

0.065 - 1.2 0.67 <0.001 
[0.087, 0.043] [0.18, -2.6] 
(0.066, 0.064) (-0.22, -2.2) 

0.041 - 1.2 0.62 <0.001 
[0.056, 0.026] [-0.24, -2.2] 
(0.040, 0.041) (-0.52, -1.9) 

0.018 -0.47 0.46 <0.001 
[0.028, 0.009] [0.12, - 1.01 
(0.018, 0.018) (-0.05, -0.90) 

0.006 0.28 0.13 <0.12 
[0.014, -0.002] [0.80, -0.231 
(0.007, 0.006) (0.65, -0.08) 

Regression coefficients are accompanied by upper and lower 95% confidence limits for the regression coefficients [in 
brackets] and linearized 95% prediction limits for individual points (in parentheses). 

assuming a normal distribution. Thus, one can cal- 
culate,  for  example  that  95% of  68 kg p regnan t  
women would be expected to exhibit min imum sub- 
cutaneous fat layers over fetuses in this age group of  
0.9 to 2.2 cm. 

As shown in Table 3, the min imum path length 
of  attenuating tissue found was only 1.7 cm, corre- 
sponding to a calculated attenuation of  0.8 dB/MHz 
or 2.8 dB (48%) at 3.5 MHz. Skin thickness in this 
min imum thickness case was assumed to be 1.3 mm, 
compared with the average 2 mm assumed elsewhere. 
This subject was not a rare exception, merely the least 

in a rather broad distribution for the 22 subjects, with 
a mean path length of  2.9 cm and a standard devia- 
tion of  the sample of  0.8 cm. There were five subjects 
with a measured oath length from 2 to 2.2 cm. 

Figure 4 shows the calculated min imum attenu- 
ations at 3.5 MHz for individuals as a function of  
maternal weight at the time of  examination. Calcu- 
lated attenuation correlated reasonably well with ma- 
ternal weight (R 2 = 0.68), and the latter might be 
used in some cases to estimate the former. The best fit 
linear regression to the data is shown in Fig. 4 as the 
bold line, given by: 

Table 3. Minimum measured thickness and estimated attenuation of intervening soft tissues 
in 22 pregnancies between 15 and 20 weeks gestation. 

Abdominal Abdominal 
Subcut. muscle and Gestation Weight thickness 

Skin fat preperitoneal Myometrium Total age (wk) (kg) (cm) 

Thickness (cm) 
Mean 0.2 1.4 0.6 0.7 2.9 
Minimum 0.13 0.7 0.2 0.6 1.7 
SD 0.0 0.5 0.3 0.2 0.8 

Assumed attenuation 
coefficient (dB 
cm -~ MHz 1) 1.5 0.46 0.51 0.29 

Estimated 
attenuation at 
3.5 MHz (dB) 

Mean 1.1 2.3 1.1 0.7 5.2 
Minimum 0.7 1.1 0.4 0.6 2.8 

16.5 65 19.3 
15 50 17 

12 

Placenta is not included because it would not be there in the worst case. The amniotic fluid path may be adjusted to achieve 
the worst case for each transducer focal zone. 
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Fig. 4. Attenuations by overlying tissues are shown as a function of maternal weight for gestational ages of 15 to 
20 weeks. The attenuations are calculated from measured minimum tissue layer thicknesses on each subject, 

using phase-insensitive attenuation coefficients. 

Attenuation (dB)=  0.10 × Weight (kg) - 1.5. 

The 95% limits for attenuation in individual patients 
are also plotted in Fig. 4. With the lower prediction 
limit given approximately by" 

Attenuation = O. 10 × Maternal Weight - 3.0. 

Attenuation correlated almost as well ( R  2 = 0.57) 
with maternal anterior-posterior diameter as: 

Attenuation = 0.39 × Thickness (cm) - 2.3. 

Among the set of  min imum recorded distances of  
ultrasound travel from the skin to the fetus in the 15 
to 20 week group, Group A, the min imum and mean 
distances (depths) were 2.5 and, 4.1 cm, respectively. 
Regression coefficients, their 95% confidence limits 
and the 95% prediction limits are given in Table 4. 
With fetal depth,  as well as with overlying tissue 
thicknesses, the correlation with gestational age was 
not significant. In fact, fetal depth in this sample was 
rather widely distributed, so there is a modest proba- 
bility, <0.03,  that  the corre la t ion with maternal  
weight was due to chance. 

