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mong the factors that have contributed to the rapid growth in the medical use
of diagnostic ultrasound (DUS), an important one is the reputation for safety
that it enjoys. This reputation did not come about immediately, and it has not
been maintained without effort. Instead, the reassurance that users and

patients can feel about the safety of DUS comes from years of research into the condi-
tions under which hazards can be avoided and application of the findings to guidelines
for equipment manufacture and medical practice. Efforts of this kind that have been
made by individuals in many countries as well as by national and international orga-
nizations have been reviewed recently.1,2 This article emphasizes, in particular, the
contributions of the American Institute of Ultrasound in Medicine (AIUM) to these
efforts; it is part of a series of articles on various topics prepared in celebration of the
AIUM’s 50th anniversary.

In the earliest days of the AIUM, its members were involved mostly with applications
of ultrasound in physical therapy; at the 1957 AIUM meeting, only 1 of 35 papers dealt
with the possibility of using ultrasound for diagnosis. Thus, it was well known in the
formative years of the AIUM that exposure of a patient to ultrasound is capable of pro-
ducing physiologic change. In a therapeutic application, the aim, of course, is to pro-
duce a change for the better. It was known, though, from research with laboratory
animals, that harm can be produced by ultrasound under some conditions, for
example, as described by Lehmann3 (Fig. 1). As diagnostic techniques improved, the
use of DUS increased rapidly, and by the late 1960s, the AIUM was concerned primar-
ily with DUS applications.4 As this occurred, it was recognized that technical advice
should be provided for avoiding harm from the use of this new modality and for
increasing its effectiveness. For these purposes, the AIUM established committees,
including those leading to the present Bioeffects Committee and Technical Standards
Committee. The Bioeffects Committee was asked to provide information to the mem-
bership on matters relating to the biological effects of ultrasound, especially when
these matters relate to the safety of clinical ultrasound.

From time to time, the Bioeffects Committee produced consensus statements on
important matters. The first of these (later to be modified) was included in communi-
cations from the committee in 19765 and, after some revision, in 1978.6 An excerpt
from the 1978 form of the statement is shown in Figure 2; accompanying this was text
specifying the intensity referred to as the spatial-peak temporal-average (SPTA) value.
Also, it was warned that the statement was based on all seemingly reliable data (from
animal experiments) available at the time, although such data for operating conditions
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closely resembling those for DUS were only
beginning to become available, and, in particu-
lar, that “Little research has been done with
repeated short pulses such as would be most
relevant to diagnostic ultrasound.” These warn-
ings are now known to have been well founded.

The Bioeffects Committee initiated an activi-
ty, which it continues today, of evaluating
research publications considered to be relevant
to the safety of diagnostic ultrasound, noting,
among other things, whether there were find-
ings that required revision of existing state-
ments. Bioeffects Committee reports were
published regularly in the AIUM’s official jour-
nal. All reports that were published during the
period from 1962 through 1982 were repub-
lished in a single volume,7 and those that
appeared in the period from 1985 through 1991
were republished in another volume.8 Also, in
later years, the committee published a series of
reports based on conferences, in each of which
the present status of knowledge was reviewed
and a consensus was reached on conclusions
and recommendations.9–11

In the earliest days of DUS, little information
was available to purchasers of equipment on
characteristics of the ultrasound fields produced.
The AIUM Bioeffects Committee and Technical
Standards Committee combined efforts to
encourage manufacturers to provide specifica-
tions on such acoustic quantities as the frequency,
total (temporal-average) power, and various kinds
of intensity, as well as a few electrical quantities. A
Manufacturer’s Commendation Panel was creat-
ed, with the responsibility of offering awards and
special privileges at AIUM annual meetings to
manufacturers who agreed to include the desired
data in operating manuals. Figure 3 shows one of
the first certificates that was awarded for this pur-
pose. Examples of the data provided can be seen
in 2 reports from the panel.12,13 After 1985, the US
Food and Drug Administration (FDA) used the
force of law to achieve the Manufacturer’s
Commendation Panel’s objectives: it became a
federal requirement that relevant acoustic data be
included in operating manuals for DUS equip-
ment marketed in the United States.14 The AIUM
commendation procedure was then gradually
discontinued.
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Figure 1. Justus F. Lehmann, MD, professor of rehabilitation
medicine, University of Washington (Seattle, WA).

Figure 2. Excerpts from statements published by the AIUM
Bioeffects Committee in 1976 and 1987.



When this acoustic information first became
available, many users of DUS equipment were
not prepared for it because training programs
for medical personnel intending to specialize in
DUS were not yet well developed. In response to
this problem, the AIUM Bioeffects Committee
prepared brochures and reports in which acous-
tic terms were defined and their relevance to
safety concerns were explained. The first of
these (Fig. 4) was a small brochure designed to
give the reader a nonthreatening approach to
the terminology needed for understanding the
1978 AIUM statement (Fig. 2). This simple
brochure was widely read and was followed later
by more comprehensive reports, which defined
terminology, explained concepts, and presented
further recommendations as they were adopt-
ed.15,16 Also, textbooks appeared, such as a pop-
ular book by Kremkau17,18 (Fig. 5).

