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Abs t r ac tmWe constructed a specialized in vivo exposimetry system and determined selected ultrasonic field 
quantities. We examined two groups of non-pregnant women (nulliparas = 14, multi paras = 9) under conditions of 
full and empty bladder. A calibrated 7-element linear array hydrophone was placed in the anterior fornix of the 
vagina in each subject. In the full bladder condition, the sound beam traversed the anterior abdominal wall and full 
bladder, whereas after voiding, the sound beam traversed the abdominal wall and anteverted uterine fundus. Each 
study was conducted using a 3.5 M H z  mechanical sector transducer. Calibration data were recorded after comple- 
tion of each in vivo experiment. Data from both groups were pooled for analysis. Assuming (1)  the sound path 
through the full bladder is loss less, the insertion loss (ILvuLL) should represent the insertion loss for the 
abdominal wall (ILAm) WALL) 8.2 _+ 5.6 dB; whereas (2)  for the empty bladder condition, (IL~Mv, rv) represents 
(ILxnD wAx~ + ILcrrERUS). Subtracting ILFuI~ from ILEmP.rv yields ILtrrERus = 5.8 --+ 6.8 dB. Therefore, knowing 
the respective path lengths and normalizing for frequency, the mean tissue attenuation coefficients (A) are 
estimated to be AABD WALL = 1.39 d B / c m - M H z  and Au~nus  = 0.14 dB/cm-MHz.  These attenuation data suggest 
that the abdominal wall is the principal source of ultrasonic energy loss. 
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INTRODUCTION 

Although the clinical use of ultrasound in the repro- 
ductive sciences continues to increase exponentially, 
scientists have still not resolved the issues of attendant 
bioeffects and potential biohazards, especially since 
scientific data establishing the safety of ultrasound are 
limited. Data from animal studies would unequivo- 
cally suggest that high intensity ultrasound has defi- 
nite and biologically harmful, even lethal, effects 
(Dunn and Fry 1971; Frizzell et al. 1977; Fry et al. 
1970; O'Brien 1984, 1991 ). Whether clinical instru- 
ments with lower power settings pose similar but less 
obvious biohazards remains unknown. The issue is 
further clouded by virtue of minimal in vivo exposim- 
etry data defining actual energy levels to which go- 
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nadal or embryonic tissues are exposed during the 
course of a routine "clinical" ultrasound examina- 
tion. The scientific basis for estimating in vivo expo- 
sures is becoming even more important given the re- 
cently approved Standard for Real-Time Display of 
Thermal and Mechanical Indices on Diagnostic Ul- 
trasound Equipment (ALUM 1992) which, in gen- 
eral, will allow for higher fetal exposure levels than in 
the past. 

Over the previous four years, we have con- 
structed an in vivo exposimetry system, developed 
and tested customized software and determined se- 
lected "first-order ultrasonic quantities," i.e., pressure 
waveform, peak compressional pressure (Pc), peak 
rarefactional pressure (Pr), as well as selected "sec- 
ond-order ultrasonic quantities," i.e., spatial peak, 
temporal average intensity (SPTA), spatial peak, 
pulse average intensity (SPPA), spatial peak, tem- 
poral peak intensity (SPTP) during a routine ovarian 
ultrasound examination (Daft et al. 1990; Siddiqi et 
al. 1991 ). Although our published in vivo exposim- 
etry data define the average coefficient of tissue attenu- 
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ation or insertion loss which occurs in a routine ovar- 
ian ultrasound examination, the contribution by each 
of the interposing maternal tissue layers, i.e., skin, sub- 
cutaneous fat, fascia, skeletal muscle and myome- 
trium remains unknown. 

The current study was therefore designed to de- 
termine the specific contribution of the maternal ab- 
dominal wall and the myometrium, to the average 
insertion loss during a routine non-pregnant repro- 
ductive ultrasound examination. We tested the hy- 
pothesis that the maternal abdominal wall is the prin- 
cipal source of ultrasonic energy loss whereas the 
myometrium is a low loss tissue. 