Also given in Table 4 are regression coefficients 
and statistical data for min imum distances from the 
maternal skin to the fetal thorax in groups B and C. 
Regressions for group C are given both for the reading 
of  all images of  a study and for reading only of  the last 

image acquired. M i n i m u m  depth readings from a 
single film were more varied and larger than the min- 
imum determined from approximately 10 films, with 
confidence limits of  the former twice as large as those 
of  the latter. At group C's mean gestational age of  
32.3 wk and maternal weight of  69.8 kg the regression 
fit values for fetal thorax depths in single and multi- 
ple films were 3.8 cm and 3.1 cm, respectively. At 
that same gestational age and maternal weight in the 
larger group, B, the regression fit fetal thorax depth 
was 3.7 cm, and the min imum was 1.5 cm. The dis- 
tance to the fetal thorax decreased modest ly  as a 
function ofgestational age and increased with mater- 
nal weight in group B and in both analyses of  group 
C, but these changes were not large in view of  the 95% 
confidence limits. Despite the low coefficients of  de- 
termination, the probability by F test was generally 
low that the relation between fetal depth and gesta- 
tional age and maternal weight was random. That  
probability was less than 0.001 in the largest group B, 
despite use of  the more variable method of  reading 
only the last film. The only exception was in the 
smaller Group C, using only the last image, where 
there was a large, 0.7, probability of  a purely random 
relation. That  data was included only to illustrate the 
need for an extensive search to find the min imum 
fetal thorax depth. 

To illustrate the distribution of  fetal depth data 
from the third trimester, Fig. 5 shows the distribution 
of  min imum distances from the maternal skin to the 
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Table 4. Linear regressions o f  m i n i m u m  fetal to maternal  skin distance in three populations. 

Regression coefficients 
of fetus to skin 
distances (cm) Maternal weight Gestational age Coefficient 

coefficient coefficient Constant of deter. 
Subject group (cm/kg) (cm/wk) (cm) R2 

Probability 
relation is 
random 

21 Subjects; 15-20 wks 0.044 1.3 0.23 <0.03 
[95% conf. lim.] [0.082, 0.006] [2.7, -0.1] 
(95% pred. lim.) (0.044, 0.044) (3.1, -0.6) 

227 Subjects, 25-40 
wks 0.027 -0.035 2.9 0.07 <0.001 

Min. from last image 
[95% conf. lim.] [0.050, 0.014] [-0.006, -0.076] [5.6, 0.2] 
(95% pred. lim.) (0.027, 0.027) (-0.035, -0.035) (5.1, 0.6) 

57 Subjects; 25-40 wks 0.017 -0.053 3.6 0.11 <0.04 
Min. from all images 
[95% conf. lim.] [0.037, -0.003] [-0.002, -0 .  104] [6.2, 1.0] 
(95% pred. lim.) (0.018, 0.016) (-0.054, -0.052) (5.0, 2.2) 

57 Subjects; 25-40 wks 0.015 -0.024 3.5 0.01 <0.7 
Min. from last image 
[95% conf. lim.] [0.055, -0.025l [-0.076, -0.124] [8.5, - 1.5] 
(95% pred. lim.) (0.017, 0.013) (-0.027, -0.023) (6.3, 0.7) 

95% confidence limits [in brackets] are given with each coefficient and linearized, 95% limits for prediction of individual minimum depths 
are presented (in parentheses). 

anterior fetal thorax as measured from the multiple 
images in each case of Group C; regression and limit 
lines shown were calculated as a function of maternal 
weight only. 

D I S C U S S I O N  A N D  C O N C L U S I O N S  

Other studies have assumed that the worst case 
exposure in early pregnancy would be when the ul- 

trasound beam passes through the distended bladder. 
Even before 15 weeks gestation, however, the bladder 
path is not necessary. Amniotic fluid can provide an 
equivalent, minimally attenuating path without the 
added attenuation of the bladder wall. Indeed, mini- 
mum ultrasound path lengths through tissue are sig- 
nificantly less in the 15-20 week range than in earlier 
estimates of 1st trimester exposures. Furthermore, it 
is not absolutely clear that the fetus is most sensitive 
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Fig. 5. M i n i m u m  fetal anterior thorax depths, recorded in any of  the images of  each of  57 subjects, are plotted as 
a function of  maternal  weight. There is also a dependence of  depth on gestational age over  this 25 to 40 week 
range. Ninety-five percent confidence limits on the regression line and 95% prediction limits for future individual 

data points are drawn as in Fig. 4. 
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to ultrasound in the first trimester. Heating effects 
might be most pronounced in the second trimester 
near well ossified bone, with its strong ultrasound 
absorption. 

