
Challenges and Regulatory Considerations
in the Acoustic Measurement of High-
 Frequency (>20 MHz) Ultrasound

he submillimeter resolution enabled by high-frequency
(>20 MHz) ultrasound allows for a range of imaging appli-
cations that cannot be accomplished using lower-frequency

systems. Numerous preclinical studies have demonstrated poten-
tial new applications for high-frequency ultrasound, including
neonatal peripherally inserted central catheter line placement, pedi-
atric anesthesiology, shallow nerve blocks, melanoma detection/
quantification, intima-media thickness measurements, and early
detection of skin graft rejection, among many others.1–4

A practical concern in bringing diagnostic ultrasound systems
to market is satisfying the requirements and recommendations of
the various national and international regulatory bodies. Diagnos-
tic ultrasound systems are regulated in the United States by the US
Food and Drug Administration (FDA) and worldwide by other reg-
ulatory agencies that generally align with the regulatory guidance
established by the FDA. The FDA guidance document5 describes
an approach that may be used for reporting and labeling the
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This article examines the challenges associated with making acoustic output measure-
ments at high ultrasound frequencies (>20 MHz) in the context of regulatory consid-
erations contained in the US Food and Drug Administration industry guidance
document for diagnostic ultrasound devices. Error sources in the acoustic measure-
ment, including hydrophone calibration and spatial averaging, nonlinear distortion, and
mechanical alignment, are evaluated, and the limitations of currently available acoustic
measurement instruments are discussed. An uncertainty analysis of acoustic intensity
and power measurements is presented, and an example uncertainty calculation is done
on a hypothetical 30-MHz high-frequency ultrasound system. This analysis concludes
that the estimated measurement uncertainty of the acoustic intensity is +73%/–86%,
and the uncertainty in the mechanical index is +37%/–43%. These values exceed the
respective levels in the Food and Drug Administration guidance document of 30% and
15%, respectively, which are more representative of the measurement uncertainty asso-
ciated with characterizing lower-frequency ultrasound systems. Recommendations
made for minimizing the measurement uncertainty include implementing a mechani-
cal positioning system that has sufficient repeatability and precision, reconstructing the
time-pressure waveform via deconvolution using the hydrophone frequency response,
and correcting for hydrophone spatial averaging.

Key Words—acoustic measurement uncertainty; Food and Drug Administration track
3 clearance; high-frequency ultrasound; hydrophone measurement errors; premarket
notification
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acoustic output of a diagnostic ultrasound device. 
This approach, termed track 3 in the document, recom-
mends that manufacturers conform to International
Electro   technical Commission (IEC) standard 60601-2-37,6
hereafter referred to as the output display standard.
(Note: The American Institute of Ultrasound in Medicine
[AIUM] has withdrawn its version of the output display
standard, Standard for Real-time Display of Thermal and
Mechanical Acoustic Output Indices on Diagnostic
Ultrasound Equipment, Revision 2, 2004.) Under the out-
put display standard, the ultrasound equipment provides
an on-screen, real-time display of 2 indices: mechanical
index (MI) and thermal index (TI). These indices provide
an indication of the potential for bioeffects induced by
ultrasound exposure.7 To provide a real-time estimate of
the bioeffects indices and maintain the system’s acoustic
output under the recommended track 3 guidance levels
(eg, derated spatial-peak temporal-average intensity
[ISPTA.3] <720 mW/cm2), a large set of acoustic output
intensity and power data must be collected. Acoustic data
for every unique discrete transmit pattern that is used must
be compiled into a database of values. As the operator
changes the ultrasound system’s settings, estimates of the
indices are made, and the transmit drive is adjusted to
ensure compliance with the acoustic output control levels.
In estimating the bioeffects indices, measurement uncer-
tainty must be taken into account, as the mean acoustic
output may have to be reduced to maintain operation at
or below the control levels in a statistically valid manner.

The sources of error that occur during the measure-
ment of ultrasonic acoustic fields have been described.8–10

Included are sources of random error (eg, mechanical posi-
tioning and temporal instability of the source and receiver,
temperature variations between repeated measurements,
noise on the receiver signal, and digitizer resolution) and
systematic error (eg, receiver calibration, amplifier and dig-
itizer accuracy, nonlinear distortion, and spatial averaging).
Although it is generally known that measurement uncer-
tainty increases with frequency, a detailed analysis of the
contributions to this uncertainty at high frequencies, along
with an estimate of the uncertainty values, is lacking. The
purpose of this article is to examine relevant ultrasound
measurement techniques and their applicability and limi-
tations at high frequencies, taken here as frequencies higher
than 20 MHz. Uncertainty estimates associated with the
various contributions to measurement error are tabulated,
and an overall uncertainty estimate is calculated for the
posited system. The values used in the analysis are based
on engineering judgment and are not based on a rigorous
scientific analysis but are considered to be a conservative

illustration of what might be realized in a high-frequency
ultrasound system.

The discussion that follows presents a general overview
of an uncertainty analysis with specific attention given to
the MI and ISPTA.3 as the regulatory control parameters of
interest. The principal sources of error at high frequencies
for water-based hydrophone measurements are described,
since hydrophones are the primary instruments used to
measure ultrasonic pressure. The uncertainty in determin-
ing the acoustic center frequency (fc) is then estimated, fol-
lowed by a discussion on the derating factor and calculation
of the net uncertainty in the control parameters. Figure 1
illustrates the sources of hydrophone measurement error
that are included in the analysis.

Following the uncertainty analysis for hydrophone
meas urements, the sources of error and uncertainty in
measuring acoustic power are presented, beginning with a
brief discussion regarding the limitations of using a radia-
tion force balance (RFB) for measuring high-frequency
ultrasound signals. Then the alternative acoustic planar
scan method is described, and an uncertainty value is
derived for the measured acoustic power. Finally, possible
bioeffects at high frequencies are discussed briefly, and
estimates of the overall measurement uncertainties for the
MI and ISPTA.3 are incorporated into an example calcula-
tion for setting regulatory control levels per the FDA guid-
ance document.5

An Uncertainty Analysis Overview for a
High-Frequency Ultrasound System

The most widely recognized standards that are used to
direct the measurements of diagnostic ultrasound acoustic
fields are AIUM/National Electrical Manufacturers
Association (NEMA) UD2-200411 and a number of stan-
dards published by the IEC.12–14 These standards specify
the methods needed to measure the acoustic parameters
that are used to derive regulatory control parameters. The
standards provide a description of the general setup for an
acoustic measurement system. This setup serves as our
framework for our uncertainty analysis of high-frequency
ultrasound systems, with the understanding that the net
uncertainty associated with a particular manufacturer’s
acoustic measurement system is of course dependent on
the specific design of that system, and each individual
analysis needs to be tailored accordingly.

An excellent discourse on the subject of determining
uncertainty in ultrasound measurements was provided by
Ziskin.9,10 The general method is to quantify an estimated
uncertainty magnitude for the relevant acoustic field
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parameters that are needed to derive the control parame-
ters and then combine these by summation in quadrature
(root sum of squares) to yield a single value representing
the net uncertainty. Three key quantities are used in cal-
culating displayed and controlled acoustic output param-
eters in an ultrasound system: pulse intensity integral (PII),
peak rarefactional pressure (pr), and acoustic power. In
addition, the fc is needed to calculate both the MI, given its
inverse dependence on the square root of fc , and the der-
ating factor used in determining the derated PII and the
derated pr for the MI.

The derated pr and the spatial peak of the derated PII
are the primary acoustic parameters used to derive the reg-
ulatory control parameters MI and ISPTA.3. Since acoustic
intensity is proportional to the square of the pressure, the
fractional uncertainty of the intensity is double that of the
uncertainty associated with acoustic pressure.

