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In vivo ultrasonographic exposimetry: Human tissue–specific
attenuation coefficients in the gynecologic examination

Tariq A. Siddiqi, MD,a Menachem Miodovnik, MD,a Richard A. Meyer, MD,b and William D.
O’Brien, Jr, PhDc

Cincinnati, Ohio, and Urbana, Illinois

OBJECTIVE: The purpose of the current study was to determine in vivo, tissue-specific ultrasonic attenua-
tion coefficients for each of the tissue layers comprising the anterior abdominal wall, uterus, and vagina with
use of a quantitative multilayer tissue model. We wanted to validate the “homogeneous” tissue model-based
Food and Drug Administration derating factor of 0.3 dB/cm-MHz applied to obstetric-use ultrasonography
systems.
STUDY DESIGN: With use of a 3.0-MHz mechanical sector scanner and our previously tested exposimetry
equipment, we obtained a set of at least 5 separate acoustic pressure waveforms from each test subject by
placing a calibrated 7-element linear-array hydrophone in the anterior vaginal fornix while she was undergo-
ing transabdominal ultrasonography. Corresponding sets of reference in vitro acoustic pressure waveforms
were also recorded for each test subject in a 37°C water bath. All linear measurements of individual layer
thicknesses and total distances were made on-line with use of electronic calipers. A set of multiple and inde-
pendent insertion loss values, denoted ILn, was calculated for path n between the abdominal surface and the
hydrophone from n sonograms for each test subject. Each tissue layer type was identified and its thickness
along each path n was measured. The thickness of tissue type m along path n was denoted by dnm. The only
unknown quantities left were the attenuation coefficients Am of each of the m tissue layers for that test sub-
ject. The overestimated set of equations dnm Am = ILn was solved for Am with use of a nonnegative least-
squares solution technique.
RESULTS: With use of data from 162 independent insertion loss estimate paths, the overall tissue-specific
attenuation coefficients for each of the tissue layer types, expressed as mean value ± SD, were 2.3 ± 1.5
dB/cm-MHz for the skin and subcutaneous layer, 3.1 ± 2.5 dB/cm-MHz for skeletal muscle, 0.6 ± 0.5 dB/cm-
MHz for myometrium, and 3.6 ± 2.7 dB/cm-MHz for the vaginal wall. The overall insertion loss assuming the
“homogeneous” tissue model was 0.7 ± 0.3 dB/cm-MHz.
CONCLUSIONS: We have determined the specific ultrasonic attenuation coefficients for each of the tissue
layers comprising the anterior abdominal wall, uterus, and vagina and validated the Food and Drug
Administration derating factor of 0.3 dB/cm-MHz applied to obstetric use ultrasonography systems. Of all the
models proposed, the “homogeneous” tissue model appears to be the best model for determining ultrasonic
exposure risk during reproductive ultrasonographic examinations. (Am J Obstet Gynecol 1999;180:866-74.)
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Although the clinical use of ultrasonography in the re-
productive sciences continues to increase exponentially,
having become almost routine in obstetrics,1 basic scien-
tists have still not resolved the issues of attendant bioef-
fects and potential biohazards, especially because scien-

tific data establishing the safety of ultrasonography are
limited. Experimental observations from animal studies
would unequivocally suggest that high-intensity ultra-
sound has definite and biologically harmful, even lethal,
effects.2 Whether clinical instruments with lower power
settings pose similar but less obvious biohazards remains
unknown.3 The issue is further clouded by virtue of min-
imal in vivo exposimetry data defining actual energy lev-
els to which the ovary or developing embryo and fetus
are exposed during the course of a “clinical” ultrasono-
graphic examination.

In a transabdominal obstetric or gynecologic ultra-
sonographic examination, exposure to ultrasonic energy
is attenuated by the intervening abdominal and uterine
walls (and placenta in the case of an anteriorly located
placenta in an obstetric examination), with the assump-
tion that any intervening fluid medium (amniotic fluid
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or urine) is essentially lossless. We have constructed an in
vivo exposimetry system, developed and tested cus-
tomized software, and determined selected “first-order
ultrasonic quantities” (ie, pressure waveform, peak com-
pressional pressure, peak rarefactional pressure) and se-
lected “second-order ultrasonic quantities” (ie, spatial
peak, temporal average intensity, spatial peak, pulse aver-
age intensity, spatial peak, temporal peak intensity) dur-
ing a routine reproductive ultrasonographic examina-
tion.4 We believe that these data are both specific and
unique in that they provide the basic scientist with actual
in vivo measured ultrasonic exposure levels to test for
harmful biologic effects in animal models.

Our previously published in vivo exposimetry data de-
fined the average coefficient of tissue attenuation or in-
sertion loss that occurs during a “routine” reproductive
ultrasonographic examination.5-7 The specific aim of our
current investigation was to determine in vivo tissue-spe-
cific ultrasonographic attenuation coefficients for each
of the tissue layers composing the anterior abdominal
wall, uterus, and vagina with use of a quantitative multi-
layer tissue model. We wanted to combine these data with
our previously published human ultrasound exposimetry
studies to further validate the “homogeneous” tissue
model–based Food and Drug Administration (FDA) der-
ating factor of 0.3 dB/cm-MHz applied to obstetric-use
ultrasound systems.