These measurements of tissue thicknesses do not 
replace in vivo dosimetry of true in situ intensities or 
temperature rise. They should however, compliment 
such measurements and extend their range of valid- 
ity. Tissue thickness and fetal depth measurements 
like these could be made at the time of dosimetry 
measurements and the attenuation used to verify or 
adjust these or similar measurements and calcula- 
tions. It is unlikely, and perhaps inappropriate, that 
in vivo dosimetry will be performed on a large num- 
ber of cases as a function of maternal weight and 
gestational age. 

There are several features of these attenuation 
calculations which might be providing misleading re- 
suits, although the major effects probably are in op- 
posite directions. Thicknesses of overlying tissues, as 
measured with a flexible standoff pad, were not cor- 
rected for the slightly greater compression of subcuta- 
neous tissues in contact scanning with linear arrays or 
the significantly greater (3.5 mm greater) mean com- 
pression normally experienced with a sector scanner. 
With a contact sector scanner, attenuation by overly- 
ing tissues might well be slightly less than what is 
reported here. Assuming the subcutaneous fat is com- 
pressed 0.35 cm at 0.46 dB/cm, total attenuation, 
calculated at 3.5 MHz in the mean case of Table 3, 
would be reduced from 4.6 to 3.9 dB. 

Among the factors that might indicate higher 
sound attenuation than we have calculated is the fact 
that the phase insensitive attenuation coefficients as- 
sumed were usually measured with a radiation force 
technique, which would be insensitive to spreading of 
a highly focused beam by heterogeneous tissues. At- 
tenuation of the spatial-peak intensities might be con- 
siderably higher, although attenuation of the total 
beam power would be unaffected by beam spreading. 
Furthermore, the attenuation coefficient of the fatty 
fascia, a heterogeneous mixture of fat and fibrous 
tissue, has not been measured extensively. Attenua- 
tion coefficients increase slightly more strongly with 
frequency than linearly, particularly for fat. 

A similar attenuation analysis was performed on 
28 sonograms taken from the general literature 
(Smith et al. 1985). Although almost the same attenu- 
ation coefficients were utilized for their obstetrical 
example as in the above models, the calculated total 
attenuations were much higher. The mean attenua- 
tions varied approximately linearly from 12 dB at 6 
weeks gestation to l0 dB at 35 weeks. The standard 
deviation of the attenuations was surprisingly low. A 

plausible explanation for those much higher attenua- 
tion values is that, attenuation by the placenta was 
included and, unlike our study, the images taken 
from the literature had been obtained with no effort 
to locate a path of minimum attenuation. The results 
of Smith et al. (1985), represented something closer 
to the average attenuation paths in average images, 
whereas our study attempted to find minimum atten- 
uation paths in each patient. It is interesting, how- 
ever, that none of the 84 scan lines in 28 sonograms 
provided calculated at tenuation paths near the 
smaller 2.8-4 dB values reported here. 

The FDA calculations of in situ intensities for 
demonstrat ion of equipment equivalence with 
pre-1976 devices, utilize what was thought to be a 
conservative attenuation coefficient of 0.3 dB cm -1 
MHz -~ in a homogeneous tissue model. The model is 
not conservative in comparison with the present mea- 
surements and calculations. In a typical case of 3.5 
MHz frequency and 7 cm focal length, the FDA 
model indicates an ultrasound attenuation of 7.4 dB 
or an intensity reduction by a factor of 1/5.5, com- 
pared with the worst case measured here in the sec- 
ond trimester of only 2.8 dB or an intensity reduction 
by a factor of 1/l.9. 

Duck and Perkins (1988) reported similar ab- 
dominal wall thicknesses to those reported here for 
the case of scanning through the bladder to the gesta- 
tional sac. In 74 randomly chosen obstetrical ultra- 
sound scans they measured a least tissue thickness 
overlying the bladder of 0.7 to 6.0 cm with a mean of 
2.1 and standard deviation of 0.8 cm. Greatest blad- 
der depth (presumably greatest distance to the distal 
internal border of the bladder) was 3.0 to 10.5 cm 
with a mean of 7.5 cm. 

Rather than viewing the data reported here as 
true minimum fetal depths, and overlying tissue layer 
thicknesses, readers should be mindful that the data 
represent the minimum quantities recorded under 
the conditions of these studies. As such, they proba- 
bly are rather slight overestimates of min imum 
depths and thicknesses over the entire sample popula- 
tions. In the fetal thorax depths of Fig. 5, there are no 
outliers with depths less than the 95% prediction 
limits. The same was true, and more notable, in the 
larger Group B. 