METHODS 

Diagnostic imaging system 
A 3.0 MHz frequency, mechanical sector trans- 

ducer (focal zone 5.5-13 cm, focal point 8 cm, crystal 
diameter 19 mm) in combination with an ATL Ultra- 
mark 4 Model (Advanced Technology Systems, 
Bothell, WA, USA) diagnostic ultrasound imaging 
system was used for all studies. Exposure time after 
obtaining an acceptable real-time image was 5 min. 
Power setting for the instrument was 100% at all 
times. 

Exposimetry instrumentation 
The customized exposimetry equipment and soft- 

ware for in vivo and calibration studies have previ- 
ously been reported in detail (Daft et al. 1990). In 
summary, instrumentation has been developed to 
measure the acoustic pressure field during a diagnos- 
tic reproductive system ultrasound examination. The 
ultrasonic field was sampled using a calibrated 7-ele- 
ment linear array hydrophone of polyvinylidene di- 
fluoride transducers. This hydrophone was placed in 
the anterior vaginal fornix superior to the cervix. The 
radio frequency (RF) signals from the hydrophone 
were digitized at 50 Ms/s, and the maximum ampli- 
tude in waveform received in the examination was 
recorded along with that RF waveform. The reference 
output of the clinical real-time scanner was obtained 
by placing the hydrophone in a 37°C water bath at the 
same distance from the clinical transducer as that 
used to obtain the in vivo recording. From the hydro- 
phone recordings, 10 exposimetry quantities were de- 
termined, five under in vivo conditions and five under 
in vitro conditions. The five quantities were the maxi- 
mum peak compressional pressure Pc, the maximum 
peak rarefactional pressure Pr, the spatial peak, tem- 
poral average intensity ISPTA, the spatial peak, pulse 
average intensity ISPeA, and the spatial peak, temporal 
peak intensity IsvrP (Daft et al. 1990; Siddiqi et al. 
1991). 

Subject population 
Healthy, non-pregnant female volunteers were 

recruited for the study. Each subject was counselled 
and asked to sign an informed consent statement as 
approved by the University of Cincinnati Medical 
Center Institutional Review Board. Each subject was 
studied under two conditions: first, in the presence of 
a full urinary bladder where the ultrasound beam tra- 
versed the anterior abdominal wall and distended 
bladder prior to visualization of the hydrophone in 
the anterior vaginal fornix (Fig. I a); and second, im- 
mediately after emptying the urinary bladder where 
the ultrasound beam traversed the anterior abdomi- 
nal wall and anteflexed uterus (myometrium) prior to 
visualization of the hydrophone in the anterior vagi- 
nal fornix (Fig. 1 b). 

Hydrophone placement and study protocol 
Each subject was asked to force fluids for 1 h 

prior to the planned time for the study. When each 
subject felt her urinary bladder was distended and 
there was an urge to void, she was placed in a supine 
position with hips abducted, knees flexed and exter- 
nally rotated, i.e., in a "frog-leg" configuration. The 
custom designed hydrophone was then introduced 
into the vagina and placed in the anterior vaginal for- 
nix superior to the cervix. Placement was checked us- 
ing real-time imaging and care was taken to ensure 
that the urinary bladder was in fact full with complete 
displacement of the pelvic organs by the distended 
bladder. The lower end of the hydrophone has a recog- 
nizable round flange (Figs. la and lb) to help ensure 
appropriate placement and orientation of the linear 
array of transducers. The total distance from the trans- 
ducer to the hydrophone, the thickness of the anterior 
abdominal wall and the bladder width (excluding the 
anterior and posterior bladder walls) were then mea- 
sured on-line using real-time imaging. 

In vivo data were then obtained at 100% power 
settings for the diagnostic imaging system. The trans- 
ducer was moved across the abdominal wall surface 
with real-time imaging ensuring constant hydro- 
phone visualization. The largest hydrophone signal 
was saved for analysis. Reference data were recorded 
immediately after completion of the in vivo study 
from a tank filled with water at body temperature 
(37°C) and with the transducer and hydrophone 
fixed at the same total distance as the in vivo state. 
Again, the largest signal recorded during the in vitro 
procedure was saved for data analysis. 