Material and methods

Diagnostic imaging system. A 3.0-MHz frequency me-
chanical sector transducer (focal zone 5.5 to 13 cm, focal
point 8 cm, crystal diameter 19 mm) in combination with
an ATL Ultramark 4 model (Advanced Technology
Laboratories, Bothell, Wash) diagnostic ultrasound imag-
ing system was used for all studies. Exposure time after
each acceptable real-time image was obtained was 2 min-
utes. The power setting for the instrument was 100% at
all times.

Exposimetry instrumentation. The customized ex-
posimetry equipment and software for in vivo studies
have been previously reported in detail.4-7 In summary,
instrumentation has been developed to measure the
acoustic pressure field during a diagnostic reproductive
system ultrasonographic examination. The ultrasonic
field is sampled with use of a calibrated 7-element linear-
array hydrophone of polyvinylidene difluoride transduc-
ers. This hydrophone is placed in the anterior vaginal
fornix superior to the cervix. The radio frequency ultra-
sonic signals from the hydrophone are digitized at 50
megasamples per second and the maximum amplitude
in waveform received in the examination is recorded
along with that radio frequency waveform. The reference
output of the clinical real-time scanner is obtained by
placing the hydrophone in a 37°C water bath at the same
distance from the clinical transducer as that used to ob-

tain the in vivo recording. From the hydrophone record-
ings, 10 exposimetry quantities are determined, 5 under
in vivo conditions and 5 under in vitro conditions. The 5
quantities are the maximum peak compressional pres-
sure, the maximum peak rarefactional pressure, the spa-
tial peak, temporal average intensity, the spatial peak,
pulse average intensity, and the spatial peak temporal
peak intensity.4,5

Subject population. Healthy nonpregnant female vol-
unteers were recruited for the study. Each subject was
counseled and asked to sign an informed consent state-
ment as approved by the University of Cincinnati Medical
Center Institutional Review Board. Subjects were studied
under 2 conditions: some in the presence of a full uri-
nary bladder where the ultrasound beam traversed the
anterior abdominal wall and distended bladder before
reaching the location of the hydrophone, whereas others
were studied immediately after emptying the urinary
bladder where the ultrasound beam traversed the ante-
rior abdominal wall and anteflexed uterus (my-
ometrium)before reaching the location of the hy-
drophone in the anterior vaginal fornix.

Hydrophone placement and study protocol. Study sub-
jects with a full bladder were asked to force fluids for 1
hour before the planned time of the study. When each
subject felt that her urinary bladder was distended and
there was an urge to void, she was placed in a supine po-
sition with hips abducted and knees flexed and exter-
nally rotated (ie, in a “frog-leg” configuration). The cus-
tom-designed hydrophone was then introduced into the
vagina and placed in the anterior vaginal fornix superior
to the cervix. Placement was checked with use of real-
time imaging and care was taken to ensure that the uri-
nary bladder was in fact full with complete cephalad dis-
placement of the pelvic organs by the distended bladder.
The lower end of the hydrophone has a recognizable
round flange to help ensure appropriate placement and
orientation of the linear array of transducers. The total
distance from the transducer to the hydrophone and the
individual thickness of each intervening maternal tissue
layer (ie, the skin and subcutaneous tissue, skeletal mus-
cle, urinary bladder [excluding the anterior and poste-
rior bladder walls], myometrium, and vaginal wall) were
then measured on-line with use of real-time imaging and
electronic calipers. In vivo data were then obtained at
100% power settings for the diagnostic imaging system
over a 2-minute period. The largest hydrophone signal
was saved for analysis. This protocol was repeated for
each subject to obtain the maximum in vivo pulse aver-
age intensity values from a minimum of 5 different trans-
ducer locations on the abdominal surface and different
receiving hydrophone locations. Each transducer loca-
tion was separated (center-to-center) by twice the dis-
tance of the transducer’s beam width.

Study subjects with an empty bladder were asked to
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empty their urinary bladders immediately before being
studied. The same custom-designed hydrophone used
previously was inserted into the vagina and placed in the
anterior vaginal fornix with slight forward pressure to
further flex the anteverted uterus, thereby ensuring clos-
est proximity between the hydrophone and uterus.
Subjects with retroverted uteruses were excluded from
the study and some subjects who were studied in the full
bladder state were also studied in the empty bladder con-
dition. The total distance from the transducer to the hy-
drophone and the individual thickness of each interven-
ing maternal tissue layer (ie, the skin and subcutaneous
tissue, skeletal muscle, myometrium, and vaginal wall)
were then measured on-line with use of real-time imag-
ing and electronic calipers. In vivo data were then ob-
tained in the same manner as previously described (ie,
from a minimum of 5 different transducer locations on
the abdominal surface and different receiving hy-
drophone locations).

Calibration (in vitro) data for each transducer location
were recorded immediately after completion of the in
vivo study in water (37°C) and with the transducer-hy-
drophone distance the same as in the respective in vivo
state. Again, the largest signal recorded over a 2-minute
period during the in vitro procedure was saved for data
analysis.