In Group B, 10 of the 227 cases had fetal thorax 
depths greater than the 95% prediction limits. These 
skewed distributions with more outliers to the side of 
greater depths is to be expected with the less than 
exhaustive screening for true minimum depth and 
the anatomical limitation that the thorax cannot be 
any closer to the skin than the wall of the uterus, 
which can be in contact with the maternal abdominal 
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wall. While the distribution is somewhat skewed, the 
statistics employed here, based on the assumption of 
gaussian distributions are conservative and ade- 
quately representative for the purpose of this study. 

The data show a surprising uniformity in mini- 
mum fetal depths during the second and third tri- 
mesters studied. This uniformity and the relatively 
shallow depths help explain what, to us, has been a 
surprisingly limited use of larger than usual trans- 
ducer diameters to achieve focal depths greater than 
5-6 cm. The small and uniform depths are not in- 
consistent with a recent study of distances from the 
midline of the fetal skull and abdomen to the skin 
(Ragozzino et al. 1986). In that study, the mid-fetal to 
skin distances ranged from approximately 6 cm at 7 
weeks to 8.4 cm at 38 weeks. Those distances divided 
by the maternal AP thickness were 0.3 + a standard 
deviation of 0.06, independent of gestational age. 

Given that the purpose of the study by Ragoz- 
zino et al. (1986), was estimation of x-ray doses to the 
fetus, it was most appropriate to consider the most 
probable (mean) fetal distances and attenuation as a 
function of some known parameter such as maternal 
AP thickness or weight. The same would be true for 
ultrasound exposure estimates if the suspected bioef- 
fects mechanism were a low dose effect, as in x-rays, 
where the probability of the effect is small and in- 
creases approximately linearly with exposure. Such 
might be the case with hypothetical, high intensity, 
low frequency (e.g., 0.5-2 MHz, ultrasound systems) 
if the pulse durations and peak pressures were well 
above the cavitation threshold in the absence of at- 
tenuation and in the rare presence of cavitation nu- 
clei. Then the probability of damage might depend 
linearly on the overlying attenuation and a mean at- 
tenuation would be appropriate. A more realistic 
concern, however, are design and use guidelines to 
avoid a presumed threshold phenomenon, such as 
hyperthermia. In this situation, worst case analyses 
are more appropriate. 

SUMMARY 

The distribution of minimum thicknesses by tis- 
sues overlying the fetus have been measured between 
15 and 20 weeks gestation, with an empty maternal 
bladder technique typical of amniocentesis examina- 
tions. These thicknesses and the conservatively com- 
puted attenuation of ultrasound are small compared 
with most earlier estimates. In the worst cases, the 
calculated attenuation at 3.5 MHz reduces the inten- 
sities in the proximal fetal tissues by just under a 
factor of two, compared with ultrasound intensities 
measured in water under conditions of linear ultra- 

sound propagation. While these results reveal cases of 
less reduction in exposure to the fetus by overlying 
tissues than previously assumed, it is worth noting 
that some solid data has appeared documenting the 
short fetal exposure times in routine obstetrical 
imaging (Andrews et al. 1987). 

Additional detail in the thickness of abdominal 
wall structures was included here compared with ear- 
lier studies. The thickness of these tissue layers over- 
lying the 15-20 week fetus were found to correlate 
well with maternal weight. The linear regression of 
maternal subcutaneous fat thickness along the mini- 
mum tissue path ranged from 0.8 cm at 48 kg to 2.2 
cm at 82 kg. Because of refraction in the low speed of 
sound fat, such large path lengths through fat can 
have significant effects on beam focusing with all 
scanners and on lateral distance measurements with 
sector scanners. The effects are much worse if the fat 
interfaces are not coplanar. 

Information on minimum fetal depths in the 
second and third trimesters is provided for compari- 
son with transducer transmitted focal lengths. It is 
notable that the magnitude and range of fetal depths 
is relatively small. 

In using this information for a worst case analy- 
sis of second trimester exposures with an ultrasound 
system, that focal point of the system would normally 
be considered which produced the highest intensity 
and lay beyond 1.7 cm. Again, considering the worst 
case, that focal point would be considered as lying at 
the surface of the fetus after ultrasound passage 
through the minimum predicted body and uterine 
walls and an appropriate amount of amniotic fluid. 
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