As of 1976, commercial medical equipment
had to satisfy requirements of a federal law19

according to which new devices offered for
sale in the United States were to be substan-
tially equivalent in safety and effectiveness to
devices marketed for the same applications
before May 28, 1976. Diagnostic ultrasound
was initially placed in a category for which
each new product must be tested in clinical
trials before it is approved for marketing; such
trials can be very expensive and can take
many years. However, panels appointed by
the FDA reviewed evidence on the biological
effects of ultrasound (especially, the evidence
on which the 1976 AIUM statement was
based) together with data on acoustic outputs
of existing commercial equipment (eg, as
reported by Carson et al20 [photograph and
personal history published earlier1]) and con-
cluded that clinical trials were not needed for
DUS equipment. Instead, it was decided that a
manufacturer proposing to sell a new DUS
device should submit product specifications
to the FDA in a 510(k) premarket notification,
according to an approved standard. The stan-
dard that was accepted21 was developed in a
committee chaired by O’Brien (Fig. 6) and com-
posed of individuals from the FDA, the Technical
Standards and Bioeffects committees of the
AIUM, and the Ultrasound Committee of the
National Electrical Manufacturers Association.

According to the resulting FDA document,14

the quantities to be reported included acoustic
power and intensities; see a discussion by

Stratmeyer22 (Fig. 7). In addition to values of
these quantities measured in water, estimates
were to be included of the intensities produced
in an average patient; these estimated in vivo
quantities (“derated” quantities) would be less
than those measured in water because of
attenuation in the tissue and would be calcu-
lated on the basis of simplifying assumptions.
In a survey of DUS equipment, it was conclud-
ed that the maximal derated output SPTA
intensity did not exceed 94 mW/cm2 for equip-
ment produced before 1976 for obstetric
applications. Hence, 94 mW/cm2 was chosen
as the limiting value of the derated SPTA inten-
sity for future equipment, in accordance with
the 1976 federal mandate. (It may be noted
that this is not very different from the value,
100 mW/cm2, to which the 1976 AIUM state-
ment [Fig. 2] referred.)
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Figure 3. AIUM manufacturer’s commendation award presented to Advanced
Diagnostic Research Corporation in 1980.



In the first AIUM conference dealing with safe-
ty considerations,9 the emphasis was on ther-
mal mechanisms, and there was a sharing of
information with the National Council for
Radiation Protection and Measurements
(NCRP). (One of the NCRP committees,
Scientific Committee 66, had been considering
thermal mechanisms for several years and later
published a report on the subject.23) It was rec-
ognized that the 1978 AIUM statement (Fig. 2)
was roughly consistent with a statement that

there were no known bioeffects from exposures
of animals in which the temperature elevation
did not exceed 1°C and was based on experi-
ments with relatively broad unfocused beams,
which had been summarized in a report.24 A
revised statement was arrived at by use of com-
putations showing that, with a narrow focused
beam in soft tissue, a much higher SPTA intensi-
ty could be used without producing a tempera-
ture rise exceeding 1°C. Specifically, the 1976
statement was replaced by a 1987 statement
(Fig. 2). In the text accompanying the latter
statement, it was explained that the intensity is
the derated SPTA value and that the –6 dB beam
width of the focused beam is to be either 4 wave-
lengths or 4 mm, whichever is smaller. The tissue
was assumed to be soft tissue, such as liver or
brain. It was recognized, in agreement with indi-
cations being developed by the NCRP, that if the
ultrasound beam impinges on bone or other
highly absorbing tissue, the above-mentioned
statement will not apply because the tempera-
ture rise produced by a given intensity can then
be much higher as shown, for example, in
experiments by Carstensen et al25 and Drewniak
et al26 (photographs and personal histories of
Carstensen and Dunn published earlier1).
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Figure 4. Safety brochure published by the AIUM Bioeffects Committee in 1979.

Figure 6. William D. O’Brien, Jr, PhD, professor of electrical and
computer engineering, University of Illinois (Urbana, IL).

Figure 5. Frederick W. Kremkau, PhD, professor and director,
Center for Medical Ultrasound, Wake Forest University, School
of Medicine (Winston-Salem, NC).



By the late 1980s, it had become evident to
investigators that, although it continued to be
important to base safety guidelines for ultra-
sound partly on thermal considerations, non-
thermal mechanisms also had to be taken into
account. It had been found that damage (capil-
lary bleeding) could be produced in the lung of a
small mammal by exposing it to pulsed ultra-
sound with characteristics approaching those of
DUS without producing an appreciable temper-
ature rise, as shown, for example, by Child et al.27