Each subject was then immediately asked to 
empty her urinary bladder and was studied in the 
empty bladder state. The same custom-designed hy- 
drophone used previously was reinserted into the va- 
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Fig. 1 (a). Representative sonogram of full bladder (b) condition with hydrophone 
in situ (straight arrow) and uterus (curved arrow). 

gina and placed in the anterior vaginal fornix with 
slight forward pressure so as to further flex the ante- 
verted uterus thereby ensuring closest proximity be- 
tween the hydrophone and uterus. (Subjects with ret- 
roverted uteruses were excluded from the study.) The 
total distance from the transducer to the hydrophone, 
the thickness of the anterior abdominal wall, and the 
uterine thickness (myometrium) were measured sepa- 

rately on-line in real-time. In  vivo and in vitro data 
were then obtained in the same manner as described 
above. 

Although an attempt was made to ensure that the 
hydrophone was placed in the same mid-line axial 
plane in both the full and empty bladder conditions 
(using the umbilicus as a reference) the study design 
precluded absolute accuracy (the hydrophone had to 

Fig. 1 (b). Representative sonogram of empty bladder (b) condition with hydrophone 
in situ (straight arrow) and overlying anteflexed uterus (curved arrow). 
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be removed to allow the subjects to void). Similarly, 
estimates of repeatability were not possible because of 
the study design using human volunteers. 

Data analysis 
For each subject, two complete data sets of in 

vivo and in vitro pressure waveforms were obtained 
(full and empty bladder states, respectively) with 
corresponding sonograms for tissue-path distance 
measurements. Six insertion loss values (loss as deter- 
mined by the measurement procedure) were calcu- 
lated for each complete data set, i.e., 

IL  = 20 

× logw(in vitro pressure~in vivo pressure) ( 1 ) 

where the pressure ratios were for Pc, P, and Pc + Pr, 
and 

I L =  10 

× loglo(in vitro intensity~in vivo intensity) (2) 

where the intensity ratios were for ISPWA, /SPPA and 
IsvrP. An average insertion loss value of the six inser- 
tion loss values represented the insertion loss value 
( ( I L ) )  for each of the two data sets (full and empty 
bladder) for each subject for subsequent calculations. 

Calculations were based on the overlying tissue 
model (Siddiqi et al. 1991 ) which assumes that attenu- 
ation consists only of that due to intact tissue and the 
fluid path (bladder urine) contributes no attenuation 
and not the fixed attenuation model (Carson et al. 
1989a). The overlying tissue model attenuation coeffi- 
cient, A 0, for each subject was calculated by dividing 
the average insertion loss ( ( I L ) )  by the center fie- 
quency, f~, and the distance of the nonfluid path, dny, 
i.e., 

Ao = ( I L ) l ( f ~ d . f )  (in dB/cm-MHz).  (3) 

The center frequency was 2.4 MHz as deter- 
mined from a spectrum analysis of the hydrophone 
signal (Siddiqi et al. 1991 ). The overall attenuation 
coefficient was calculated as the mean value of the 23 
samples for each data set. This latter calculation does 
not take into consideration the average insertion loss 
as a function of distance which is discussed below. 

Statistical methods 
The dependency of the experimentally deter- 

mined ( I L )  data on the volunteers' anatomy (thick- 
ness of abdominal wall and myometrium) was ana- 

lyzed statistically using simple regression analysis. 
The dependent variable (Y) was the appropriate aver- 
age insertion loss in units of dB and the independent 
variable (X) was the appropriate anatomical distance 
in units of centimeters. All of the dependencies were 
evaluated against the three simple regression models: 

Y = a + bX (linear model) (4a) 

Y = aX b (multiplicative model) (4b) 

Y = exp(a + b X )  (exponential model) (4c) 

where a represents the estimate of the intercept and b 
represents the estimate of the slope in each model. 
Probability levels (p) for the estimates of the intercept 
and slope were determined along with their standard 
error (SE) for each regression model. Probability lev- 
els (p), correlation coefficients (r) and standard error 
of the estimates (SE) were determined using analysis 
of variance. 

