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ABSTRACT:
The calibration of ultrasound diagnostic equipment is essential to ensure their effectiveness and safety. Calibrating

acoustic fields using hydrophones involves the measurement of the maximum pressure point. Since the signal at the

hydrophone output is proportional to the average pressure incident on its surface, when the active area of

the hydrophone is larger than the area of the ultrasonic beam at the focus, the lower acoustic pressures surrounding

the point of maximum pressure will cause an underestimation of this value. This phenomenon is referred as the

spatial averaging effect. The main limitation in the use of smaller hydrophones is the inherent reduction in

sensitivity. The International Electrotechnical Commission standards provide methods to correct for the spatial

averaging effect when the ratio of the – 6 dB beam width to the hydrophone diameter (Rbh) is higher than 1.5. In this

study, a novel method is presented for spatial averaging correction, developed using computational simulation. It

consists of an empirical correction factor and allows extending corrections for Rbh values as low as 0.35, with errors

below 3%, addressing the compromise between precision and sensitivity of the hydrophone. This method also

generalizes to ultrasonic probes with varying characteristics.
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I. INTRODUCTION

The field of biomedical acoustics encompasses a wide

range of diagnostic, therapeutic, and surgical applications.

In all these applications, it is essential to accurately charac-

terize the acoustic output to assess the safety and efficacy of

medical procedures, ensuring compliance with regulatory

requirements.1,2 International standards and technical speci-

fications describe relevant acoustic measurements for char-

acterizing medical devices based on ultrasound.1,3

Acoustic field calibration involves the measurement of

some main parameters, such as maximum compression

acoustic pressures (pc), maximum rarefaction acoustic pres-

sures (pr), and the pulse pressure squared integral (ppsi),

which is the integral of the squared of the instantaneous

acoustic pressure integrated over the acoustic pulse wave-

forms. These parameters are used to calculate acoustic expo-

sure safety indices, such as the Mechanical Index and the

Thermal Index for Soft Tissues, which provide an assess-

ment of cavitation and heating effects produced by the expo-

sure of biological tissue to ultrasonic energy.4

However, when the active area of the sensor element

used in the calibration process is not sufficiently small com-

pared to the dimensions of the �6 dB beam width at the focal

plane (BW�6dB) of the ultrasonic beam, the parameters are

underestimated due to the spatial averaging effect.1,4 Spatial

averaging occurs when the sensor element measures not only

the maximum pressure, but also the surrounding lower-

pressure regions. The output of the sensor element will be

proportional to the average incident pressure across its entire

surface, thus underestimating the maximum pressure value.

A. Hydrophone dimensions

Ideally, the hydrophone diameter (d) should be smaller

than the BW�6dB [Fig. 1(a)]. Although, in most practical

cases, the hydrophone diameters are larger than the ideal

one [Fig. 1(b)], incurring in the spatial averaging effect.

According to Ref. 4, the choice of the hydrophone radius for

a specific application should bring into account the follow-

ing considerations:

(i) The hydrophone radius should be smaller than or equal

to one-quarter of the wavelength (k), so that variations ina)Email: lorenapetrella@dei.uc.pt
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the phase and amplitude of the wave do not significantly

contribute to measurement uncertainties.

(ii) If it is not possible to meet the ideal condition, the max-

imum radius of the hydrophone (amax) should be

amax ¼ k
8R

F2 þ R2ð Þ1=2; (1)

where R is the radius of the ultrasonic transducer and F
is the focal length.

(iii) In cases where any of these criteria are met, it is recom-

mended to compare the pressure values measured at the

beam focus (maximum pressure) and at a radial dis-

tance equivalent to one hydrophone radius. If the

decrease in the maximum signal amplitude at one

radius away is greater than 1 dB, then the spatial aver-

aging effect is significant, and corrections should be

applied.4

B. Standard methods for spatial averaging effect
correction

Some methods had been defined to correct the spatial

averaging effect. Preston et al.5 proposed (under some

assumptions) a theoretical model using a correction factor

(Ksa) for linear [Eq. (2)] and nonlinear [Eq. (3)] waves

propagation,

Ksa ¼ 3� bð Þ=2 (2)