It should be noted that the analysis method that follows
is not unique to high-frequency ultrasound and could be
applied to any ultrasound system regardless of operating fre-
quency; however, the uncertainty values that we introduce
to illustrate the uncertainty calculation are selected to be
representative of those that may be expected in the analysis
of a hypothetical high-frequency ultrasound system and
transducer. For the purposes of our example analysis, we are
assuming a system with a nominal fc of 30 MHz.

Sources of Error in Hydrophone 
Measurements

Hydrophone Calibration and Frequency Response
To convert the voltage-time waveform signal received from
the hydrophone into a pressure-time waveform from
which the acoustic parameters are derived, a calibration
factor (in units of volts per pascal) is needed. Determining
the absolute calibration of a hydrophone can be accom-
plished by several methods, including reciprocity and sub-
stitution into a pressure field of known characteristics.15,16

Calibrations are normally done at either national metrol-
ogy laboratories or other facilities with verified traceabil-
ity to these laboratories.

Typically, in lower-frequency ultrasound systems, the
conversion from voltage to pressure occurs using the
acoustic working frequency (AWF) method as described
in Annex D of IEC 62127-112; AWF is the IEC term for fc.
Using this method, the voltage-time waveforms are scaled
by a single calibration factor based on the fc of the peak
pulse waveform, which is defined as the arithmetic mean
of the lower and upper –3-dB frequency points of the
transmitted acoustic pressure spectrum. However, as the

frequency increases, hydrophone sensitivity tends to devi-
ate from its lower-frequency values. For piezoelectric
hydrophones, the variation in sensitivity is typically due to
the thickness-resonance frequency of the sensitive ele-
ment,17,18 so a high-frequency design goal is to increase
hydrophone bandwidth by using thinner piezoelectric
materials. This goal poses a construction and reliability
problem for needle, ellipsoidal (also known as capsule),
and spot-poled membrane hydrophones: the 3 commer-
cially available styles of piezoelectric hydrophones.

Fiber-optic probe hydrophones do not have a thickness-
resonance frequency as such, and they have been reported to
operate at frequencies up to 100 MHz.19–23 However, the
frequency response can be quite variable without careful
design, such as by tapering the fiber tip.19,21 Also, the devel-
opment of high-Q microresonators described by Armani et
al24 presents another potential means for broadband ultra-
sonic sensing, with bandwidths of 75 MHz being reported
in a polymer-based device.25 However, before any new
hydrophone technology can be recommended, it should be
vetted in a practical measurement environment.

When the variation in the frequency response exceeds
specified limits, an alternative method is recommended for
obtaining the pressure waveform.12 In this method, the
hydrophone voltage and frequency response are decon-
volved to reconstruct a pressure-time waveform. This
method is fully described in IEC 62127-1,12 and Hurrell26

gave example errors of 6% for the pr , 21% for the derated
PII, and 28% for the peak positive pressure in a comparison
of the AWF method versus deconvolution for a 5-MHz
diagnostic pulse. IEC 62127-1 states that if the nonlinear
propagation parameter, σm (see discussion in the next sec-
tion), is less than 0.5, then the AWF method is sufficient.
If σm exceeds 0.5, and if the hydrophone sensitivity versus
frequency varies more than ±3 dB from one-half to 8 times
the AWF (or 40 MHz, whichever is less), then deconvo-
lution is recommended. Most manufacturers of lower-
 frequency ultrasound systems do not use deconvolution
because of its higher degree of complexity for a limited
improvement in the measurement accuracy. In addition,
piezoelectric polymer hydrophones generally have a
frequency response that meets the IEC specification for fc
values between 1 and 10 MHz, with a sensitivity variation
typically less than ±1.5 dB. In these cases, the AWF method
yields very similar measurement results as those obtained
using deconvolution. At higher frequencies, the hydro -
phone response is generally not within the IEC specifica-
tion, exceeding a variation of ±3 dB, and manufacturers
should use the deconvolution technique to take full advan-
tage of the hydrophone bandwidth.

J Ultrasound Med 2013; 32:1897–1911 1899

Nagle et al—Challenges in the Acoustic Measurement of High-Frequency Ultrasound

3211jum_online_Layout 1  10/21/13  8:44 AM  Page 1899



For successful implementation of deconvolution, it
is necessary to have a frequency resolution on the
hydrophone calibration curve that is small enough to
capture substantial rapid variations in the hydrophone
frequency response. However, the frequency interval
between data points on the hydrophone calibration curve
usually increases at frequencies greater than 20 MHz. In
addition, a rigorous deconvolution algorithm requires both
amplitude and phase calibration information. Calibration
of the hydrophone’s phase response versus frequency
is much more difficult to measure than the amplitude
response, although progress is being made in this area.27,28

However, phase calibration is typically not available from
hydrophone manufacturers. Thus, certain assumptions
regarding phase linearity and the Kramer-Kroenig, or min-
imum phase, relationship must be used instead.29

The uncertainties of hydrophone calibration are more
substantial at frequencies greater than 20 MHz. Umchid
et al20 reported overall uncertainty to be about ±12% (±1
dB) up to 40 MHz, ±20% (±1.5 dB) from 40 to 60 MHz,
and ±25% (±2 dB) from 60 to 100 MHz. The National
Physical Laboratory in the United Kingdom offers cali-
bration of membrane and needle hydrophones up to 60
MHz using optical interferometry, and the estimated
pressure calibration error at 60 MHz is in excess of 20%.30

Although some work has been done with regard to
absolute calibrations at greater than 60 MHz,20,31 it is not
clear that the methods have been standardized to the point
of clear acceptance within the community.

The major contributor to the uncertainty in the meas-
urement of acoustic pressure is that introduced by error
in the hydrophone calibration. Hydrophone calibration
error is considered a systematic type of error, ie, an error
that remains constant over repeated measurements, and
although random error does occur, it contributes a negli-
gible amount compared to the systematic component of
the calibration uncertainty. In our analysis, we will assume
an uncertainty of ±30% in the hydrophone pressure sensi-
tivity, which yields a ±60% uncertainty in the measurement
of acoustic intensity. 

Nonlinear Distortion
IEC 62127-112 states that the degree of the distortion pres-
ent at any point in an acoustic field is affected by the
increase in a number of factors. These are: the distance
from the transducer, the acoustic frequency, the peak
acoustic pressure at the face of the ultrasound transducer,
the nonlinearity parameter for the propagating medium
(water), and the degree of focusing. High-frequency
ultrasound signals often exhibit notable nonlinearity, as

can be quantified by the nonlinearity propagation param-
eter, σm, developed by Bacon32 and also specified in both
AIUM/NEMA UD2-200411 and IEC 62127-1.12

As the nonlinear pressure wave becomes more dis-
torted, temporal waveform steepening occurs with a
concomitant generation of higher-frequency harmonics.33

As a consequence of the increased energy content at higher
frequencies, it is necessary to use a hydrophone with a
bandwidth that encompasses these harmonics. Limited
hydrophone (or preamplifier) bandwidth when measur-
ing nonlinear high-frequency ultrasound signals can result
in a substantial measurement error for pressure and inten-
sity quantities, eg, in excess of 30% for the PII.34

The higher-frequency harmonics that occur due to
nonlinear distortion will have a narrower beam width (pro-
portional to the product of the wavelength and f-number at
the focus), resulting in large spatial-averaging effects (see
next section) that can lead to underestimates of the true
acoustic pressures and derived intensities. Efforts have
been made to develop corrections to the spatial averaging
to account for waveform nonlinearity35; however, these
correction factors are only applicable for values of σm that
are less than or equal to 1.5, and many high-frequency
ultrasound waveforms exceed this value. As an illustration
of the nonlinearity that will typically occur in a high-
 frequency transducer, in Figure 2 we have plotted the non-
linearity propagation parameter as a function of the mean
peak pressure, ie, the arithmetic mean of the peak rarefac-
tional and peak compressional acoustic pressures, at 5 dif-
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Figure 1. Sources of measurement error discussed in this article that are

used in deriving net measurement uncertainty for the regulatory control

parameters MI and ISPTA.3.
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ferent measurement depths ranging from 0.5 to 2.5 cm.
The parameters used for creating this plot are based on
measurements taken from a 30-MHz linear array trans-
ducer. The figure demonstrates that the nonlinearity
parameter can exceed the threshold for the region of high
nonlinear distortion, ie, σm ≥ 1.5, for some practical com-
binations of peak pressure and measurement depth (eg, >4
MPa and 1.5 cm).