The full and empty bladder conditions individu- 
ally (n = 23 for each data set) were evaluated using 
the three regression models listed above. Predicted 
mean and 95% confidence interval data are presented 
for the appropriate best fit models. 

RESULTS 

Study population 
A total of 23 individuals were studied, 14 were 

nulliparous and 9 were multiparous. Each individual 
was studied under two conditions, first with a full 
bladder and then immediately after voiding. A two- 
tailed t-test found no difference between the nullipa- 
rous and multiparous subjects with respect to ( 1 ) (a) 
total distance, (b) abdominal wall thickness, (c) blad- 
der width, and (d) average insertion loss, in the "full 
bladder" condition; and (2) (a) total distance, (b) ab- 
dominal wall thickness, (c) uterine thickness, and (d) 
average insertion loss, in the "empty bladder" condi- 
tion (Tables 1 and 2 ). Therefore, data from the nullip- 
arous and multiparous subjects were pooled for analy- 
sis into two experimental conditions: full bladder 
state (n = 23) and empty bladder state (n = 23). 

Overall insertion loss evaluation 
The mean insertion loss values ( ( I L ) )  for the 

full and empty bladder conditions were 8.2 + 5.6 dB 
and 13.9 _+ 5.8 dB, respectively. As expected, the 
empty bladder condition resulted in a greater inser- 
tion loss value (because of a greater thickness of soft 
tissue traversed) than the full bladder condition even 
though the total distance values were not too different 
under the two conditions (Tables 1 and 2). 
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Table 1. Total distance from transducer to hydrophone, including abdominal wall thickness, bladder width and 
mean insertion loss ((IL>) in the full bladder condition (mean + standard deviation). 
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Total Abdominal wall Bladder 
n distance (cm) thickness (cm) width (cm) (IL> (dB) 

Nulliparous 14 8.20 + 1.79 2.53 _+ 0.79 5.67 _+ 1.26 7.64 _+ 4.49 
Multiparous 9 7.93 _+ 0.97 2.39 + 0.66 5.54 _+ 0.76 8.99 _+ 7.27 
Pooled 23 8.10 _+ 1.50 2.47 _+ 0.73 5.67 _+ 1.07 8.17 _+ 5.62 

Differential insertion loss 
In the full bladder condition, assuming that the 

sound path through urine is loss-less, the average in- 
sertion loss, (IL~LL), should represent the anterior 
abdominal wall insertion loss (ILAsD WALL), i.e., 

ILFuLL ----- ILABDWAL L -- (ILuRIN E = 0 ) .  ( 5 )  

The m e a n / L A B  D WALL (n = 23) was therefore 8.2 
+ 5.6 dB( range: 1.7-22.7 dB ), and the mean abdomi- 
nal wall thickness, (dAB D WALL) was 2.5 _ 0.7 cm 
(range: 1.6-4.5 cm). 

Evaluating each of the 23 ILABD WALL values at 
their respective dABD WALL values and at a center fre- 
quency (fo) of 2.4 MHz, the mean value for the attenu- 
ation coefficient for the abdominal wall (AABD WALL) 
was obtained by: 

ILAaD WALL ) l (  .DW LJo, AABD WALL = 2"3 n=l (6) 

which yields a value AAB D WALL = 1.39 ___ 0.89 dB/cm- 
MHz (range 0.40-4.01 dB/cm-MHz). 