Data analysis. For each subject (full bladder or empty
bladder condition treated as an independent state even
in the same individual), a complete data set of in vivo and
in vitro pressure waveforms was obtained for each trans-
ducer location with corresponding sonograms for tissue-
path distance and individual intervening tissue layer
thickness measurements. Six insertion loss values (loss as
determined by the measurement procedure) were calcu-
lated for each transducer location:

where IL is insertion loss and the pressure ratios were for
peak compressional pressure, peak refractional pressure,
and peak compressional pressure plus peak refractional
pressure, and

where the intensity ratios were for temporal average in-
tensity, pulse average intensity, and temporal peak inten-
sity. A mean insertion loss value of the 6 insertion loss val-
ues represented the insertion loss value for each
transducer location for each subject for subsequent cal-
culations.

When possible, there was a minimum of twice the
number of abdominal transducer positions as the num-
ber of tissue layers to obtain an appropriate overesti-
mated set of equations. The multiple and independent
insertion loss values, denoted by ILn, represent the esti-

mated insertion loss of path n (number of transducer po-
sitions) between the abdominal surface and the hy-
drophone. From the n sonograms identification of tissue
layer types and distances within those tissue layers along
each path n were made and entered into the computer
file of that test subject. The distance through tissue type
m (number of tissue layers) along path n is denoted by
dnm. The only unknown quantities were the attenuation
coefficient (Am) values of each of the m tissue layers.
Therefore the overestimated set of equations

dnmAm = ILn (3)

was solved for Am for each subject evaluated.
For each test subject the acquired (in vivo) and cali-

bration (in vitro) waveforms were loaded into MATLAB
(The Math Works, Natick, Mass) on a SUN (Palo Alto,
Calif) workstation and analyzed independently of the
data acquisition system. Pressure and intensity measures
and their respective insertion loss values were calculated
and compared with the results generated by the data ac-
quisition system to verify data integrity. In addition, the
layer thickness information was loaded into the system. A
nonnegative least-squares solution was calculated for the
overdetermined system of equations, as defined by equa-
tion 3. For each test subject individual layer attenuation
coefficient values were then estimated and recorded.

Two types of analyses were performed from the up-
graded exposimetry system, which provided the capabil-
ity to acquire multiple paths between the maternal ab-
dominal surface and the in situ hydrophone location.

The first was an estimation of the attenuation coeffi-
cient for each of the intervening tissue layers between
the maternal abdominal surface and the in situ hy-
drophone location with use of the method described
above.

The second was an estimation of the various published
tissue models, fixed-path (fp), homogeneous (ho), and
overlying (ov).4-11 These respective attenuation coeffi-
cients for each subject were determined by the equations

where IL is insertion loss value, fc is the center frequency
in megahertz, and dtotal and dov are, respectively, the total
distance between the skin surface and the hydrophone
and tissue thickness of the overlying intact tissue between
the skin surface and hydrophone, that is,

dtotal = dabd wall + dbladder + duterus + dvaginal wall (7)
dov = dtotal – dbladder (8)

where dabd wall, dbladder, duterus, and dvaginal wall are the in-
dividual thicknesses for the abdominal wall, bladder

IL = 20 log10
In vivo pressure
In vitro pressure

(1)

In vivo intensity
In vitro intensity

(2)IL = 10 log10

Afp = Mean IL
fc

(4)

Aov = Mean IL
dovfc

(6)

Aho = Mean IL
dtotalfc

(5)

(

(

)

)
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(dbladder assumed 0 for empty bladder group), uterus,
and vaginal wall, respectively. The individual thickness
measurements were made on-line with use of electronic
calipers at the time of the ultrasonographic examination.

Statistical methods. The 2-tailed unpaired Mann-
Whitney U test was used to compare the medians of the 2
unpaired groups because the SDs of the 2 groups could
not be assumed equal, a requirement of the t test that
compares the means of 2 groups. Linear regression
analysis was used to quantify the best-fit straight line be-
tween 2 variables. The slope’s P value indicates the

slope’s significance relative to a 0 slope and the adjusted
sample coefficient of determination (adjusted r2) ac-
counts for the variation in the dependent variable. The
adjusted r2 is the sample coefficient of determination (r2)
adjusted for degrees of freedom.12 The ±90% confidence
intervals of the mean of the dependent variable are pro-
vided when the regression equation is shown graphically.
Multiple regression analysis was used to quantify the best-
fit estimate between more than 2 variables and the P val-
ues are determined for each of the estimated coefficients
to test their significant differences from 0. Statistical sig-

Table III. Measured and calculated quantities for empty-bladder (n = 42 independent insertion loss estimate paths from
9 subjects) and full-bladder (n = 120 independent insertion loss estimate paths from 23 subjects) conditions (mean
value ± SD)

Empty bladder Full bladder Empty vs full bladder Combined 
(n = 42) (n = 120) (statistical significance)* (n = 162)

Mean dabd wall (cm) 2.5 ± 0.9 2.6 ± 0.9 P = .12 2.6 ± 0.9
Mean dbladder (cm) † 5.4 ± 1.0
Mean dmyometrium (cm) 4.7 ± 1.0 ‡
Mean dov (cm) 7.7 ± 1.3 3.3 ± 0.9 P < .0001 4.4 ± 2.2
Mean dtotal (cm) 7.7 ± 1.3 8.6 ± 1.3 P = .0014 8.4 ± 1.3
Mean insertion loss (dB) 17.3 ± 5.4 13.4 ± 4.7 P < .0001 14.4 ± 5.1
Mean Afp (dB/MHz) 7.2 ± 2.2 5.6 ± 2.0 P < .0001 6.0 ± 2.1
Mean Aho (dB/cm-MHz) 1.0 ± 0.4 0.7 ± 0.3 P < .0001 0.7 ± 0.3
Mean Aov (dB/cm-MHz) 1.0 ± 0.4 1.8 ± 0.8 P < .0001 1.6 ± 0.8

*Mann-Whitney U test.
†Urinary bladder was not within ultrasound path for empty-bladder condition.
‡Myometrium was not within the ultrasound path for full-bladder condition.