K0
sa ¼ 3� 2b0

� �
; (3)

The parameters b and b0 are defined by

b ¼ signal at one hydrophone radius from axis

signal on the axis
; (4)

b0 ¼ signal at half hydrophone radius from axis

signal on the axis
: (5)

Smith6 extended the study, introducing experimental

approaches. Surprisingly, the experimental results showed a

considerable disagreement with the predictions of the theo-

retical models, where the error of using hydrophones with

diameters much larger than twice the maximum recom-

mended radius [Eq. (1)] could lead to underestimations three

times greater than those predicted by the theoretical meth-

ods. In that study, it was concluded that the factor that most

influences this underestimation is the residual presence of

nonlinear distortion, rm:
4–7 To quantify this effect, the non-

linear distortion parameter was defined as4,8

rm ¼ x � bm � z
q�c3 pm

ln
�

Fg � 1ð Þ1=2 þ Fg
1=2

�

Fg � 1ð Þ1=2
; (6)

where bm is the nonlinearity parameter (3.5 for pure water at

20� C), x is the angular frequency, z is the distance between
the surface of the probe and the plane of the wavefront, q is

the medium density, c is the velocity of sound in the

medium, pm is the mean peak sound pressure (mean between

pc and pr) and Fg is 0.69 times the ratio of the geometric

area of the probe to the area of the beam at �6 dB. Based on

this parameter, the following rules are defined:4,8

(i) If rm < 0.5. Occurrence of little nonlinear distortion.

(ii) If 0.5 < rm < 1.5. Considerable occurrence of non-

linear distortion; however, little attenuation occurs at

pressure peaks.

(iii) If rm > 1.5. Considerable occurrence of nonlinear

distortion and attenuation at pressure peaks.

The International Electrotechnical Commission (IEC)

62127-1:2022 standard, Annex E.1, establishes a method for

correcting the spatial averaging effect based on the studies

of Preston et al.5 and Smith,6 with some reservations. Here,

it is considered that the process for correcting the spatial

averaging effect, given by Eq. (2), provides reasonable esti-

mates for rm < 0.5 and with associated uncertainties

between 10% and 15%.7 For more distorted waveforms, the

standard provides some rules in terms of rm and the parame-

ter Rbh, defined as4

Rbh ¼ BW�6dB

d
; (7)

where BW�6dB can be obtained by Eq. (8), with f being the

fundamental frequency and D being the transducer diameter.9

BW�6dB ¼ cF

fD
: (8)

(i) If Rbh > 2. For 0.5 < rm < 1.5, the maximum correc-

tion for pc and pr is approximately 13% and for ppsi

less than 25%. For rm > 1.5, corrections for pc and pr
should not exceed 20%.

(ii) If 1.5 � Rbh � 2. For rm < 1.5, the correction for pc
and pr shall be less than 20% and the correction for

ppsi shall not exceed 40%. For rm > 1.5, corrections

FIG. 1. Representation of an ultrasonic field with (a) a sensor diameter less

than 2 amax and (b) a sensor whose diameter is greater than the diameter of

the ultrasonic beam. The black markers represent the sensor surfaces. amax,
maximum recommended hydrophone radius.
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for pc, pr, and ppsi may be greater than 30%, 20%, and

50%, respectively.

(iii) If Rbh < 1.5. In these circumstances, for all values of

rm, the corrections for pr can be as high as 50%. On the

other hand, the corrections for pc can be in the order of

100% for 0.5 < rm < 1.5, and up to 200% for rm > 2.

Corrections for ppsi can reach 300%. Therefore, in sit-

uations where Rbh < 1.5, it is advisable to use a hydro-

phone with a smaller diameter.4,7

Subsequently, Wear and Liu10 developed the inverse

spectral filtering approach for the correction of the spatial

averaging effect for linear and nonlinear beams propagation

containing multiple harmonics. Some advantages of this

approach are that it gives appropriate corrections at har-

monic frequencies for nonlinear distorted waveforms, does

not require a second measurement at one hydrophone radius

from the axis, and can be applied to transducers with rectan-

gular geometry.10–13 For beams whose harmonics exhibit

Gaussian profiles over the extent of the receiving area of the

hydrophone, is defined a spatial averaging filter by10

S nfð Þ ¼ 1� exp �Xn
2

� �

Xn
2

; (9)