Figure 2 shows the relation between abdominal 
wall insertion loss (ILAaD WALL) and abdominal wall 
distance (dABo WALL) where the multiplicative regres- 
sion analysis provided the best fit (p < 0.056), i.e., 

/LABDWAL L = 2.8(dABDWALL) 0"99 (7) 

where the /LAB D WALL (which is assumed to equal 
ILFuLL ) and dAB D WALL (measured directly) demon- 
strate the slope to be 2.8 dB/cm at 2.4 MHz. This 
is essentially a linear model over the applicable 

dABD WALL range since the exponent is essentially un- 
ity. Normalizing the data to frequency, yields a value 
1.17 dB/cm-MHz for the abdominal wall. 

It is interesting to compare the results from the 
multiplicative model to the linear regression model (p 
< 0.11), i.e., 

ILABDWAL L = 2.67dABDWAL L + 1.57 (8) 

since over the applicable dAB D WALL range, the slope of 
2.67 dB/cm is essentially the same as that for the mul- 
tiplicative model. 

For the empty bladder condition, ILEuPTy, repre- 
sents the sum of insertion losses through the abdomi- 
nal wall (/LAB D WALL) and uterus (myometrium) 
( /LuTERUS),  i.e., 

/LEMPTY = /LABD WALL -}- /LuTERUS" ( 9 )  

From eqn ( 5 ) we can derive the average insertion 
loss for the uterus (ILuTERUS), i.e., 

/LuTERUS = ILEMPT Y -- /LFuLL. (10 )  

The m e a n  ILuTERUS was 5.8 + 6.8 dB (range: 
-4.8-20.2 dB) and the mean uterine thickness 
(duTERUS) was 5.2 _+ 1.3 cm (range: 2.9-7.3 cm). 

Evaluating each of the 23 ILuTERUS values with 
their respective uterine thickness values (duTERUS) 
and at a center frequency (fo) of 2.4 MHz, the mean 
value for the attenuation coefficient for the uterus 
(AuTERUS) was obtained by: 

(11) 

Table  2. Total  d is tance  f rom t ransducer  to hydrophone ,  inc luding  a b d o m i n a l  wall thickness,  
u ter ine  (myomet r ia l )  th ickness  and  m e a n  inser t ion  loss ((IL)) in the  empty  b ladder  cond i t ion  

( m e a n  _+ s tandard  deviat ion) .  

Total Abdominal wall Uterine 
n distance (cm) thickness (cm) thickness (cm) (IL) (dB) 

Nulliparous 14 7.65 _+ 2.09 2.53 _+ 0.79 5.12 _+ 1.44 14.35 _+ 1.19 
Multiparous 9 7.80 _+ 1.28 2.39 _+ 0.66 5.41 _+ 1.00 13.31 _+ 5.38 
Pooled 23 7.71 + 1.78 2.47 + 0.73 5.23 _+ 1.27 13.94 _+ 5.78 
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Fig. 2. Predicted mean and 95% confidence limits defining the relationship between insertion loss in dB and 
abdominal wall thickness in centimeters using the multiplicative regression model (p < 0.05). 

which yields a value AUTERUS = 0.14 + 0.17 dB/cm- 
MHz (range -0.14-0.55 dB/cm-MHz).  

The negative values of//'UTERUS may be due to 
the assumption that bladder urine is loss-less and not 
taking into account reflective losses at membrane sur- 
faces. Assuming that the attenuation coefficient of 
bladder urine is between that of water (0.008 dB/ cm 
at 2.4 MHz and 37°C [Herzfeld and Litovitz 1959]), 
and amniotic fluid (0.02 dB/cm at 1.7 MHz and 
25°C; 0.03 dB/cm at 2.8 MHz and 25°C [Zana and 
Lang 1974]), a value of 0.01 dB/cm at 2.4 MHz was 
chosen. Therefore, in order to account for bladder ur- 
ine losses (/LuRIN E), i.e., 

ILABD WALL = ILFuLL -- ILuRINE ( 1 2 )  

where ILtJR~NE is the product of 0.01 dB/cm and 
dBLADDER WIDTH in cm. Therefore: 

/LuTERUS = ILEMPT v -- ([LFuLL -1- /LuRINE). ( 13 )  

Under conditions in which ultrasonic loss in 
bladder urine is considered, AAaD WALL is 1.37 --+ 0.89 
dB/cm-MHz and AUTERUS is 0.14 -- 0.17 dB/cm- 
MHz. There is very little change in the values. Evaluat- 
ing the ultrasonic transmission loss due to specular 
reflection at the bladder/tissue interface, assuming 
the bladder impedance (product o fp  and c) is 1.512 
Mrayls (p = 993 kg/m 3 and c = 1523 m/s)  and the 
tissue impedance is 1.872 Mrayls (p = 1200 kg/m 3 

and c = 1560 m/s)  yields a transmission loss at nor- 
mal incidence of 0.05 dB. 