Table II. Attenuation coefficient values in decibels/centimeters-megahertz for indicated tissue layers for empty-bladder
(n = 5 subjects) and full-bladder (n = 21 subjects) conditions (mean value ± SD)

Empty bladder Full bladder Empty vs full bladder Combined 
(n = 5) (n =21) (statistical significance)* (n = 26)

Skin and subcutaneous tissue 2.7 ± 1.0 2.2 ± 1.5 P = .48 2.3 ± 1.5
Skeletal muscle 2.0 ± 0.8 3.3 ± 2.7 P = .91 3.1 ± 2.5
Myometrium 0.6 ± 0.5 †
Vaginal wall 2.9 ± 2.1 3.7 ± 2.8 P = .83 3.6 ± 2.7

*Mann Whitney U test.
†Myometrium was not within ultrasound path for full-bladder condition.

Table I. Individual tissue layer thicknesses for empty-bladder (n = 49 independent insertion loss estimate paths from 9
subjects) and full-bladder (n = 135 independent insertion loss estimate paths from 23 subjects) conditions (mean value
± SD)

Empty bladder Full bladder Empty vs full bladder Combined 
(n = 49) (n = 135) (statistical significance)* (n = 184)

Skin and subcutaneous tissue (cm) 1.3 ± 0.5 1.6 ± 0.7 P = .005 1.5 ± 0.6
Skeletal muscle (cm) 1.1 ± 0.6 1.1 ± 0.3 P = .15 1.1 ± 0.4
Urinary bladder (cm) † 5.3 ± 1.0
Myometrium (cm) 4.7 ± 1.0 ‡
Vaginal wall (cm) 0.5 ± 0.3 0.6 ± 0.2 P = .034 0.6 ± 0.3

*Mann Whitney U test.
†Urinary bladder was not within ultrasound path for empty-bladder condition.
‡Myometrium was not within ultrasound path for the full-bladder condition.
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nificance is assumed at the .05 level and statistical calcu-
lations were performed with use of Excel 5.0 (Microsoft,
Inc, Redmond, Wash) and Instat 2.00 (GraphPad Software,
San Diego, Calif).

Results

A total of 34 nonpregnant subjects were studied with
use of the quantitative multilayer data acquisition ex-
posimetry technique, 25 in the full-bladder and 9 in the
empty-bladder state. The acquired data from 2 of the full-
bladder subjects were corrupted and could not be used.
Also, the acquired radio frequency signal under both in
vivo and in vitro conditions yielded a center frequency of
2.4 MHz, which was used in all calculations.

Attenuation coefficient of each intervening tissue layer.
The attenuation coefficient for each of the intervening
tissue layers was estimated by use of the measured tissue
thicknesses and the calculated insertion loss values. Table
I lists the intervening tissue thicknesses for 49 indepen-
dent insertion loss estimate paths from the 9 empty-blad-
der subjects and 135 independent insertion loss estimate
paths from the 23 full-bladder subjects.

On the basis of our data rejection criteria to provide
the best estimates of insertion loss for estimating attenua-
tion coefficients of the intervening maternal tissue layers,
7 insertion loss estimates were rejected from the empty-
bladder database and 15 from the full-bladder database.
This yielded a total of 42 independent insertion loss esti-
mates for the 9 empty-bladder subjects and 120 insertion
loss estimates for the 23 full-bladder conditions.

The least-squares solution did not provide stable solu-
tions for 4 of the empty-bladder cases and 2 of the full-
bladder cases. The principal reason for this appears to be

the lack of well-defined independent equations as a re-
sult of similar individual layer distances, dnm, from each
of the independent paths, n. The estimated attenuation
coefficients of each intervening maternal tissue layer—
skin and subcutaneous tissue, skeletal muscle, my-
ometrium, and vaginal wall—are listed in Table II. The
bladder’s fluid for the full-bladder cases was assumed to
be lossless.

Estimation of various published tissue models (fixed-
path, homogeneous, and overlying). The intervening tis-
sue distance, mean insertion loss, and the attenuation co-
efficient (from equations 4 to 6) results for the 42
independent insertion loss estimates from the 9 empty-
bladder subjects and 120 insertion loss estimates from
the 23 full-bladder subjects are described in the form
used in Table III to provide the basis to compare the re-
sults of our currently acquired data with those reported
previously. In our previous investigation we estimated
these ultrasonic quantities under human ovary exposure
conditions during a transabdominal ovarian ultrasono-
graphic examination and published these data for 43 in-
dependent insertion loss estimates, 18 in the full-bladder
and 25 in the empty-bladder state.5 To these data, ob-
tained with improved exposimetry equipment and soft-
ware, we have added data from an additional 46 inde-
pendent insertion loss estimates, 23 in the full-bladder
and 23 in the empty-bladder state.6 Table IV summarizes
the results for all 251 experiments in nonpregnant sub-
jects (90 with empty bladders and 161 with full bladders);
it should be noted that the results are based on indepen-
dent insertion loss data acquisitions wherein there was
only 1 independent insertion loss data acquisition per ex-
periment in our 2 previous reports.