As discussed in the preceding section, IEC 62127-112

states that “for waveforms that are distorted by nonlinear
propagation effects, ie, those with a nonlinear propagation
parameter, σm greater than 0.5, either: a hydrophone with
adequate bandwidth shall be chosen; corrections shall be
applied (deconvolution per Annex D of IEC 62127-112);
or an additional uncertainty in the measurement shall be
taken into account.” For the highly nonlinear characteris-
tics encountered in the measurement of high-frequency
ultrasound signals, it is necessary to consider all three of
these recommendations because there is no simple way of
selecting a hydrophone-amplifier combination that will
guarantee a low (eg, <10%) uncertainty for high-frequency
measurements. The standard guidelines for selecting the
bandwidth of hydrophone-amplifier combinations, which
were developed for applications at less than 20 MHz, are
generally not applicable at greater than 20 MHz. For exam-
ple, AIUM/NEMA UD2-200411 and IEC 62127-112 rec-
ommend a ±3-dB upper bandwidth limit of 8fc. However,
commercially available calibrations, which are required to
determine the bandwidth of hydrophones, are limited to 60

MHz. Furthermore, the recommended bandwidth of 8fc
may not be relevant because higher-order harmonics are
likely to be quenched by the extreme attenuation of tissues
or even of water at high frequencies (water attenuation
increases with the square of the frequency36 and for exam-
ple would be 35 dB/mm at 400 MHz—the eighth
harmonic of a 50-MHz transducer). Therefore, establishing
hydrophone bandwidth recommendations for high-
 frequency measurements remains an active area for research.

Another factor that can contribute measurement error
when measuring nonlinear waveforms results from the
hydrophone preamplifier response. It is difficult to avoid
using preamplifiers with polyvinylidene difluoride hydro -
phones because preamplifiers can drive arbitrary lengths
of a properly terminated, low-impedance (eg, 50 Ω) sig-
nal cable, thus avoiding impedance-matching losses and
transmission line reflection effects. As discussed more fully
by Lewin et al,37 the design factors for hydrophone pre-
amplifiers include gain-bandwidth product, slew rate,
impedance matching, and line-driving capabilities, and
there are often trade-offs between these characteristics.
Integrated circuit buffer amplifiers are available with gain-
bandwidth products of 1 GHz, but consideration must be
given to other factors also, depending on the specific appli-
cation of the hydrophone. For example, hydrophones are
typically calibrated using low pressure amplitudes (<1
MPa) over a sufficiently wide frequency range to cover the
necessary bandwidth. Nonlinear waveforms, on the other
hand, often involve higher pressure amplitudes (>1 MPa)
and thus higher voltage signals from the sensor material
(again, typically polyvinylidene difluoride) to the pream-
plifier. The polyvinylidene difluoride material itself is gen-
erally quite linear over a wide pressure range (>60 MPa).38

However, whereas the preamplifiers are specifically
designed for wideband operation, they may not have the
combination of the slew rate and gain-bandwidth product
necessary to follow high-amplitude signals at high fre-
quencies. Thus, because the calibration was done in the
linear pressure range, and the measurement is needed at
relatively high pressure, there may be waveform errors
introduced due to saturation or slew rate limiting. In addi-
tion, for the case of low-level, high-frequency signals (eg,
from intravascular ultrasound transducers), some pream-
plifier gain is necessary to establish reasonable signal levels
(because oscilloscope input sensitivities are typically no
better than 1 mV/division). However, that signal gain can
become a liability if the same hydrophone is used to meas-
ure higher-amplitude signals with higher harmonics, where
the previously mentioned saturation and slew rate effects
can occur.

J Ultrasound Med 2013; 32:1897–1911 1901
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Figure 2. Nonlinear propagation parameter versus mean peak pressure

for 5 different measurement depths. The plot is based on values meas-

ured on a 30-MHz linear array transducer. The dashed horizontal line at

the value of σm = 1.5 represents the transition threshold for the region of

very high nonlinear distortion. 
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One approach that possibly could be of use in dealing
with the uncertainty associated with nonlinear distortion is
to make measurements under linear conditions at a low
amplitude and then use computational modeling to extra -
polate these results to higher output levels. Although such
a combined measurement/modeling protocol might be
applicable for individual measurements, at present it would
not be practical for use in a manufacturing environment,
in which it is not uncommon to have to make acoustic
measurements on a few hundred unique discrete transmit
patterns using an automated data collection system. How-
ever, this approach merits research both to assess its accu-
racy and to develop practical means of implementation.

The amount of uncertainty introduced by nonlinear
distortion is dependent on the degree of nonlinearity. For
the very high degree of nonlinearity encountered in high-
frequency ultrasound signals where σm is typically greater
than 1.5, there is no good general guidance in the litera-
ture for assessing the contribution to the measurement
uncertainty; each measurement circumstance should be
evaluated individually. For the purpose of illustrating
an uncertainty analysis of our example high-frequency
ultrasound system, we apply a conservative estimate to the
assessed uncertainty due to nonlinear propagation as ±20%
for pressure-related values and ±40% for intensities. 

Spatial Averaging
The finite aperture size of the hydrophone and the fact that
the acoustic wave impinging on the hydrophone is not a
perfect plane wave limit the accuracy with which the
hydrophone can make measurements of an infinitesimal
point in an acoustic pressure field. The hydrophone meas-
ures the average acoustic pressure over the area of the
active element. The error introduced by these factors is
termed spatial averaging error and can become a major con-
tributor to the uncertainty in the measurement of high-
 frequency ultrasound signals. Ideally, the effective radius
of the active element of a hydrophone should be compa-
rable with, or smaller than, one-quarter of the acoustic
wavelength, as specified in paragraph 5.1.6.1 of IEC 62127-
1,12 to minimize measurement uncertainties. For high-
 frequency ultrasound signals whose fc ranges from 20 to
50 MHz, this value would correspond to an aperture size
range of 0.0185 to 0.0074 mm. Such small apertures
reduce the signal strength and increase the design com-
plexity of the hydrophone. Furthermore, there are practi-
cal limits to the effective spot sizes of piezoelectric
hydrophones. The “standard reference” spot-poled mem-
brane hydrophone is subject to fringing field effects so that
the spot size cannot be made arbitrarily small. These size

considerations also affect other sensor types such as
optically based hydrophones. The fiber of a fiber-optic
hydrophone involves cost and design constraints that limit
the smallest size that can be achieved on a commercially
sustainable basis.