Other possible sources of error responsible for 
the measurement uncertainty, which in turn would be 
responsible for the calculated negative insertion loss 
values are: ( 1 ) slightly different parts of the abdomi- 
nal wall being traversed in the full and empty bladder 
conditions, and (2) changes in the beam pattern 
caused by traversing heterogenous tissue under the 
two bladder conditions. 

Therefore, ultrasonic loss in bladder urine and 
specular reflection at the bladder/tissue interface can- 
not account for the calculated negative insertion 
losses of the uterus (myometrium). The/]_,UTERUS is 
determined from the difference between ILEMeXY and 
ILFuLL and, given an estimated error of approxi- 
mately 20% in the measurement of each, may be re- 
sponsible for some of the ILuTERUS values being nega- 
tive which is, of course, not possible. 

There is no statistically significant regression 
model which describes the relation between uterine 
insertion loss (ILuTERUS) and uterine thickness 
(dtJTERUS). Figure 3 demonstrates the relation be- 
tween ILuTERUS and dUTERUS where the linear regres- 
sion analysis provided the best fit (p < 0.28), i.e., 

ILuTERUS ---- 1-25duTERUS -- 0.80. (14) 

This, when normalized to frequency, yields an attenu- 
ation coefficient of 0.52 dB/cm-MHz. 



H u m a n  in situ dosimetry • T. A. SIDDIQI et al. 687 

28 

m 24 

u) 20 
o9 
q 16 
z Q 12 
I-- 
~ 8 
w 
o9 4 
z 

u.l 0 
z 
if" -4 
w I -  
~ -8 

-12 

mm m 

m m • 

0 1 2 3 4 5 6 7 8 9 

UTERINE THICKNESS (cm) 

Fig. 3. This figure demonstrates uterine insertion loss in dB when plotted against uterine thickness in centimeters. 
There is no significant statistical relationship noted. 

The absence of a thickness-dependent effect upon 
ILuTERUS is probably because the estimated uterine 
(myometrial) attenuation coefficient is quite low. 

DISCUSSION 

Ultrasound is a physical agent and is known to 
produce mechanical disruption in discrete media. 
The physical changes associated with ultrasound in- 
clude pressure changes, changes in tension, shearing 
stress, expansion, compression, acceleration of parti- 
cles and changes in particle velocity. Ultrasound is 
known to produce bioeffects both in vivo and in vitro 
experimental models (O'Brien 1984, 1991 ). These 
bioeffects occur not only at varying ultrasonic intensi- 
ties but are also related to exposure times. Despite the 
availability of these data, there are very few data de- 
fining the actual ultrasound intensities to which go- 
nadal or embryonic tissues are exposed during the 
course of a routine "clinical" ultrasound examina- 
tion. The effects of patient size, stage of gestation and 
duration of exposure remain completely undefined. 
Similarly, the relationship between in vitro maximum 
values of ultrasonic quantities measured and in vivo 
exposure levels of focused ultrasound systems re- 
mains unknown. Mathematical modeling is question- 
able due to the nonlinearities and the differences be- 
tween free-field ultrasonic measurements in water 
(very low loss medium) and in tissue (much higher 
loss medium). In fact, the minimal information avail- 
able in the older literature relates to older equipment 
which did not have the beam focusing capabilities 
that are available with current equipment. 