Table IV. Measured and calculated quantities for empty-bladder (42 independent insertion loss estimate paths from 9
subjects) and full-bladder (120 independent insertion loss estimate paths from 23 subjects) conditions from this study
(see Table III) combined with similar quantities for empty-bladder (48 independent insertion loss estimate paths from
48 subjects) and full-bladder (41 independent insertion loss estimate paths from 41 subjects) conditions from 2 previ-
ous studies4, 5 for a total of n = 90 independent insertion loss estimate paths from 57 subjects for empty-bladder condi-
tion and n = 161 independent insertion loss estimate paths from 64 subjects for full-bladder condition (mean value ±
SD)

Empty bladder Full bladder Empty vs full bladder Combined 
(n = 90) (n = 161) (statistical significance)* (n = 251)

Mean dabd wall (cm) 3.1 ± 1.4 2.7 ± 0.9 P = .11 2.8 ± 1.1
Mean dbladder (cm) † 5.3 ± 1.0
Mean dmyometrium (cm) 4.2 ± 1.5 ‡
Mean dov (cm) 7.5 ± 1.5 3.1 ± 0.9 P < .0001 4.7 ± 2.4
Mean dtotal (cm) 7.5 ± 1.5 8.4 ± 1.3 P < .0001 8.1 ± 1.5
Mean insertion loss (dB) 13.7 ± 6.8 11.9 ± 5.4 P = .039 12.5 ± 6.0
Mean Afp (dB/MHz) 5.7 ± 2.8 4.9 ± 2.3 P = .039 5.2 ± 2.5
Mean Aho (dB/cm-MHz) 0.8 ± 0.4 0.6 ± 0.3 P = .0005 0.7 ± 0.3
Mean Aov (dB/cm-MHz) 0.8 ± 0.4 1.7 ± 0.8 P < .0001 1.3 ± 0.8

*Mann-Whitney U test.
†Urinary bladder was not within ultrasound path for empty-bladder condition.
‡Myometrium was not within ultrasound path for full-bladder condition.



Comment

Classically, the anatomic layers comprising the anterior
abdominal wall are skin, superficial fascia (Camper’s fatty
and Scarpa’s membranous layers), 3 flat muscles (exter-
nal oblique, internal oblique, and transversus) and their
fascia, the paired rectus abdominus muscles and en-
veloping fascia in the midline, preperitoneal fatty areolar
tissue, and peritoneum. It is, however, not possible to sep-
arately distinguish each of these tissue types forming the
anterior abdominal wall during clinical ultrasonography,
so they are therefore grouped into the 2 tissue-layer cate-
gories defined in our study as (1) skin and subcutaneous
tissue and (2) skeletal muscle, which includes the invest-
ing fascial layers, preperitoneal fat, and peritoneum.

Skin consists of 2 layers, the epidermis and dermis,
with an average total thickness of approximately 2 mm in
a nonspecialized location such as the abdomen. The epi-
dermis is composed of cornified squamous epithelium,
whereas the dermis is a layer of connective tissue that is
more densely packed and together with its constituent
fine nerves, blood vessels, glands, specialized cells, and
matrix forms a base for the epidermis. The attenuation
coefficient for skin is estimated to be between 1 and 4
dB/cm-MHz in the 1- to 10-MHz frequency range.13, 14

On its deep surface the dermis is connected to the super-
ficial fascia (tela subcutanea). This layer, also known as
the subcutaneous layer, is made up of loose connective
tissue (areolar tissue) and Camper’s fatty and Scarpa’s
membranous layers. Areolar tissue has a fine, cobweb-like
structure and is formed by a framework of interwoven
collagen fibers intermingled with occasional elastic fibers
filled with fluid and specialized cells and may, as over the
abdomen, contain a large number of fat cells (Camper’s
layer). The underlying Scarpa’s layer is a more readily
anatomically distinguishable membranous layer com-
posed of denser tissue (greater content of collagen
fibers) that lies superficial to the investing fascial layer of
the flat muscles and rectus abdominus. The thickness of
the subcutaneous layer is variable and may be associated
with overall body weight. The attenuation coefficient for
fat is estimated to be between 1.1 and 2.1 dB/cm-MHz in
the 2 to 7 MHz frequency range13, 15 and that for con-
nective tissue is estimated to be as high as 5 dB/cm-MHz
in this frequency range.16 In our current investigation
the combined mean ± SD attenuation coefficient value
for the skin and subcutaneous layer was 2.3 ± 1.5 dB/cm-
MHz. Although these data are from nonpregnant healthy
volunteers, our average thickness for the combined skin
and subcutaneous layers (1.5 ± 0.6 cm) is not much dif-
ferent from the mean value of 1.6 cm reported by Carson
et al,8 whereas it is almost twice that of 0.83 cm reported
by Ramnarine et al17 and 1.09 cm reported by Kamel18