When it is not practical to adhere to the quarter-wave-
length guidance, corrections for spatial averaging can be
made using the procedure outlined by Preston et al8 (also
specified in Annex E of IEC 62127-112). Furthermore, if
the ISPTA.3 is considered to be relevant for thermal bio-
effects, then it seems possible that a minimum diameter
exists below which corrections for spatial averaging need
not be done. That is, heating over a thermally relevant
diameter should be considered; thus, correcting ISPTA.3
measurements to “infinitesimally” small spot sizes may not
be necessary.

For our purpose of illustrating an uncertainty analy-
sis, we will assume an uncertainty in the measurement of
acoustic pressure due to spatial averaging of +0%/–20%
and a resulting uncertainty in acoustic intensity of
+0%/–40%. These values account for the uncertainty of the
correction factor, but note that according to IEC 62127-
1,12 if the ratio of the –6-dB beam width to the effective
hydrophone diameter is less than 1.5, then it is important
that a smaller hydrophone be used.

Sources of Error in Mechanical Alignment

Measurement of the maximum pulse intensity and pres-
sure requires that the acoustic axes of the source and
receiver be aligned, which presents considerable difficulty
as the wavelength decreases and the beam widths of both
the source and receiver become narrower. To accomplish
this alignment, a micropositioning system is needed to
move the hydrophone to any point in the acoustic field of
a transducer at which measurements are required. A sys-
tem capable of translation along 3 orthogonal axes with
reproducibility of at least ±0.15/fc mm is recommended.11

For high-frequency ultrasound systems that range from 20
to 50 MHz, this requirement represents positioning with
an accuracy requirement of 0.0075 to 0.003 mm, respec-
tively. Therefore, mechanical repeatability and resolution
of approximately 1 μm is desirable.

Size also drives directivity, and the combination of a
directive (often focused) source and the intrinsic directiv-
ity of the hydrophone at high frequencies requires a very
precise mechanical alignment capability. Given that some
of the sources, such as intravascular probes, are not easily
grasped and manipulated without damage, the issue of
mechanical alignment and stability becomes very difficult.

Nagle et al—Challenges in the Acoustic Measurement of High-Frequency Ultrasound
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To make reproducible measurements, it is imperative that
the angular positioning of the transducer and hydrophone
be well controlled. For example, at 50 MHz, the pressure
response of a circular hydrophone having an active ele-
ment diameter of 0.1 mm will decrease by 1 dB if its
angular position is changed by 5° from normal, based on
standard formulas for hydrophone directivity.11 Therefore,
the repeatability and resolution of the positioning stage
should be well below this value; 1000 arc-seconds (≈0.3°)
should suffice for this example. It is harder to make general
recommendations for the angular positioning capability
for the fixture holding the source transducer because these
will be dependent on the degree of focusing of a particular
source. Also, it is often possible to compensate for the
source’s angular misalignment relative to translational
scanning axes by providing an axial scan via the positioning
control software to correctly identify peak parameters, at
the expense of measurement time.

Under the assumption that the uncertainty introduced
by errors in the alignment is random, then repeated trial
alignments can be used to estimate a 95% confidence level
for the amount of measurement uncertainty resulting from
misalignment to the transducer beam axis. For the purposes
of the uncertainty analysis of our hypothetical high-
 frequency ultrasound system, it is assumed that the uncer-
tainty in the pressure measurement resulting from alignment
errors is +0%/–10%, and the uncertainty in intensity would
be +0%/–20%. Note that any misalignment can only yield a
pressure measurement that is less than that which would be
measured under perfect alignment conditions.

Sources of Error in a Hydrophone Waveform
Recording System

Waveform Digitization Uncertainty
The device used to sample the analog voltage signal
received from the hydrophone and convert the measure-
ment to a numeric value representing the acoustic pressure
is another source of both random and systematic uncer-
tainty in determining the acoustic pressure and intensity.
The digitizing device is subject to systematic errors in the
linear scaling of the analog input, or gain, and direct cur-
rent offset. A source of random error results from both
instrumentation noise and quantization effects. 

Gain and Offset Error
Generally, manufacturers of digitizing devices provide a
specification for the systematic error due to gain and offset.
Frequently, these values will be a function of the voltage
range that is used when a waveform is sampled. A typical

value for uncertainty in the voltage gain is ±2%, and for off-
set, it is ±1%; we will use these two values in the remainder
of our analysis.

Noise 
Two sources of random noise contribute less than 2% to
the uncertainty when measuring acoustic pressure. In one
case, the noise results from some external influence such
as instrumentation or thermal noise. The second type of
noise considered is the noise that is inherent in the con-
version of the analog waveform to a set of digital values;
this type of noise is commonly termed quantization noise.

During an acoustic test, the signal to noise ratio
(SNR) can be improved by averaging the waveform time
records. Since the SNR is the ratio of the signal power to
the noise power, there is a net increase in the resulting
SNR that is proportional to the square root of N. As an
example, if we assume an SNR of 20 dB and also assume
that the captured pressure waveform is averaged over 50
records, then the measurement uncertainty introduced by
uncorrelated noise is approximately 0.3%, a nearly negligi-
ble value. For the purpose of our uncertainty analysis, we
will attribute a ±0.5% uncertainty to the measurement of
acoustic pressure and a ±1% uncertainty to the intensity
measurement as a result of thermal noise.

The quantization of a sampled analog signal also intro-
duces a small amount of random error in the measurement
of the acoustic waveform. The amount of quantization
noise is characterized by the signal to quantization noise
ratio. If the signal amplitude is much larger than the least
significant bit of the analog to digital converter used in sam-
pling the waveform, then the quantization noise has an
approximately uniform distribution, and the signal to
quantization noise ratio (SQNR) is given by the following
expression: 

(1) SQNR = 20 log10 (2Q) ≈ 6.02 · Q dB,

where Q is the number of quantization bits.
If we assume that the waveform digitizing device has

an 8-bit resolution and that the signal is auto scaled so that
the signal spans across at least one-quarter of the full scale,
then we are effectively using 6 of the 8 bits in quantifying
the waveform. Substituting 6 bits into Equation 1, we
derive a signal to quantization noise ratio of 36.12 dB. The
fractional error introduced by the quantization noise is
determined as follows:

10 = 0.0156.
–36.12

20
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Accordingly, for our analysis, we attribute an uncertainty of
±1.56% to quantization noise in the measurement of
acoustic pressure and a ±3.12% uncertainty in determining
acoustic intensity. 

Uncertainty in the fc
The ultrasound waveform fc is required for calculating
both the MI and the water measurement derating factor
that is discussed in the next section. Because the fc is found
from the –3-dB points on the transmitted acoustic pres-
sure spectrum, its measurement is influenced by both
frequency accuracy and anything that causes a perturba-
tion in the spectrum of the spectral –3-dB points. There-
fore, accuracy is limited by clock accuracy of the digitizing
device or frequency analyzer and random and quantization
noise.

The clock accuracy of most digitizing devices is
extremely high and contributes a negligible error, on the
order of 0.01% or less, in the estimation of the fc. More sub-
stantial contributors to error in determining the fc result
from the hydrophone frequency response and perturba-
tions to the pressure spectrum due to noise. The shorter
pulse lengths that are used in B-mode imaging have a
broader spectral content than do the longer Doppler
pulses, and the slope of the spectrum at the lower and
upper –3-dB frequencies used to calculate the fc will be
shallower, which makes the calculation of the fc for the
short pulses more sensitive to the influence of noise.