As part of an ongoing National Institutes of 

Health (NIH) funded research project designed to ad- 
dress the issues of in situ exposimetry in reproductive 
ultrasound examinations, we have previously re- 
ported the average insertion loss during an ovarian 
ultrasound examination to be 6.2 _+ 3.5 dB in the full 
bladder condition and 7.3 + 4.9 dB in the empty blad- 
der condition. Applying the fixed-attenuation tissue 
model to our data, we determined the attenuation co- 
efficient to be 2.56 + 1.47 dB/MHz when normalized 
for a 2.4 MHz frequency in the full bladder condition. 
The attenuation coefficients for the full and empty 
bladder conditions at a 2.4 MHz frequency, when the 
overlying tissue model was applied, were 0.89 _+ 0.7 l 
and 0.45 + 0.32 dB/cm-MHz, respectively (Siddiqi et 
al. 1991 ). The mean values for the fixed-attenuation 
tissue model's attenuation coefficient were about a 
factor of 3 greater than the values proposed to model 
the attenuation coefficient (Carson et al. 1989b); the 
mean values for the overlying tissue model's attenua- 
tion coefficient were a factor of 2 to 3 greater than the 
values used by the Center for Devices and Radiologi- 
cal Health (CDRH) of the Food and Drug Adminis- 
tration (FDA) (NCRP 1983). 

Our current study was designed to determine the 
specific contributions of the maternal abdominal wall 
and uterus (myometrium) to the average insertion 
loss during a routine non-pregnant reproductive ul- 
trasound examination. In order to do so, calculations 
were of necessity based on the overlying tissue model 
which assumes that attenuation consists only of that 
due to intact tissue, and any fluid path (bladder urine ) 
contributes negligible or no attenuation. To quantify 
loss of the ultrasonic signal, two terms are generally 
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used: attenuation and insertion loss. Attenuation gen- 
erally implies the loss is due to tissue attenuation prop- 
erties (absorption and scattering) whereas insertion 
loss generally implies loss as determined by the mea- 
surement procedure (includes tissue attenuation prop- 
erties and beam property effects). In our studies, we 
have exclusively determined mean insertion loss val- 
ues from the in vivo and in vitro measurements. In 
fact, the attenuation coefficients have been calculated 
for both the anterior abdominal wall and the uterus 
(myometrium) using the measured insertion loss 
values. 

There have been a few studies, summarized in 
Stewart and Stratmeyer (1982) and NCRP (1983), 
which estimate the ultrasonic attenuation in tissues 
overlying the first trimester embryo, i.e., the anterior 
abdominal wall and anterior uterine wall. These data, 
however, are limited in that they were obtained in 
vitro in non-perfused tissues. In the Stewart and Strat- 
meyer summary, they reported the insertion loss to be 
in the range from 2-12 dB for frequencies of 2 and 
2.25 MHz. Carson et al. (1989a), on the other hand, 
estimated the insertion loss to be 3.9 dB at 3.5 MHz. 
Another calculation (Table 2.4 in NCRP 1983) esti- 
mated the loss to be 4.1 dB at 3.5 MHz. The latter 3.9 
and 4.1 dB estimates are much lower than our mea- 
sured insertion loss values, i.e., 8.2 +_ 5.6 dB for the 
full bladder condition and 13.9 ___ 5.8 dB for the 
empty bladder condition. Stewart and Stratmeyer's 
range (2-12 dB) includes most of our values. In fact, 
if we assume that our full bladder condition most 
closely approximates the early pregnancy state (where 
the ultrasound beam traverses the anterior abdominal 
and uterine walls and amniotic fluid before reaching 
the embryo), our average insertion loss value is still 
greater by at least a factor of 2 when compared to 
what has been postulated in the past by modeling tech- 
niques. 

Interestingly, in a summary of five studies (Ste- 
wart and Stratmeyer 1982), distances between the ab- 
dominal surface and the uterine cavity in early preg- 
nancy ranged between 2 to 11 cm. Using a worst-case 
approach (Carson et al. 1989b), similar distances 
were estimated to be 2.6 cm. Our mean value of 2.47 
+_ 0.73 cm for anterior abdominal wall thickness is 
quite consistent with this worst-case estimate assum- 
ing, of course, that the anterior uterine wall thickness 
is negligible and there is no signal loss through amni- 
otic fluid prior to the beam reaching the embryo. 