for pregnant women.
The next intervening layer, comprising skeletal mus-

cles of the anterior abdominal wall with their investing

fascia, is also of variable thickness with the attenuation
coefficient of skeletal muscle estimated to be between 0.9
and 3.1 dB/cm-MHz, depending on orientation between
the ultrasound beam and tissue fibers, in the 1 to 10 MHz
frequency range.13, 19, 20 Between this muscle layer and
the peritoneum, which comprises a layer of elastic areo-
lar tissue lined on both sides by mesothelial cells, there
may be a layer of fatty areolar tissue referred to as the
preperitoneal fat layer. Our experimentally derived ultra-
sonic attenuation coefficient value for skeletal muscle
was 3.1 ± 2.5 dB/cm-MHz. Similarly, our mean value for
the skeletal muscle layer thickness (including fascia,
preperitoneal fat, and the anterior wall of the urinary
bladder in the full-bladder condition, 1.1 ± 0.4 cm) is
greater than the previously reported value of 0.6 cm by
Carson et al8 and 0.52 cm by Ramnarine et al17 by a fac-
tor of 2, whereas it is similar to the value of 0.91 cm re-
ported by Kamel.18 Most of these differences can proba-
bly be attributed to the fact that we are comparing the
nonpregnant with the pregnant state and even within the
pregnant data the measurements are spread across all 3
trimesters.

In the current study of nonpregnant women we also
wanted to determine the influence, if any, of an interpos-
ing urinary bladder (fluid medium) on the overall inser-
tion loss characteristics of the various tissue layers. Urine
was assumed, as previously stated, to be lossless so that
the anterior wall of the urinary bladder was not sepa-
rately distinguished and is included in the skeletal mus-
cle thickness measurement, whereas the posterior wall of
the urinary bladder is included in the vaginal wall thick-
ness measurements in the full-bladder condition. This
explains why the anterior abdominal and vaginal walls
measure thicker in the full-bladder condition (Table II).
In the presence of an anteflexed uterus (all cases stud-
ied), the empty bladder was not within the ultrasound
path.

The attenuation coefficient for myometrium is esti-
mated to be between 0.23 and 1.9 dB/cm-MHz in the 1-
to 10-MHz frequency range,13 whereas we have before
this study estimated it to be 0.14 dB/cm-MHz for the
pregnant uterus.6 Data relative to an expected attenua-
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Table V. Constituent composition of various tissue layers
of interest in gynecologic ultrasonographic examination
(modified from Duck16)

Water Lipid Ash Protein
(%) (%) (%) (%)

Skin 65.3 9.4 0.3 4.4
Fat 21.2 71.4 0.3 4.4
Skeletal muscle 74.1 4.2 1.0 19.8
Fascia 70.0 1.9 1.4 27.0
Myometrium 79.0 1.4 1.0 20.0



tion coefficient for the vaginal wall do not exist to our
knowledge. In our current investigation the attenuation
coefficient was 0.6 ± 0.5 dB/cm-MHz for myometrium
and 3.6 ± 2.7 dB/cm-MHz for the vaginal wall. The non-
pregnant myometrial thickness obviously cannot be com-
pared with the myometrial thickness in the gravid state,
whereas anatomically the vaginal wall is approximately 5
mm thick, which is consistent with our ultrasonographi-
cally derived measurement.

Overall, our estimated tissue-specific mean attenuation
coefficient values are generally greater than the mean at-
tenuation coefficient values that have traditionally been
ascribed to these tissues, which are probably an underes-
timate.8, 13 The general trend is encouraging, although,
as mentioned, the nonnegative least-squares solution
technique yields estimates greater than should be.
Additionally, our data are for the nonpregnant state,
where the water retention in all tissues that occurs during
pregnancy is not factored in and would induce a general-
ized decrease in the attenuation coefficient of all tis-
sues.21

The constituent composition of the tissues of interest
in terms of water, lipid, ash, and protein content is shown
in Table V.16 As may be noted, other than for fat, the re-
maining tissue types are quite similar in their overall
water and protein content. Because skin and fat are in-
cluded as a single layer in our data, the mean attenuation
value is somewhat lower than that for skeletal muscle and
the vaginal wall, which is essentially a musculofascial tube
and is best approximated by fascia as a tissue type. The
uterus has a low attenuation coefficient generally be-
cause even in the nonpregnant state it is a very vascular
organ and whole blood has a relatively low attenuation
coefficient of about 0.02 dB/cm-MHz at 2.4 MHz.22 From
our previous human in situ differential insertion loss re-
sults6 we estimated the mean tissue attenuation coeffi-
cients to be 1.39 dB/cm-MHz for the abdominal wall and
0.14 dB/cm-MHz for the myometrium, suggesting that
the abdominal wall is the principal source of ultrasonic
energy loss in a transabdominal reproductive ultrasono-
graphic examination. Consistent with these earlier re-
sults, the myometrium’s attenuation coefficient is consid-
erably lower (0.6 ± 0.5 dB/cm-MHz) than that of the
abdominal wall (skin and subcutaneous tissue layer and
skeletal muscle, 2.3 ± 1.5 dB/cm-MHz and 3.1 ± 2.5
dB/cm-MHz, respectively).