where n is the harmonic number and X2
n is defined as

Xn
2 ¼ a2 nfð Þ

2rn2
; (10)

a nfð Þ being the frequency-dependent hydrophone radius and

rn being the harmonic beam width. Equation (9) can be

interpolated to frequencies between harmonics to generate

filters with appropriated frequency resolution. The recipro-

cal of Eq. (9) is the spatial averaging correction factor to be

applied to the measured pressure values. This method was

adopted in the IEC 62127-1:2022 standard, Annex E.2, that

extends to cases of nonlinear propagation.

Despite the standard methods for correcting spatial

averaging effect, limitations can emerge in the calibration of

highly focused ultrasonic beams, where hydrophones with

sufficiently small diameters may exhibit reduced sensitivity.

The new method proposed in this study addressed these sit-

uations, making corrections extensive to lower Rbh values.

II. MATERIALS AND METHODS

The k-Wave MATLAB toolbox (MathWorks, Inc., Natick,

MA)14 can be used to model and simulate wave propagation

in different media, with a range of built-in features and func-

tions that allow users to set up and run simulations efficiently.

The suitability of this toolbox in the simulation of acoustic

waves propagation under diverse conditions had been demon-

strated in several studies. It consists of a numerical model for

solving three coupled first-order partial differential equations,

using a k-space pseudospectral method for the calculus of

spatial and temporal gradients.15 Moreover, the model

accounts for power law acoustic absorption, using a linear

integrodifferential operator.16 Some of the key features of the

k-Wave toolbox include support for one-dimensional (1D),

two-dimensional (2D), and three-dimensional (3D) simula-

tions, a variety of different input and output transducer config-

urations, and advanced visualization tools for analysing and

interpreting simulation results.

The simulations performed in the k-Wave toolbox, in the

context of this study, were implemented in 3D and are sche-

matically represented by the 2D illustration in Fig. 2. In this

scheme, the source profile corresponds to a focused ultrasonic

transducer with diameter D, the sensor represents a hydro-

phone with diameter d, and the distance between them is F,
with water serving as the coupling medium. These dimensions

vary for each specific configuration, whereas some parameters

common to all the simulations are presented in Table I.4,17,18

The emitted pulse configuration was defined to repro-

duce that used in experimental measurements for a single

probe19 and extended to the remaining simulations to facili-

tate comparison. The signals captured by each grid element

on the sensor surface were averaged at each time point to

obtain the resultant pressure signal, accounting for the spa-

tial averaging effect.

Since in practical calibration procedures the noise levels

of the collected signals are commonly minimized using

approaches like signals averaging and filtering, noise com-

ponents were not introduced in the simulated signals.

In the present work, the simulations were carried out

with an optimized GPU code that allows a considerable

reduction in execution time, using a GeForce GTX 1080 Ti

card (NVIDIA Corp., Santa Clara, CA), with a memory size

of 11 GB.

FIG. 2. 2D representation of the 3D simulations carried out using the k-
Wave MATLAB toolbox. On the left side is the probe (source) with diameter

D, and on the right side is the hydrophone (sensor), with diameter d. F is

the focal length of the probe, which corresponds to the distance between

source and sensor.

TABLE I. Description and values of parameters used for defining the exci-

tation pulse and propagation media, common to all simulations.

Description Value (unit)

Peak amplitude of the emitted pulse 100 (kPa)

Number of cycles per burst 5

Attenuation coefficient of water 0.0022 [dB= MHz2cmð Þ�
Power law absorption exponent of water 2

Density of water 997.3 ðkg=m3Þ
Sound velocity of water 1494 (m/s)

Material nonlinearity 5
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A. Preliminary tests

Two methods were tested for source and sensor represen-

tations: one using the makeBowl function, with the structure

depicted in Fig. 3(a); another using the kWaveArray function,

illustrated in Fig. 3(b).14,20 This second function applies

weights to each point of the grid that constitutes the repre-

sented element, with elements near the border having weights

close to zero, reducing the stair-case geometry effect.14,20

The two methods were evaluated by comparison of the

gain in focal pressure, with the expected theoretical value

(G), given by21

G ¼ k � R2

2F
; (11)

where k is the wave number. The root mean squared error

(RMSE) of G for the makeBowl and KWaveArray functions

were 1.2374 and 0.3326, respectively. Being so, the second

approach was used throughout the study.