To evaluate the effect of noise on the fc , a simulation
was done using the time record data collected from two
different linear array transducers that operate with nat-
ural fc values near 20 and 40 MHz, respectively. Short-
pulse-length, B-mode transmit patterns from these
transducers were corrupted with the addition of simu-
lated Gaussian white noise of varying SNRs. In making
acoustic measurements, a 20-dB SNR in the captured
signal is considered to be near the limit at which reliable
measurements can be made. By adding simulated noise
to the transmitted waveforms to achieve a 20-dB SNR,
we can assess the effect that random noise will have in
determining the acoustic fc . Figure 3 illustrates both the
pressure-time waveform and the single-sided amplitude
spectrum of the acoustic pressure waveform from the 40-
MHz transducer with the noise added.

It was found that the fc for this waveform was 36.2
MHz, and that even if the SNR was reduced to a level of
20 dB, the estimate of the fc remained stable when the
records were ensemble averaged to reduce the variance of
the spectral estimate. Figure 3B illustrates the improve-
ment in the estimate of the frequency spectrum that can

be achieved by averaging the records; a spectrum of a sin-
gle record is superimposed with the smoothed spectrum
that results after averaging 50 records. By averaging the
records, the noise power of the uncorrelated white noise is
reduced relative to the signal, allowing the effective SNR to
be increased and resulting in a reliable estimation of the
fc that is relatively insensitive to noise. Similar results were
also observed with the simulation done using the 20-MHz
transducer. Based on the results of this simulation, a con-
servative estimate for the uncertainty in determining the
fc is ±3%.
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Figure 3. A, B-mode pulse time record from a 40-MHz transducer

with Gaussian white noise added to achieve a simulated 20-dB SNR. 

B, Spectral magnitude of the pulse time record illustrated in A. The vari-

ance of the spectral estimate is reduced by ensemble averaging the

spectrum of each captured time record.

A

B
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Sources of Error Due to Derating

Applicability of the Water Derating Factor
Currently, manufacturers report acoustic output parame-
ters by adjusting measurements made in water by a factor of
0.3 dB cm–1 MHz–1. This reduction in the measured value,
or derating as it is commonly termed, is done to account for
the attenuation that occurs in tissue as a function of depth
and frequency. Equations 2 and 3 define how the derated
values of the PII (PII.3) and the pr (pr.3) are calculated:

(2) PII.3 (z) = 10–0.03 · fc · z ¥ PII (z); 

(3) pr.3 (z) = 10–0.015 · fc · z ¥ pr(z),

where fc is the frequency in MHz, and z is the depth in cen-
timeters.

The use of 0.3 dB cm–1 MHz–1 for the “derating fac-
tor”11 was established primarily as a conservative estimate
based on low-frequency attenuation data, ie, in the range of
1 to 15 MHz. Ultrasonic attenuation is known to increase
nonlinearly as a function of frequency.39 Attenuation co -
efficients at high frequencies are generally considerably
higher than the “standard” derating factor; for example,
Raju and Srinivasan40 reported coefficients ranging from
0.8 to 3.9 dB cm–1 MHz–1 for human forearm dermis in
the range of 14 to 50 MHz. Mamou et al41 reported atten-
uation coefficient measurements at 25.6 MHz of 0.5 and
0.97 dB cm–1 MHz–1, respectively, for the fatty and non-
fatty portions of cancerous human lymph nodes. Notable
exceptions are the iris and cornea, cited by Foster et al1 as
having attenuations slightly above that of water; however,
because these tissues are typically on the order of 1 mm or
less in thickness, the use of the standard derating factor to
account for their attenuation should not lead to a substan-
tial underprediction in acoustic parameters.

It is therefore reasonable to continue to use the stan-
dard derating factor even for high-frequency signals. From
a regulatory perspective, this approach should be at least
as safe as current practice at low frequencies. It is also
important to note that currently established standards6,11

mandate the use of this specific derating factor without esti-
mation of its uncertainty, in spite of the known differences
in attenuation between different types of tissue. This arti-
cle will follow this framework, concentrating on the issues
arising from making measurements in water.

Uncertainty in the Derating 
To get the uncertainty associated with the derating factor
(eg, the exponential factors in Equations 2 and 3), we need

to evaluate the accuracy of  fc and z. For our purposes, we
will assume that the uncertainty in measurement of the
distance z is negligible compared to that of  fc and will be
ignored for this calculation.

Evaluation of Uncertainty in the Derating Factor
To evaluate the derating factor using the previously esti-
mated uncertainty in the fc of ±3%, we need to determine
how the error propagates into Equations 2 and 3 and derive
error values over a range of frequencies and depths that fall
within the expected operating range of high-frequency
ultrasound systems. The method used to determine the
uncertainty is best illustrated with an example. Let us
assume that the nominal fc (fc_nom) and depth are given as
follows:

fc_nom = 30 MHz
z = 1.5 cm.

A ±3% error in fc corresponds to lower and upper frequency
values of fc_lower = 29.1 MHz and fc_upper = 30.9 MHz.
Substituting these frequency values into the first term of
Equation 3, we get the following derating factors:

10–0.03 · 29.1 · 1.5 = 0.0490

and

10–0.03 · 30.9 · 1.5 = 0.0407.

The nominal derating factor assumes no error in fc, and the
derating factor is calculated as follows:

10–0.03 · 30.0 · 1.5 = 0.0447.

By taking the ratios of the lower and upper bound values
with the nominal derating factor of 0.0447 we can derive a
fractional error for the given nominal fc and depth:

0.0490
0.0447 = 1.0977

and

0.0407
0.0447 = 0.9110.

These ratios correspond to percent errors in the PII derat-
ing factor of +9.77%/–8.90%.

Assuming a 3% error in fc, Figure 4 illustrates how the
percent errors in the derating factor for both the PII and pr

J Ultrasound Med 2013; 32:1897–1911 1905
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increase linearly with depth. Plots are done for nominal
center frequencies of 20, 30, 40, and 50 MHz. Note that
we have only shown the positive error in these plots, and it
is noted that the magnitude of the negative error for a given
fc will always be less than the magnitude of the positive
error, as was previously shown in our example calculation.

For our example hypothetical high-frequency trans-
ducer, we assumed a nominal fc of 30 MHz and a meas-
urement depth of 1.5 cm, which gives us an uncertainty in
the PII of +9.77%/–8.90% and an uncertainty in the pr of
+4.77%/–4.56%. These are the derating uncertainty val-
ues that we will use in the next section to derive the net
uncertainty in the ISPTA.3 and MI.

Net Uncertainty in the ISPTA.3 and MI

The conventional method used for determining a cumu-
lative measurement uncertainty when several contributors
to that uncertainty have been quantified is to assume that
each source of error is independent of all other error
sources. Under this assumption, the quadratic sum of all
the measurement uncertainties yields a net uncertainty
given by Equation 4:

(4)

where Ui represents the various contributors to the meas-
urement uncertainty.

Table 1 summarizes the contributions from each
source of uncertainty that have been discussed in the pre-
vious sections, and net uncertainty values for the ISPTA.3
and the MI are calculated in accordance with Equation 4.
For the ISPTA.3, uncertainty values associated with inten-
sity are used in the derivation of its net uncertainty. The
MI is proportional to the pr divided by the square root of
fc. Accordingly, for MI, we use uncertainty values that per-
tain to the measurement of acoustic pressure with an addi-
tional contribution for the fc uncertainty that is set to half
of the previous estimate of 3%, ie, 1.5%. In a later section,
the net uncertainty values in Table 1 will be used to derive
reduced control levels in accordance with the FDA ultra-
sound guidance document.5

Acoustic Power Measurements of High-
Frequency Ultrasound

Acoustic power is the total power radiated by an ultra-
sound transducer, and it is measured using either of two
methods that are allowed by the standards11,12,14: by meas-

uring the acoustic radiation force with an RFB or by mak-
ing in-water acoustic measurements of acoustic pressure
over a planar region from which total power is derived. The
standard practice for most ultrasound manufacturers is to
use an RFB to measure acoustic power. This process is the
preferred measurement method because the total power
is found by using a more direct calculation. The acoustic
power is measured by directing the ultrasound signal at a
target and then measuring the change in the amount of
force exerted on the balance both with and without ultra-
sonic radiation. The measured force is converted to a total
power value in accordance with Annex B of IEC 61161.14

i
iUU 2

net ,

Figure 4. Error introduced into the water derating factor in the calcula-

tion of the derated acoustic intensity and the derated acoustic pressure

that results from a 3% measurement error in the acoustic pulse fc.