We have previously determined the maximum in vivo
values of ultrasonic quantities during a transabdominal
gynecologic ultrasonographic examination. We reported
these data5 for 43 experiments in nonpregnant women
(18 with full bladders and 25 with empty bladders). We
have continued these studies with the improved ex-
posimetry equipment and software with an additional 46
experiments in nonpregnant test subjects (23 with full
bladders and 23 with empty bladders).6 Our most recent
data combined with our previous nonpregnant database

is shown in Table IV, yielding a much more complete
nonpregnant database of 121 experiments (57 with
empty bladders and 64 with full bladders). The earlier
nonpregnant examination results exhibited similar total
distances between the maternal abdominal wall and the
hydrophone (ie, in the range of 7 cm). However, the
more recent data exhibited a greater insertion loss.

A number of tissue models have been proposed to esti-
mate the in vivo exposure levels from measurements of
acoustic output made in water to have an improved basis
for estimating fetal risk during an obstetric ultrasono-
graphic examination. The “fixed-path” tissue model is
based on the assumptions that the ultrasonic attenuation
between the skin surface and conceptus is linearly de-
pendent on frequency and independent of distance.5, 7-9

The “homogeneous” tissue model is based on the as-
sumption that the ultrasonic attenuation occurs uni-
formly over the total distance between the skin surface
and the conceptus.7, 9-11 The “overlying” tissue model is
based on the assumptions that the ultrasonic attenuation
occurs uniformly within intact tissue only and that there is
negligible attenuation from any intervening fluid path.4-7

The homogeneous attenuation coefficient for both
full- and empty-bladder conditions exhibit quite similar
results; the combined value is 0.7 ± 0.3 dB/cm-MHz,
which is only greater than the value of 0.3 dB/cm-MHz
used for regulatory purposes by the FDA10, 11, 23 and the
value of 0.44 dB/cm-MHz recommended for use by the
National Council on Radiation Protection and
Measurements.9 This would suggest that the FDA derat-
ing factor of 0.3 dB/cm-MHz continues to be appropri-
ate assuming, of course, the purpose of the FDA derating
factor is to overestimate the exposure level in reproduc-
tive examinations (worst-case situation), thereby ensur-
ing that the fetus is not exposed to biologically harmful
ultrasonic exposure levels. The fixed-path attenuation
coefficient values between 0.5 and 1 dB/MHz recom-
mended for various stages of pregnancy by the National
Council on Radiation Protection and Measurements9

may not be appropriate compared with our mean value
of 5.2 ± 2.5 dB/MHz, although our results were acquired
from nonpregnant test subjects. The overlying attenua-
tion coefficient does not appear to be appropriate at all
for estimating in utero exposure levels because there is
about a factor of 2 difference between its empty-bladder
versus full-bladder values.
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Discussion
DR RUDY E. SABBAGHA, Chicago, Illinois. In this study

the authors investigated the attenuation of an ultrasound
beam through each of the tissue layers of the abdominal
wall in nonpregnant patients. The degree of attenuation
was obtained in full- and empty-bladder conditions. The
insertion loss was determined by a standard formula
comparing in vivo attenuation of pressure waveforms
with those in a lossless water medium, simulating the
exact in vivo conditions. The authors described 4 layers
that the ultrasound beam could traverse. These layers are
skin and subcutaneous tissue, skeletal muscle, my-
ometrium, and vaginal wall. In patients with a full blad-
der, a design that actually corresponds to the clinical ex-
amination, the greatest attenuation resulted from the
vaginal wall (3.7 ± 2.8 dB/cm-MHz) and was followed by
skeletal muscle (3.3 ± 2.7 dB/cm-MHz), skin and subcu-
taneous tissue (2.2 ± 1.5 dB/cm-MHz), and myometrium
or vaginal wall (0.23 to 1.9 dB/cm-MHz). By contrast, in
the empty-bladder arm of the experiment the greatest at-
tenuation was from the skin and subcutaneous tissue.

Subsequently, the authors examined the attenuation
coefficients in relation to 3 established tissue models.
They found that the homogenous tissue model exhibited
results similar to those of the study. The homogeneous
model is based on the assumption that attenuation oc-
curs uniformly over the total distance between the skin
surface and hydrophone. The homogeneous attenuation
coefficient in subjects with full- or empty-bladder condi-
tions was 0.7 ± 0.3 dB/cm-MHz. By comparison, Siddiqi
et al have previously shown that the attenuation coeffi-
cient of the human pregnant uterus is much lower or
0.14 dB/cm-MHz,1 a finding attributed to the increased
vascularity and water retention in association with preg-
nancy. It is clear then that the attenuation coefficient in
the nonpregnant state is greater than that during preg-
nancy and comparing one with the other would not be
justified. Even the FDA attenuation coefficient of 0.3
dB/cm-MHz, an industry regulatory standard, is greater
than the value of 0.14 dB/cm-MHz reported by Siddiqi et
al.1

Let me place these data in more perspective.
Although exposimetry remains important, the “rules”
have changed.2 Recently the FDA increased the maxi-
mum allowable output of the spatial peak and temporal
average intensity from 94 mW/cm2 to 720 mW/cm2, but
the FDA also required that the thermal index and the
mechanical index be displayed on the screen.3

These 2 indexes are a direct reflection of tissue heat
and inertial cavitation, the 2 mechanisms by which ultra-
sound induces biologic effects in tissues. Separate algo-
rithms are used to calculate these indexes. The thermal
index depends on the product of the temporal average
intensity (in both the “on” and “off” cycles of the pulsed
wave) and the absorption coefficient (which increases
linearly with increasing frequency). The mechanical
index depends on the highest intensity level or temporal
peak intensity and the frequency of the transducer used.