In a second phase, it was studied how the resolution of

the computational grid affects the pressure signal measured

in the sensor. The resolution (dx), which is the voxel size, in

turn defines the number of points per wavelength (ppw), and
they are related by Eq. (12),

dx ¼ c

ppw� f
: (12)

Tests were conducted with ppw values ranging from

three (minimum value for homogeneous media14) up to the

maximum ppw supported by the GPU for each simulated

probe. While tests conducted for probe A using different

ppw values evidenced low root mean squared percentual

errors (RMSPEs) of 1.2%, 0.8%, and 0.9% for the pc, pr, and

ppsi parameters, respectively, the best possible grid resolu-

tion was used throughout the study.

B. Simulations setup

The probe/sensor configurations experimentally tested

by Smith,6 covering a wide range of ultrasonic medical

equipment, were used as reference for the simulations

implemented in this work. The most relevant characteristics

of the transducers are presented in Table II (probes A, B,

and C). In addition, the configuration of probe D was

included, representing a transducer used in our previous

studies.19,22 Probes A, B, and C were used in the develop-

ment of the empirical model, whereas probe D was used to

evaluate the feasibility of extending the method to probes

with different characteristics.

Diverse hydrophone diameters were considered, includ-

ing hydrophones with 1, 0.5, 0.2, and 0.1mm in diameter.

Also, point hydrophones with size equal to the grid resolu-

tion (on the order of few tens of micrometers) were used as

reference, as well as hydrophones with diameters equal to

BW�6dB [Eq. (8)]. Further hydrophones configurations were

simulated to evaluate the extendibility of the proposed

approach. Hydrophones diameters ranging from the maxi-

mum recommended value (2 � amax) up to 22 � amax were

simulated. The diameters were progressively increased in

steps equal to the voxel size.

C. Application of the corrections given by IEC 62127-
1: 2022

The parameters pc, pr, and ppsi were obtained from the

simulated signals, collected at the focus of the ultrasonic

beam, and at a radial distance equal to one hydrophone

radius. Then, the two standard correction methods given by

Eqs. (2) and (9) were applied.

D. Novel correction method

The first step was to depict the relationship between

Rbh
6 and the pc, pr, and ppsi values. On this sense, the nor-

malized pressure values were represented as function of Rbh.

Then, the new correction factor (K) is estimated as the ratio

of the pressure value measured by a pointwise hydrophone

(P) and the pressure (Pi) measured by a hydrophone of arbi-

trary diameter [Eq. (13)],

K ¼ P

Pi
: (13)

The next step is to find a curve function that best fits the

K values as function of Rbh. On this sense, regression was

applied to three predefined models, including exponential

[Eq. (14)], power [Eq. (15)], and rational [ratio between pol-

ynomials, Eq. (16)], using MATLAB R2023a. In these equa-

tions, ai, bi, pi; and qj are the model coefficients to be

estimated, with i¼ 1, 2, 3 and j¼ 1, 2,

K exp ¼ a1 þ a2 e
�a3 Rbh ; (14)

FIG. 3. 2D representation of the 3D disk using (a) the makeBowl function

and (b) the kWaveArray function. (b) Weights are applied to the grid units

to reduce the stair-case geometry effect.

TABLE II. Transducer configurations considered for simulations.

Probes

Frequency

(MHz)

Transducer

radius (mm)

Focal

length (mm)

A 10 3.1 20

B 5 6.5 55

C 3.5 6.5 55

D 20 1.6 9
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Kpow ¼ b1 þ b2 Rbh
b3 ; (15)

Krp ¼ p1 Rbh
2 þ p2 Rbh þ p3

Rbh
2 þ q1 Rbh þ q2

: (16)

III. RESULTS

Table III presents the ppw, dx, amax; and BW�6dB values

for each simulated probe.