Plots for center frequencies of 20, 30, 40, and 50 MHz are illustrated.

A, Positive percent error of the PII that results from the uncertainty in fc.

B, Positive percent error of the pr that results from the uncertainty in fc. 

B

A
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The use of an RFB to measure high-frequency ultra-
sound is problematic because minimal work has been done
to validate whether today’s RFB systems can acceptably
measure acoustic power at high frequencies. IEC 6116114

is the recognized standard that guides manufacturers on
making RFB-based acoustic power measurements and is
applicable for the measurements of ultrasonic power at
power levels of up to 1 W in the frequency range from 0.5
to 25 MHz. We know of only one literature citation regard-
ing radiation force measurements at higher frequencies,
in which a study conducted at the National Institute of
Standards and Technology reported measurements up to
29 MHz.42 This lack of published reports is perhaps due
to the fact that historically most ultrasound systems oper-
ating at greater than 20 MHz have been small aperture
and/or mechanically scanned and hence delivered total
acoustic power of less than 1 mW, near the noise floor of
most RFB systems. Efforts have been made to develop an
RFB station that is capable of measuring ultrasound
acoustic power of less than 1 mW and at frequencies
greater than 25 MHz, but as of yet, such stations are not
commercially available.43 Recently, the appearance of
array-based systems operating at up to 50 MHz44 has raised
the prospect of higher output powers and therefore better
SNRs for RFB measurements, but no validation studies
have appeared in the literature.

Beyond the signal to noise issues, the measurement
accuracy of an RFB system can also be appreciably affected
by the target response to high-frequency ultrasound sig-
nals. Both absorbing and reflecting targets have been used,
but absorbing targets have less angle dependence, are pre-
ferred for RFB-based acoustic power measurements, and
have become the industry standard. Because the target
reflection coefficient would be expected to increase at

higher frequencies, standing waves may also be generated
between the transducer and the target. Standing waves can
introduce additional uncertainty into the measurement
and have the effect of biasing the acoustic power measure-
ment to a value greater than the actual power. Other factors
that can contribute to RFB measurement uncertainty can
occur due to the focusing angle of the ultrasound beam not
being perpendicular to the target and temperature fluctu-
ations in both the ambient environment and the target
material as it absorbs the acoustic energy (causing it to heat
and change density), resulting in a systematic measure-
ment error.

At frequencies greater than 25 MHz, RFB measure-
ments fall outside the domain of applicability specified in
the IEC standard, and the measurement uncertainties
in RFB systems become very substantial, as previously
described. In these cases, the acoustic planar scanning
method has at least the advantage that historically it has
been used and measurement uncertainties can be assessed,
although they may be extremely high (eg, as high as 70%–
90%), as in the case outlined in the next section. Hopefully,
research in the future may systematically validate the RFB
measurements and assess the uncertainties that may be
achieved at high frequencies; in that case, a fair comparison
may be performed between the two methods of power
measurement. Lacking that comparison, the more judi-
cious approach is to rely on planar scanning. 

Uncertainty in Power Measurement Using Acoustic
Planar Scanning
Acoustic planar scanning power measurement is accom-
plished by measuring the acoustic pressures over a grid of
points in an x-y plane that is orthogonal to the transmit
beam and whose boundaries largely encompass the total
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Table 1. Contributions From Each Source of Measurement Uncertainty

MI Uncertainty, % ISPTA.3 Uncertainty, %

Source of Measurement Uncertainty + – + –

Mechanical alignment 0 10 0 20

Hydrophone calibration 30 30 60 60

Spatial averaging 0 20 0 40

Nonlinear distortion 20 20 40 40

Digitizer gain 2 2 4 4

Digitizer offset 1 1 2 2

Thermal noise 0.5 0.5 1.0 1.0

Digitizer quantization noise 1.56 1.56 3.12 3.12

Derating 4.77 4.56 9.77 8.9

fc 1.5 1.5 NA NA

Net uncertainty (per Equation 4) 36.5 42.8 73.0 85.5

The net measurement uncertainty for the regulatory control parameters MI and ISPTA.3 is determined by taking the quadratic sum of the uncertainty

values in accordance with Equation 4. NA indicates not applicable.
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radiated acoustic energy. The total acoustic power is
determined by deriving the acoustic intensity and
then integrating the acoustic intensities over the plane.
This technique can be used as a means to calibrate a
hydrophone by using a source transducer of known
repeatable output power or as a cross-check with power
measurements made using an RFB; the method is fully
described in IEC 62127-2.15

At low frequencies, an uncertainty of approximately
±20% has been reported for planar scanning.45 Further, the
importance of recording root mean square rather than peak
hydrophone voltages during the scan has been described
when nonlinear propagation effects are prominent.46

The measurement uncertainties of this method at high
frequencies are identical to those for in-water measure-
ments of acoustic intensity that are described earlier in this
article, with an additional factor to account for uncertainty
in the resolution and range of the scan. If we assume that
the uncertainty associated with the range and resolution is
±5% and quadratically sum this value with the previously
estimated contributions to the uncertainty in acoustic inten-
sity taken from the columns for ISPTA.3 in Table 1, we get a
net uncertainty of +72.5%/–85.2%. (Note that we exclude
the derating factor uncertainty contribution in the calcula-
tion of the acoustic power uncertainty.)

Although there is no explicit FDA track 3 regulatory
control level for acoustic power, it is the most important
parameter used in the determination of the TI values
required per the output display standard.6 An appropriate
level of uncertainty that reflects the inherent measurement
limitations should be applied to the resulting power meas-
urement and then used to derive and declare the display
accuracy for the TI as specified in the FDA guidance doc-
ument and the output display standard.5,6

Safety and Regulatory Considerations

Mitigation of Bioeffects at Higher Frequencies
From an overall patient safety perspective, higher-
 frequency systems generally present a lower risk to the
patient because of the small focal volumes and limited
power capabilities (the power density of the source trans-
ducer can become a limit through self-heating). However,
as ultrasonic attenuation is predominantly due to tissue
absorption,47 the large ultrasonic attenuation at high fre-
quencies warrants special attention to potential thermal
effects, especially in tissue regions near the transducer. In
addition, the possibility of highly localized nonthermal
effects (eg, shear stress, microstreaming, radiation pressure,
and standing waves), although not expected at diagnostic-

level ultrasonic intensities, cannot be discounted. Although
these concerns need to be generally considered, mitigat-
ing effects of perfusion could play an important role in min-
imizing the bioeffects. Intravascular probes, for instance,
are generally placed in very well-perfused body locations,
namely, within flowing blood, which acts as a heat sink.
Therefore, whereas the difficulties in measuring these
devices rise with higher frequencies and small focal sizes,
their relative risk to the patient falls. An exception may be
the eye, where perfusion is minimal and so the possibility
of thermal effects becomes relatively more important.
However, the current FDA guidance document contains
recommended maximum exposure levels for ophthalmic
applications,5 which provide a risk mitigation for potential
thermal effects.

