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Spatial Resolution Limits for Needle
Hydrophones From 0.5 to 20 MHz With
Implications for Transcranial Ultrasound
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Abstraci—Hydrophone spatial resolution and spatial
averaging effects are determined by the frequency-
dependent effective sensitive element diameter dg¢(f)
rather than the geometrical sensitive element diameter d.
The objective of this work was to quantify average de¢(f)
for needle hydrophones as a function of dg4 and f. Esti-
mates of effective radii aq(f) = dett(f)/2 were inferred from
directivity measurements from 0.5 to 20 MHz on 16 needle
hydrophones with dg = 2a4 ranging from 75 to 1000 um
(139 hydrophone/frequency combinations). Effective sen-
sitive element diameter dg(f) exceeded dg by over 100%
when 1 > 4dg (where A is the wavelength). For kag >
0.75 (where k = 27/1), des(f) was consistent with the
“rigid piston” (RP) theory, reinforcing a previous report
from our laboratories. However, for kag < 0.75, dg(f)
showed noticeable deviations from RP theory and fell
between predictions from RP theory and predictions for
an unbaffled (UB) circular piston. Examples: 1) for a nee-
dle hydrophone with dg = 75 um at 1 MHz (kag = 0.16),
the data imply that average d¢¢ = 505 um, and 2) for a
needle hydrophone with dg = 400 um at 500 kHz (com-
mon parameters for human transcranial neuromodulation;
kag = 0.42), the data imply that average dgt = 1215 um.
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Index Terms— Directivity, effective sensitive element size, hydrophone, needle, resolution.

[. INTRODUCTION

A. Nominal Versus Effective Hydrophone Sensitive
Element Size

YDROPHONES are used ubiquitously in medical
Hultrasound and nondestructive evaluation to mea-
sure acoustic pressure fields [1]. To properly interpret
hydrophone-based pressure measurements, it is important to
understand hydrophone spatial resolution limitations. Unfortu-
nately, hydrophones do not always achieve spatial resolution
near the nominal sensitive element size (approximately equal
to the geometrical sensitive element size) [2]. This is because
hydrophones perturb the pressure fields that they are used
to measure, even when sensitive element sizes are much
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smaller than a wavelength. The gap between effective sen-
sitive element diameter d.(f) (defined in IEC 62127-3
[3]) and nominal sensitive element diameter d, is most
noticeable at low frequencies [2]. Hydrophone frequency-
dependent effective sensitive element size (i.e., spatial reso-
lution) may be inferred from frequency-dependent directivity
measurements [3].

Hydrophones can underestimate pressures and intensities
due to spatial averaging effects across the sensitive element
surface [4], [5], [6], [7], [8], [9], [10], [11], [12], [13], [14],
[15], [16], [17], [18], [19]. When implementing algorithms for
spatial averaging corrections, it is important to understand the
effects of effective sensitive element size. Equations (20) and
(21) in [12], which have been adopted in IEC 62127-1 [20],
show the dependence of the spatial averaging factor on the
frequency-dependent effective sensitive element size.

Frequency-dependent effective sensitive element sizes have
been investigated for needle [21], [22], [23], [24], [25],
[26], [27], membrane [21], [22], [23], [24], [26], [27],
[28], [29], Fabry—Perot interferometric-type fiber optic [22],
[30], reflectance-type fiber optic [31], and capsule [2], [27]
hydrophones. Needle hydrophones are commonly used for
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Highlights

« Hydrophones perturb pressure fields, and consequently, their spatial resolution can be inferior to their geometrical
sensitive element diameter dg4 by 100% or more when A > 4d4 (Where A = wavelength).

« An empirical formula has been obtained to enable researchers to easily estimate and report the effective sensitive
element diameter of their needle hydrophone at their operating frequency.

« Needle (and capsule) hydrophones conform closely to “rigid piston” (RP) theory when 1 < 4dg4 and fall between RP
theory and theory for an unbaffled (UB) circular piston when 1 > 4dy.

biomedical applications because they are relatively portable
and inexpensive [1]. Moreover, their small cross sections (e.g.,
compared to membrane hydrophones) reduce the potential for
reflections that can adversely affect measurements (particularly
when extended tone bursts rather than short broadband pulses
are used) [1].