A. Visualization of the spatial averaging effect

Figure 4 shows the pressure values calculated along a

radial line in the focal plane of probe A, for different hydro-

phone diameters. A significant reduction in the maximum

values of pc, pr, and ppsi are observed, when using larger

hydrophones evidencing the spatial averaging effects.

B. Corrections by IEC 62127-1: 2022 methods

To compare the correction factor given by the IEC

62127-1:2022 with the proposed approach, the parameter rm
[Eq. (6)] was first calculated for the different probes, obtain-

ing the values presented in Table III. Since all values are

less than 0.5, we can conclude that there is small nonlinear

distortion, so this effect can be neglected.

Figure 5 presents the corrected pressure values using

the two approaches proposed in the IEC 62127-1:2022 stan-

dard (Annex E.1 and E.2), presented in Eqs. (2) and (9). The

inverse spectral filtering approach was implemented only

for pc and pr parameters since the correction of ppsi using

this method has not been documented.

From Fig. 5, it is observed that for the method proposed in

IEC 62127-1:2022, Annex E.1, when Rbh is greater than 1.5

(hydrophone diameter smaller than 0.14mm), the corrected val-

ues of pc, pr, and ppsi present results very close to those mea-

sured by a pointwise hydrophone. However, when using

hydrophones with larger diameters, the differences between the

corrected pressure values and those measured by a pointwise

hydrophone increase (the corrected values decrease), highlight-

ing the limitations of the correction method in such cases,

where it is no longer appropriated to compensate for the spatial

averaging effect. The inverse spectral filtering approach, from

IEC 62127-1:2022 Annex E.2, presents better results than the

previous method,10,11 closely approximating to values measured

by a pointwise hydrophone for hydrophones with Rbh of about

one; however, for larger hydrophones, the errors increase.

C. New method for correction of the spatial averaging
effect

It was possible to verify that the normalized pc and pr
values vary in a very similar way as a function of Rbh

(Fig. 6), which is expected in the absence of nonlinear

TABLE III. Points per wavelength (ppw), grid resolution (dx), maximum

hydrophone radius (amax), �6 dB beam width at the focal plane (BW�6dB),

and nonlinear distortion parameter (rm) for the different simulated probes.

Probes ppw dx ðlmÞ amax ðlmÞ BW�6dB ðlmÞ rm

A 6 24.9 60.96 481.9 0.34

B 5 59.8 159.1 1264.2 0.44

C 7 61.0 227.3 1805.9 0.27

D 6 12.5 26.67 210.1 0.31

FIG. 4. Pressure values obtained for different hydrophone diameters (d), for
probe A. The values of (a) pc, (b) pr, and (c) ppsi are shown for hydrophones

with diameters of 24.9lm (pointwise) and 0.2, 0.5, and 1mm. The pressure

curves were obtained from the average pressure at the grid points correspond-

ing to the different hydrophone positions and sizes along the radial direction

in the focal plane. pc, maximum compression acoustic pressure; pr, maximum

rarefaction acoustic pressure; ppsi, pulse pressure squared integral.
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distortion, whereas ppsi inherently yields lower values. It is

also observed that the normalized pressures follow the same

profile for the three simulated probes. Based on these obser-

vations, two correction factors were determined, the Kp for

pc and pr, and the Kppsi for ppsi. Figure 7 presents the results

as a function of Rbh.

D. Regression of the correction factors

The values obtained for Kp and Kppsi (including all com-

binations of hydrophones and probes, Fig. 7) were fitted to

FIG. 5. Maximum pressure values of (a) pc, (b) pr, and (c) ppsi as a function

of the hydrophone diameters (bottom axis) and the Rbh parameter (top axis),

for probe D. Black curve: pressure values without spatial averaging correc-

tion; blue curves: pressure values corrected by Ksa factor (KPreston); magenta

curves: pressure values applying the inverse spectral filtering approach

(KFilter); red curves: pressure values measured by a pointwise hydrophone;

dashed line: representation of the -6 dB beam width (BW�6dB). Note that the

highest hydrophone diameter corresponds to a ratio of hydrophone diameter

to wavelength of eight. pc, maximum compression acoustic pressure; pr, max-

imum rarefaction acoustic pressure; ppsi, pulse pressure squared integral.