The thermal index displays the anticipated tempera-
ture rise of the insunated tissue, in degrees Celsius,
within the focal area of the ultrasound beam. It is not
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clear at this time whether thermal teratogenic effects
occur by a given elevation of the temperature over the
normal level or by the absolute temperature reached.
Nonetheless, no biologic ill effects are expected when
the increase in body temperature does not exceed 1°C.

A mechanical index of ≥0.5 assumes that inertial cavi-
tation may occur, in the form of either vibration of
gaseous bubbles or violent bubble collapse. These events
produce free radicals and hydrogen peroxide, chemicals
implicated in inducing mutations or single-strand breaks
in solutions of deoxyribonucleic acid. Of importance is
that, unlike the adult, the fetal lung and gastrointestinal
tract are devoid of gas bubbles. As a result, the potential
for inertial cavitation in the fetus is reduced. Pulse echo
contrast agents are known to introduce gas bubbles into
patients but they are not used in obstetrics.

In summary, the authors of this article have shown us
the complexity involved in studying the in vivo attenua-
tion of ultrasound; they demonstrated that the attenua-
tion is greater in the gynecologic patient than it is during
pregnancy. In the future, the biologic effects of ultra-
sound, in the reproductive set up, have to be studied
within the context of the thermal index and the mechan-
ical index, incorporating the new maximum intensity
output of 720 mW/cm2.

I have 3 questions. (1) How do you explain the low at-
tenuation coefficient of the skin and subcutaneous tissue
in the full-bladder condition? (2) Since the homege-
neous tissue model exhibited results similar to those of
your study, can we assume that it would no longer be nec-
essary to examine the attenuation of each tissue layer
separately? (3) Because high-frequency transvaginal
transducers are now relied on to evaluate the early preg-
nancy and ovarian follicles, what is your insight regarding
the applicability of the transabdominally derived attenua-
tion coefficients to current imaging methods?
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DR JACOB ROTMENSCH, Chicago, Illinois. The attenua-
tion factor relies on the coefficient of density. What was
the coefficient of density of the various layers, the skin to
fat and muscle?

DR STEVEN G. GABBE, Seattle, Washington. Could you
define separately the attenuation coefficients related to
skin and subcutaneous tissue, because subcutaneous tis-
sue is probably the greater contributor to this?

DR RICHARD L. BERKOWITZ, New York, New York. I un-
derscore Dr Sabbagha’s last question and ask specifically
whether this system has been tested with 7-MHz trans-

ducers rather than the 3-MHz transducers that were used
in this study, because those are what are used commonly
in first-trimester scans, where the greatest concern about
an effect on a developing embryo has to be considered.

DR SIDDIQI (Closing). Dr Sabbagha asked how we ex-
plain the lower attenuation coefficient of the skin and
subcutaneous tissue in the full-bladder condition. From a
statistical perspective we did not find a significant differ-
ence, although the values are, in fact, different. Also, the
sample sizes in one condition versus the other are un-
equal and I accept the criticism, although these are diffi-
cult-to-obtain data and the measurement systems are
being developed and improved as we conduct this re-
search.

Dr Sabbagha’s second question was, because the ho-
mogeneous tissue model exhibited results similar to
those of our study, can we assume that it will no longer be
necessary to examine the attenuation of each tissue layer
separately? I don’t believe that the research is completely
done at this time. I believe this work needs to be further
refined, and even though our data support the homoge-
neous tissue model as the best model to date, we need a
much larger database than is available to be able to state
absolutely that the homogeneous tissue model can be ap-
plied to all situations.

The third question related to high-frequency trans-
vaginal transducers, which are now relied on to evaluate
early pregnancy and ovarian follicles and whether trans-
abdominally derived attenuation coefficients can be ap-
plied to current imaging methods. At present one can
apply the homogeneous tissue model as the best avail-
able. If one knows the thickness of the intervening tissue
layer, one can determine the exposure level.

I would raise one additional concern that was dis-
cussed by Dr Sabbagha with regard to the mechanical
index and the potential for cavitation nuclei.
Transvaginal ultrasonography, especially when it is used
to image ovarian follicles and aspirate ova, introduces
gas bubbles; whether these gas bubbles can act as cavita-
tional nuclei and cause damage remains uncertain.
These issues have become of much more concern now
that the Ispts limit has been increased by the FDA from
the 94-mW/cm2 level to 720 mW/cm2 for obstetric ultra-
sound systems.

The first question from the floor was regarding the co-
efficient of density of the tissue exposed to ultrasound. I
don’t have an answer to that because we did not evaluate
tissue in that way. There are data available that deal with
the protein, lipid, carbohydrate, and fluid content of var-
ious tissues, and we did provide this information in the
manuscript.

Dr Gabbe asked about the skin versus the subcuta-
neous tissue attenuation coefficients. We actually lumped
skin and subcutaneous tissue together, because we are
not able to evaluate the skin separately because it is so
thin.

Finally, Dr Berkowitz asked about 7-MHz versus 3-
MHz transducers. We have not checked our system with
the 7-MHz frequency transducer.