Calculation of Reduced Control Levels for High-
 Frequency Ultrasound 
Section 1.6 of the current FDA diagnostic ultrasound guid-
ance document contains recommended maximum expo-
sure levels.5 In cases in which the acoustic measurement
uncertainty exceeds 30% for the acoustic intensity or 15%
for the MI, the guidance document suggests a proportional
reduction in these levels, and it provides an example cal-
culation. Figure 5 illustrates how the suggested control
levels for ISPTA.3 and MI are reduced as the net measure-
ment uncertainty exceeds 30% and 15%, respectively. In
our example case, Table 1 summarizes the net uncertainty
of the ISPTA.3 as +73.0%/–85.5%, and the uncertainty of
the MI as +36.5%/–42.8%. If we follow the suggestion in
the FDA ultrasound guidance document using these
uncertainty values, we get the following results for the rec-
ommended reduced levels to which our example high-
 frequency ultrasound system would be controlled:

For ISPTA.3 , we have 720 ¥ = 505 mW/cm2;

For MI, we get 1.9 ¥ = 1.53.

Accordingly, our example track 3 high-frequency ultra-
sound system should maintain the acoustic output below
the reduced control levels of 505 mW/cm2 for the ISPTA.3,
and 1.53 for the MI to demonstrate conformance with the
recommendations in the guidance document. In practice,
manufacturers should control the acoustic output suffi-
ciently below these derived levels to account for any sys-
tem or transducer output variability.

(1.30 )1.855

(1.15)1.428
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Manufacturers should identify the appropriate risk
management activities within their product development
life cycle for high-frequency ultrasound systems. With a
risk-based approach to analysis, evaluation, and control of
risks, manufacturers may identify and mitigate any poten-
tial risks associated with high-frequency systems, including
but not limited to system level and clinical performance
(safety and effectiveness) considerations (eg, regulation of
acoustic output, assessment of image quality, and the effect
of the control levels). As with all continuing risk evaluation
processes, manufacturers have the responsibility for mon-
itoring postmarket data as a means for risk assessment.

Conclusions and Recommendations

Throughout this article, we have stressed that high-
 frequency ultrasound signals suffer from a relatively high
degree of acoustic output measurement uncertainty
compared to lower-frequency ultrasound. The primary
cause of the higher measurement uncertainty is the limita-
tions of current measurement technology and methods.
Although the methods can be improved by the suggestions
in this article, advancements in the measurement technol-
ogy are also needed. Regardless of these limitations, rec-
ommendations in the current FDA guidance document5

can be used to accommodate the increased measurement
uncertainty in these high-frequency systems, as described
in the preceding section.

To maximize the allowable acoustic output, measure-
ment uncertainty can be minimized by using the following
procedures:

The mechanical positioning system must be capable
of properly sampling the acoustic field created by high-
 frequency ultrasound. Manufacturers should assess the
accuracy, repeatability, and precision of their acoustic
measurement system using repeated trial acoustic meas-
urements to determine the uncertainty that is due to the
positioning system. A mechanical positioning system
should have 1-μm repeatability and resolution for linear
motion stages to have sufficient accuracy for the measure-
ment of ultrasonic signals with frequencies up to 50 MHz.
It should also have an angular alignment capability for the
hydrophone appropriate for the directivity of the hydro -
phone aperture and an ability to compensate for angular
misalignment of the source, either through mechanical
angular adjustments or through the scanning algorithm
used.

Reconstruction of the time-pressure waveform should
be derived from the hydrophone voltage waveform using
the deconvolution method. Corrections for spatial aver-
aging should be performed according to Annex E of IEC
standard 62127-1.12 Also, acoustic power measurement
should be made using the acoustic planar scanning
method, and the declared TI display uncertainty must
reflect the uncertainty inherent in this measurement.

This article has addressed the challenges that manu-
facturers of high-frequency ultrasound products face as
they develop systems and transducers for the clinical mar-
ket. The measurement uncertainty issues are considerable,
but the clinical applications of high-frequency ultrasound
are numerous and will continue to grow as sonographers
and physicians become more familiar with the technology. 

J Ultrasound Med 2013; 32:1897–1911 1909
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Figure 5. Track 3 recommended control levels for the ISPTA.3 and MI as

the net measurement uncertainty exceeds 30% and 15%, respectively.

The recommended method for reducing the control levels is specified

in the FDA guidance document.5 A, Recommended ISPTA.3 control level

as a function of measurement uncertainty. B, Recommended MI con-

trol level as a function of measurement uncertainty.

B

A
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It is our hope that the increasing importance of high-
 frequency ultrasound will also motivate the desire to
advance the measurement technology that is currently in
place to maximize allowed acoustic output and take full
advantage of the potential that it offers.

References

1. Foster FS, Pavlin CJ, Harasiewicz KA, Christopher DA, Turnbull DH.
Advances in ultrasound biomicroscopy. Ultrasound Med Biol2000; 26:1–27.

2. Foster FS, Hossack J, Adamson SL. Micro-ultrasound for preclinical imag-
ing. Interface Focus 6 2011; 1:576–601.

3. Turnbull DH, Ramsay JA, Shivji GS, et al. Ultrasound backscatter micro-
scope analysis of mouse melanoma progression. Ultrasound Med Biol
1996; 22:845–853.

4. Sarkola T, Redington A, Keely F, Bradley T, Jaeggi E. Transcutaneous
very-high-resolution ultrasound to quantify arterial wall layers of muscu-
lar and elastic arteries: validation of a method. Atherosclerosis 2010;
212:516–523.

5. US Department of Health and Human Services, Food and Drug Admin-
istration, Center for Devices and Radiological Health. Information for
Manufacturers Seeking Marketing Clearance of Diagnostic Ultrasound Systems
and Transducers. Silver Spring, MD: US Food and Drug Administra-
tion; September 9, 2008.

6. International Electrotechnical Commission. IEC 60601-2-37. Medical
Electrical Equipment, Part 2-37: Particular Requirements for the Safety
of Ultrasonic Medical Diagnostic and Monitoring Equipment. Geneva, 
Switzerland: International Electrotechnical Commission; 2007.

7. Abbott JG. Rationale and derivation of MI and TI: a review. Ultrasound
Med Biol 1999; 25:431–441.

8. Preston RC, Bacon DR, Smith RA. Calibration of medical ultrasonic
equipment: procedures and accuracy assessment. IEEE Trans Ultrason
Ferroelectr Freq Control 1988; 35:110–121.

9. Ziskin MC. Measurement uncertainty in ultrasonic exposimetry. In:
Ziskin MC, Lewin PA (eds). Ultrasonic Exposimetry. Boca Raton, FL: CRC
Press; 1993:409–443.

10. Ziskin MC. Specification of acoustic output level and measurement
uncertainty in ultrasonic exposimetry. IEEE Trans Ultrason Ferroelectr Freq
Control 2003; 50:1023–1034.

11. American Institute of Ultrasound in Medicine, National Electrical Man-
ufacturers Association. Acoustic Output Measurement Standard for Diag-
nostic Ultrasound Equipment. Laurel, MD: American Institute of
Ultrasound in Medicine; Rosslyn, VA: National Electrical Manufacturers
Association; 2004. National Electrical Manufacturers Association stan-
dards publication UD 2-2004, revision 3.

12. International Electrotechnical Commission. IEC 62127-1. Ultrasonics—
Hydrophones, Part 1: Measurement and Characterization of Medical Ultra-
sonic Fields up to 40 MHz. 1st ed. Geneva, Switzerland: International
Electrotechnical Commission; 2007.

13. International Electrotechnical Commission. IEC 62359. Ultrasonics—
Field Characterization: Test Methods for the Determination of Indices Related
to Medical Diagnostic Ultrasonic Fields. 2nd ed. Geneva, Switzerland:
International Electrotechnical Commission; 2010.