FIG. 6. Normalized pressure values of (a) pc, (b) pr, and (c) ppsi as a func-

tion of Rbh. A, B, and C refer to the different simulated probes. Note that

the pc and pr normalized pressures follow the same distribution. pc, maxi-

mum compression acoustic pressure; pr, maximum rarefaction acoustic

pressure; ppsi, pulse pressure squared integral.
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the models described by Eqs. (14)–(16). The results

obtained for the exponential curve, the power curve, and to

the ratio between polynomials are presented in Eqs.

(17)–(19), respectively,

Kp ¼ 1:0839þ 22:4095e�6:4661Rbh ; (17a)

Kppsi ¼ 1:4113þ 729:3394e�11:7390Rbh ; (17b)

Kp ¼ 1:0351þ 0:1222Rbh
�2:9443; (18a)

Kppsi ¼ 1:2146þ 0:1005Rbh
�4:5759; (18b)

Kp ¼ 0:9890Rbh
2 � 0:2723Rbh þ 0:1428

Rbh
2 � 0:2920Rbh þ 0:0248

; (19a)

Kppsi ¼ 0:9517Rbh
2 � 0:3771Rbh þ 0:1843

Rbh
2 � 0:5155Rbh þ 0:0703

: (19b)

The RMSPE of the fitted Kp curves were 4.2%, 5.2%,

and 5.1% for the results obtained from Eqs. (17a), (18a),

and (19a), respectively; the fitted Kppsi curves have associ-

ated RMSPE of 18.8%, 11.1%, and 9.1%, following Eqs.

(17b), (18b), and (19b), respectively. These equations were

then used for correcting the pressure values as function of

Rbh. Table IV presents the correction results for probe D,

where the maximum positive error (due to overestimation),

maximum negative error (due to underestimation), and the

RMSE for pc, pr, and ppsi values for each of the imple-

mented models are indicated. It is observed that the correc-

tion modeled as a ratio between polynomials presents the

best results, as evidenced by the lowest RMSE across the

three parameters (Table IV). The corrected measurements

for this best model and for probe D are presented in Fig. 8.

Here, it can be observed how the pressure values measured

with hydrophone sizes that considerably exceed the ideal

size can be compensated by the correction factor imple-

mented and closely approximate to the measures obtained

with a pointwise hydrophone.

IV. DISCUSSION AND CONCLUSION

The present study proposes a novel method, developed

using computational simulations, for the correction of the

spatial averaging effect in the calibration of ultrasonic fields.

For defining the correction factor, the relationship between

pc, pr, and ppsi with the parameter Rbh was approximated to

FIG. 7. Correction factors and fitted curves based on a ratio between polyno-

mials, represented as a function of Rbh for (a) pc, (b) pr, and (c) ppsi. A, B,

and C refer to the different simulated probes. The fitted curves for pc and pr
follow the same equation. pc, maximum compression acoustic pressure; pr,

maximum rarefaction acoustic pressure; ppsi, pulse pressure squared integral.

TABLE IV. Maximum positive and negative errors, and RMSE, between

real and corrected pressure values, and for each approximation, applied to

probe D. pc, maximum compression acoustic pressure; pr, maximum rare-

faction acoustic pressure; ppsi, pulse pressure squared integral.

Approximation Parameter

Maximum

positive

error (%)

Maximum

negative

error (%) RMSE

Exponential

pc 7.8 8.2 44.8 kPa

pr 7.7 10.4 53.8 kPa

ppsi 39.6 18.9 7.7 kPa2s

Power

pc 3.2 2.7 16.0 kPa

pr 3.1 2.6 17.2 kPa

ppsi 22.9 9.9 4.1 kPa2s

Rational

pc 0.7 2.3 9.2 kPa

pr 0 1.8 8.5 kPa

ppsi 1.7 1.7 0.5 kPa2s
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three different models: an exponential curve [Eqs. (17a) and

(17b)], a power curve [Eqs. (18a) and (18b)], and a ratio

between polynomials [Eqs. (19a) and (19b)] being the cor-

rection errors presented in Table IV. From a safety point of

view, in medical applications, it should be noted that the

underestimation of the pressure values results in a more crit-

ical situation than when they are overestimated. In this

sense, the errors obtained using the exponential approach

represent the less favorable case. The corrections based on

the power curve approximation present better results

although there is still an underestimation of the pressure val-

ues, particularly evident for ppsi. On the other hand, the

approximation using a ratio between polynomials presents

the best results for all the evaluated parameters, with maxi-

mum errors not exceeding 3%.