The mechanism is evidently mechanical, in the
general category of cavitation (the lung interior
being a cavity or an assemblage of cavities), but
its detailed nature has yet to be determined. It
was found, for exposures to a pulsed ultrasound
field, that a quantity that is critical in determin-
ing whether lung damage occurs is the local
value of acoustic intensity (or better, the corre-
sponding acoustic pressure) during the pulse.
This is in contrast to the governing field charac-
teristic for thermal damage, which would usually
be a time-averaged quantity. For pulse regimens
used in diagnostic ultrasound, the duty factor
might be 0.001, so the time-averaged intensity
might be 1000 times less than the value during a
pulse. For lung damage in small animals at fre-
quencies of 2 to 3 MHz , the threshold pressure
amplitude is in the neighborhood of 1 MPa, which
corresponds to a (traveling wave equivalent)
intensity during the pulse of about 33 W/cm2. 
If the duty factor is 0.001, the time-averaged inten-
sity is then about 33 mW/cm2. This is lower than
the values for the SPTA intensity cited in the 1976
and 1987 statements (Fig. 2) and therefore indi-
cates that the latter may be invalid for bioeffects
produced by pulsed exposures.

The last decade has seen considerable change
in the standards applied to commercial diagnos-
tic ultrasound equipment in the United States.
Users of DUS became convinced that the quality
of images and Doppler signals could sometimes
be improved by use of higher intensities and
pressure amplitudes than were allowed under
existing regulatory limits. To avoid inadvertent
use of levels that might cause harm to the
patients, it was proposed that information be
presented on the screen or other display that
would inform the user of the extent to which
the instrument settings used might produce
conditions that are hazardous. To implement
this proposal, the AIUM and the National
Electrical Manufacturers Association jointly
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Figure 7. Mel E. Stratmeyer, PhD, chief, Health Sciences
Branch, Office of Science and Technology, Center for Devices
and Radiological Health, US FDA (Rockville, MD).

Figure 8. Display on the screen of DUS equipment during a Doppler examination.
Here, the soft tissue thermal index (TIs) is 0.2, indicating that the estimated tem-
perature rise is negligible. The value of 1.0 for the MI signifies that cavitationlike
activity is unlikely because no contrast agents or other gas bodies are known to be
present. Courtesy of Brian S. Garra, MD, University of Vermont.



produced an “output display standard” for
“real-time” display of safety information on
diagnostic ultrasound equipment.28 In the out-
put display standard, 3 “thermal indices” and a
“mechanical index (MI)” were defined. The
thermal indices (soft tissue TIS, bone TIB, and
cranial TIC) are nondimensional quantities,
which provide estimates of the maximal tem-
perature rise likely to occur in a patient during
a diagnostic ultrasound examination under dif-
ferent conditions; they are based partially on
theory that had been used by the NCRP in for-
mulating a TI.23 The MI, also nondimensional,
is an indication of the possibility that harm
could occur by mechanical action and is based
on theory for inertial cavitation by Apfel and
Holland.29 The availability of the above-
described standards and the urging of numer-
ous groups led the FDA to change its guidance
for marketing of diagnostic ultrasound equip-
ment in the United States.30,31 Under the new
guidance, several “tracks” were described, any
of which manufacturers might follow in obtain-
ing approval. In track 3, the new philosophy of
regulation was introduced, in which restric-
tions on the acoustic output were relaxed for
equipment provided with features for display
of safety information (Fig. 8). As an important
example, the upper limit on the derated SPTA
intensity was raised from 94 to 720 mW/cm2 for
devices to be used in fetal imaging if equipped
with capabilities for display of the TIs and MI
relevant to the operating conditions.

Efforts are under way to increase understanding
of the displayed information among users and
awareness by users that they have increased
responsibility for patient safety when using
equipment approved under the new FDA rules.
Thus, Abbott32 reviewed the process by which the
TIs and MI were developed, and the AIUM issued
a publication for informing users on their impor-
tance.33 In a conference convened by the AIUM,
the accuracy of the MI was one of the topics dis-
cussed.34 Also, in its latest report,35 the NCRP
emphasized the importance of the information
displayed under track 3 requirements and urged
continued efforts for improving it.

Topics of concern treated by recent conferences
and reports include the potential for cavitation
associated with the use of contrast agents11,35 and
errors that can arise from nonlinear propagation
phenomena, which occur when ultrasound fields
of high amplitude are measured in water.34,35

In conclusion, in the years since the AIUM was
formed, there has been a tremendous advance in
the practice of DUS and, at the same time, an
increase in understanding of the possibilities for
biological effects. It is now more feasible than
before to know, for any given operating condi-
tions, whether there is a possibility of harm from
either thermal or nonthermal mechanisms.
Whereas users of DUS equipment once had
available to them little more than simple specifi-
cations of the frequency and, perhaps, electrical
power, with little indication of how these related
to safety, they can now be presented with stan-
dardized indices on-screen, which are designed
to alert them to conditions under which unde-
sired temperature elevation or cavitation activity
may occur.

Although putting safety information at the fin-
gertips of operators during applications of diag-
nostic ultrasound marks an important advance,
there is much need for continued research and
development so that the information can be as
accurate and relevant as possible. This is espe-
cially important because technologic and medi-
cal advances continue to add new capabilities,
some of which may be accompanied by
increased risk. The required effort and invest-
ment are well worthwhile to ensure that diagnos-
tic ultrasound maintains its enviable record for
safety in diagnostic applications.
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