14. International Electrotechnical Commission. IEC 61161. Ultrasonics—
Power Measurement: Radiation Force Balances and Performance Requirements.
2nd ed. Geneva, Switzerland: International Electrotechnical Commis-
sion; 2006.

15. International Electrotechnical Commission. IEC 62127-2. Ultrasonics—
Hydrophones, Part 2: Calibration for Ultrasonic Fields up to 40 MHz. 1st ed.
Geneva, Switzerland: International Electrotechnical Commission; 2007.

16. Schafer ME. Techniques of hydrophone calibration. In: Ziskin MC,
Lewin PA (eds). Ultrasonic Exposimetry. Boca Raton, FL: CRC Press;
1993:217–256.

17. Harris GR. Hydrophone measurements in diagnostic ultrasound fields.
IEEE Trans Ultrason Ferroelectr Freq Control 1988; 35:87–101.

18. Harris GR. Progress in medical ultrasound exposimetry. IEEE Trans
Ultrason Ferroelectr Freq Control 2005; 52:717–736.

19. Lewin PA, Mu C, Umchid S, Daryoush A, El-Sherif M. Acousto-optic,
point receiver hydrophone probe for operation up to 100 MHz.
Ultrasonics 2005; 43:815–821.

20. Umchid S, Gopinath R, Srinivasan K, et al. Development of calibration
techniques for ultrasonic hydrophone probes in the frequency range from
1 to 100 MHz. Ultrasonics 2009; 49:306–311.

21. Morris P, Hurrell A, Shaw A, Zhang E, Beard P. A Fabry-Pérot fiber-optic
ultrasonic hydrophone for the simultaneous measurement of tempera-
ture and acoustic pressure. J Acoust Soc Am 2009; 125:3611–3622.

22. Haller J, Wilkens V, Jenderka KV, Koch C. Characterization of a fiber-
optic displacement sensor for measurements in high-intensity focused
ultrasound fields. J Acoust Soc Am 2011; 129:3676–3681.

23. Beard PC, Perennes F, Mills TN. Transduction mechanisms of the Fabry-
Pérot polymer film sensing concept for wideband ultrasound detection.
IEEE Trans Ultrason Ferroelectr Freq Control 1999; 46:1575–1582.

24. Armani DK, Kippenberg TJ, Spillane SM, Vahala KJ. Ultra-high-Q toroid
microcavity on a chip. Nature 2003; 421:925–928.

25. Ling T, Chen SL, Guo LJ. Fabrication and characterization of a high Q
polymer microring resonator and its application as a sensitive ultrasonic
detector. Opt Express 2011; 19:681–689.

26. Hurrell A. Voltage to pressure conversion: are you getting “phased” by the
problem? J Phys Conf Ser 2004; 1:57–62.

27. Cooling MP, Humphrey VF. A nonlinear propagation model-based
phase calibration technique for membrane hydrophones. IEEE Trans
Ultrason Ferroelectr Freq Control 2008; 55:84–93. 

28. Bloomfield PE, Gandhi G, Lewin PA. Membrane hydrophone phase
characteristics through nonlinear acoustics measurements. IEEE Trans
Ultrason Ferroelectr Freq Control 2011; 58:2418–2437.

29. Wear KA, Gammell PM, Maruvada S, Liu Y, Harris GR. Time-delay-spec-
trometry measurement of magnitude and phase of hydrophone response.
IEEE Trans Ultrason Ferroelectr Freq Control 2011; 58:2325–2333.

Nagle et al—Challenges in the Acoustic Measurement of High-Frequency Ultrasound

J Ultrasound Med 2013; 32:1897–19111910

3211jum_online_Layout 1  10/21/13  8:44 AM  Page 1910



30. Bickley CJ, Zeqiri B, Robinson SP. Providing primary standard calibra-
tions beyond 20 MHz. J Phys Conf Ser 2004; 1:20–25.

31. Wilkens V, Koch C. Amplitude and phase calibration of hydrophones up
to 70 MHz using broadband pulse excitation and an optical reference
hydrophone. J Acoust Soc Am 2004; 115:2892–2903.

32. Bacon DR. Finite amplitude distortion of the pulsed fields used in diag-
nostic ultrasound. Ultrasound Med Biol 1984; 10:189–195.

33. Muir TG, Carstensen EL. Prediction of nonlinear acoustic effects at bio-
medical frequencies and intensities. Ultrasound Med Biol 1980; 6:345–
357.

34. Harris GR. A model of the effects of hydrophone and amplifier frequency
response on ultrasound exposure measurements. IEEE Trans Ultrason
Ferroelectr Freq Control 1991; 38:413–417.

35. Zeqiri B, Bond AD. The influence of waveform distortion on hydrophone
spatial averaging corrections: theory and measurement. J Acoust Soc Am
1992; 92:1809–1821.

36. Pinkerton, JMM. The absorption of ultrasonic waves in liquids and its
relation to molecular constitution. Proc Phys Soc 1949; B62:129–141.

37. Lewin PA, Schafer ME, Chivers RC. Factors affecting the choice of pre-
amplification for ultrasonic hydrophone probes. Ultrasound Med Biol
1987; 13:141–145.

38. Meeks SW, Ting RY. Effects of static and dynamic stress on the piezo-
electric and dielectric properties of PVF2. J Acoust Soc Am 1983; 74:1681–
1686.

39. Duck FA. Acoustic properties of tissues at ultrasonic frequencies. In:
Physical Properties of Tissues. Waltham, MA: Academic Press; 1990:73–
135.

40. Raju BI, Srinivasan MA. High-frequency ultrasonic attenuation and
backscatter coefficients of in vivo normal human dermis and subcuta-
neous fat. Ultrasound Med Biol 2001; 27:1543–1556.

41. Mamou J, Coron A, Oelze ML, et al. Three-dimensional high-frequency
backscatter and envelope quantification of cancerous human lymph
nodes. Ultrasound Med Biol 2011; 37:345–357.

42. Fick SE, Ruggles D. In-situ attenuation corrections for radiation force
measurements of high-frequency ultrasound with a conical target. J Res
Natl Inst Stand Technol 2006; 111:435–442.

43. Elgazery M, Cannata JM, Shung KK. Development of a radiation force
balance (RFB) for high-frequency ultrasonic transducers. Paper presented
at: 10th Annual Ultrasonic Transducer Engineering Conference; April
14–16, 2010; Los Angeles, CA.

44. Foster FS, Mehi J, Lukacs M, et al. A new 15–50 MHz array-based micro-
ultrasound scanner for preclinical imaging. Ultrasound Med Biol 2009;
35:1700–1708.

45. Herman BA, Harris GR. Calibration of miniature ultrasonic receivers
using a planar scanning technique. J Acoust Soc Am 1982; 72:1357–1363.

46. Corbett SS. The influence of nonlinear fields on miniature hydrophone
calibration using the planar scanning technique. IEEE Trans Ultrason
Ferroelectr Freq Control 1988; 35:162–167.

47. National Council on Radiation Protection and Measurements. Heat gen-
eration by ultrasound in mammalian tissues. In: Report No. 113. Exposure
Criteria for Medical Diagnostic Ultrasound, I: Criteria Based on Thermal
Mechanisms. Bethesda, MD: National Council on Radiation Protection
and Measurements; 1992;33–51.

J Ultrasound Med 2013; 32:1897–1911 1911

Nagle et al—Challenges in the Acoustic Measurement of High-Frequency Ultrasound

3211jum_online_Layout 1  10/21/13  8:44 AM  Page 1911