The proposed method was compared with the two

approaches presented in the IEC 62127-1:2022 standard,

Annex E.4 Whereas this method mimics well the correction

proposed by the IEC standard for greater values of Rbh, it was

also possible to extend the correction factor to situations

where the hydrophone diameter considerably exceeds the

maximum recommended size [Eq. (1)]. Indeed, a good perfor-

mance for Rbh values as low as 0.35 was demonstrated,

whereas the standard methods are only applicable to Rbh val-

ues higher than 1.5. Also, since the normalized pc, pr, and ppsi

values showed a similar relation with Rbh, across all simulated

probes, the adaptability of the developed method to diverse

probe characteristics was evidenced. Finally, the application

of the proposed correction is also a simple approach, not

requiring additional measurements of the acoustic field.

The correction method developed in this study may rep-

resent a particularly valuable approach for the calibration of

highly focused ultrasonic beams including both high-

intensity focused ultrasound (HIFU) and high-frequency

ultrasound, as each technique presents specific challenges

for the precise measurements of the acoustic fields.23 HIFU,

with increasing therapeutic applications, is characterized by

tightly focused acoustic fields (i.e., low BW�6dB) requiring

the use of hydrophones with very small effective diameters.

This issue is exacerbated by the effective hydrophone

dimensions commonly exceeding the nominal dimensions at

frequencies of few megahertz typically employed in

HIFU.24–26 This discrepancy mainly arises from diffraction

effects in needle hydrophones, and from Lamb-waves prop-

agation in membrane hydrophones.27 For example, at

�1MHz, the effective size has been shown to reach up to

ten times the nominal size, while at �3MHz, it can be four

times larger, while the effective and nominal sizes converge

at higher frequencies.27 In this context, the ability to extend

correction factors to low Rbh values offers clear advantages.

On the other hand, diagnostic applications of high-

frequency ultrasound typically involve focused acoustic

fields at frequencies between 20 and 100MHz,28,29 with

BW�6dB on the order of only a few tens of micrometres and

so requiring very small sensors. Also, the low acoustic

intensities inherent to this technique further exacerbate the

hydrophone trade-off between resolution and sensitivity.

FIG. 8. Maximum pressure values of (a) pc, (b) pr, and (c) ppsi, with and

without spatial averaging effect correction. Simulated results are pre-

sented as a function of the hydrophone diameter (bottom axis) and Rbh

(top axis), for probe D. Black curves: pressure values without spatial

averaging correction; blue curves: pressure values corrected by the new

method; red curves: pressure values measured by a pointwise hydro-

phone. In this approach, the relationship Kp vs Rbh and Kppsi vs Rbh was

modeled by a ratio between polynomials. Note that the highest hydro-

phone diameter corresponds to a ratio of hydrophone diameter to wave-

length of eight. pc, maximum compression acoustic pressure; pr,

maximum rarefaction acoustic pressure; ppsi, pulse pressure squared

integral.
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Once again, the consideration of lower Rbh values with the

proposed correction method provides a practical solution for

correcting spatial averaging effects.

In conclusion, a method for correcting the spatial averag-

ing effect, based on computational simulations, with a main

advantage of being extensible to cases of lower Rbh values, in

comparison to standard methods, is proposed in this study.

Other valuable characteristics of the proposed approach

include its simplicity and the adaptability to ultrasonic probes

with different characteristics (sizes, focal distances, and operat-

ing frequencies). Future approaches should include experimen-

tal measurements to corroborate our simulated results, which

the authors were unable to conduct due to laboratorial con-

straints. In addition, extend the applications to cases of nonlin-

ear distortion and evaluate the applicability to ultrasonic

probes of different geometries should be considered.
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