The mean abdominal wall insertion loss in our 
study was 8.2 +_ 5.6 dB (Table 1 ), and the predicted 
average loss in dB/cm-MHz was 1.17 (Fig. 2), while 
the actual calculated attenuation coefficient value was 
1.39 ___ 0.89 dB/cm-MHz. Similarly, the mean uter- 

ine (myometrial) insertion loss in our study was 5.8 +- 
6.8 dB, and the predicted average loss in dB/ cm-MHz 
using regression analysis was 0.52 (Fig. 3). The actual 
calculated attenuation coefficient value (from eqn 
11) for the uterus was 0.14 + 0.17 dB/cm-MHz. In 
essence, we have estimated the attenuation coefficient 
in one of two ways for both the abdominal wall and 
uterus (myometrium): firstly, by the equation A0 = 
( I L )  / (fc dnf); and secondly, by using simple regres- 
sion analysis to determine the best fit model for a 
given set of conditions. The large discrepancy be- 
tween the attenuation coefficient values for the uterus 
derived by the two methods may be explained by the 
fact that there is no statistically significant regression 
model which describes the relation between uterine 
insertion loss and uterine thickness. We propose that 
the value 0.14 + 0.17 dB/cm-MHz is much more rep- 
resentative of the true uterine attenuation coefficient 
than the predicted value of 0.52 dB/cm-MHz. Inter- 
estingly, in the empty bladder condition where the 
sound beam does not traverse any non-fluid pathway 
(passes through anterior abdominal wall and then 
through uterus), the attenuation coefficient for the 
combined abdominal wall and uterine tissues is 0.77 
dB/cm-MHz, which is typical for soft tissue (NCRP 
1983). 

As may be noted, the average insertion loss for 
the abdominal wall is at least twice if not more than 
that for the uterus (myometrium). This supports our 
hypothesis that the maternal abdominal wall is the 
principal source of ultrasonic energy loss whereas the 
myometrium is a low loss tissue. This difference is 
even greater if one considers the fact that in our study, 
the mean uterine (myometrial) thickness (5.23 _+ 
1.27 cm) was almost twice the mean thickness of the 
abdominal wall (2.47 +_ 0.73 cm). This is because in 
the normal, non-pregnant state, the beam path is 
along the long axis of the anteverted uterus (Fig. 1 b). 
During pregnancy, the abdominal wall does not 
change in thickness to any significant degree whereas 
the uterine wall thins significantly with advancing 
gestation, again supporting our hypothesis. 

The issues of which of the various proposed tis- 
sue models most closely approximates experimental 
data, and whether current derating factors used by 
regulatory agencies are in fact correct, will be ad- 
dressed in a separate manuscript. Suffice it to say that 
although the multiplicative model was the best fit for 
the insertion loss values for the total data set (n = 46), 
full bladder data set (n = 23) and the abdominal wall 
data set (n = 23); for the range of distances evaluated, 
the linear model assumption provided very close, al- 
most identical values. For the empty bladder data set, 
the linear model was in fact the best fit while for the 
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uterus  ( m y o m e t r i u m )  there was no  statistically signifi- 

can t  regression mode l  a l though the closest fit was 
again the l inear  model .  Thus ,  for clinical purposes  

one can assume that  the u l t r a sound  b e a m  behaves 
according to a l inear  model .  

Final ly,  we have provided u l t r a sound  users and  
researchers the means  to es t imate  e m b r y o n i c  and  fe- 

tal exposure levels given the power  ou tpu t  of  an  ultra-  

sound  system and  the m e a n  thickness of  the ma te rna l  
a b d o m i n a l  and  u ter ine  walls. Ongo ing  studies will al- 

low us to improve  u p o n  our  cur ren t  data. 
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