B. Low-Frequency Regime

The low-frequency regime (e.g., A > d,/2), where the
gap between effective and nominal sensitive element sizes
is particularly prominent, has become increasingly important
in recent years due to increasing activity in transcranial
ultrasound for thermal ablation [32], [33], blood brain barrier
opening [34], [35], [36], and neuromodulation [37], [38], for
which frequencies are often below 1 MHz. For example,
for a hydrophone with a nominal sensitive element diameter
of 400-500 um and a frequency of 500 kHz (common
parameters for transcranial neuromodulation in humans [39],
[40], [41], [42], [43], [44], [45] and animals [39], [46],
[47], [48], [49], [50], [51]), A/d, ranges from 5.9 to 7.4.
Low frequencies are used to minimize distortions due to
skull, which has nonplanar interfaces and high sound-speed
mismatches with soft tissues. A recent consensus paper of
the International Transcranial Ultrasonic Stimulation Safety
and Standards Consortium (ITRUSST) notes that for many
transcranial applications, “the effective size of the hydrophone
sensitive area can be significantly larger than the nominal
size” and encourages researchers to be conscious of this when
selecting a hydrophone for system characterization measure-
ments (Supplementary Material, Section B2 [37]).

C. Objectives of This Investigation

The main objective of this article is to obtain an empirical
relation for needle hydrophone average effective sensitive ele-
ment size (i.e., spatial resolution) as a continuous function of
nominal sensitive element size and frequency, with emphasis
on the low-frequency regime. (At high frequencies, effective
sensitive element size asymptotically approaches the geometri-
cal sensitive element size [2].) Here, new frequency-dependent
effective sensitive element size measurements on seven needle
hydrophones are reported and pooled with previously pub-
lished data from our [25] and three other [22], [26], [27]
laboratories to result in a dataset of 16 needle hydrophones
interrogated over the frequency range from 0.5 to 20 MHz.

In addition, to elucidate physical mechanisms under-
lying the operation of needle hydrophones, empirical

frequency-dependent effective sensitive element sizes are inter-
preted in the context of the “rigid piston” (RP) model [52]
and the “unbaffled” (UB) circular piston model [21], [53].
The RP model was previously shown by our laboratories to
be consistent with directivity data from a set of four needle
hydrophones at traditional diagnostic ultrasound frequencies
(>1 MHz) [25].

The novel aspects of this investigation are as follows.
First, by pooling data for 16 needle hydrophones, greater
levels of statistical confidence and generalizability are obtained
compared with previous studies that utilized no more than
four needle hydrophones. Second, by pooling measurements
from four laboratories, conclusions are less dependent, com-
pared with previous studies, on any particular laboratory’s
experimental methodology. Third, by including data from
the two leading manufacturers of needle hydrophones, rather
than just one as in previous studies, potential effects due
to differences in design and manufacturing processes can be
elucidated. Fourth, by paying particular attention (in both
data collection and analysis) to the low-frequency regime,
the implications of the results may be considered in the
context of the rapidly emerging field of transcranial ultrasound,
which may not have been fully anticipated in previous studies.
Finally, by comparing the predictions of RP and UB models
to empirical data for needle hydrophones at low frequencies:
1) our fundamental understanding of the physics of needle
hydrophones is advanced and 2) the accuracy of corresponding
methodology for correcting for frequency-dependent spatial
averaging effects may be improved.

[I. METHODS

A. Measurements of Effective Sensitive Element Radii

Frequency-dependent effective sensitive element radii
acir(f) were obtained for seven needle hydrophones (Table I,
last two rows) from least-squares model fits to directivity func-
tions as described elsewhere [2], [22], [23], [24], [26], [27],
[28], [29], [54]. Directivities were measured at frequencies
ranging from 0.5 to 20 MHz and angles ranging from £65°
using methods previously reported from our laboratories [2],
[25], [29]. By driving source transducers with sufficiently
high voltage to produce nonlinear pressure waves with sig-
nificant harmonic content, directivities at multiple harmonic
frequencies could be measured from a single transmitted tone
burst.

Directivities and frequency-dependent effective sensitive
element radii were measured in two orthogonal planes, so that
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TABLE |
HYDROPHONE DATASET
Reference Hydrophone Nominal Frequency
Sensitive (MHz)
Element ranges
Diameter
dy (pm)
Beard et al., 2000 | PA HPMO075/1 75 1-20 (9)
[22] PA HPMO02/1 200
Wear et al.,, 2018 | ON HNC-0200, | 200 1-10 (7)
[25] ON HNA-0400, | 400
ON HNP-1000 1000
Martin et al., 2019 | PA NH0200 200 1,3(2)
[26]
Wilkens et al., PA NHO0075, 75 1-45 (8)
2023 [27] PA NH0200, 200
PA NHO0500 500
Wear, Fury, and PA NHO0075, 75 1-20 (14)
Alvarenga., 2025 PA NH0200, 200
(present PA NH0500, 500
investigation) ON HNR-0500 | 500
PA NH1000 1000
Wear, Fury, and ON HNC-0200 | 200 0.5,1(2)
Alvarenga, 2025 ON HNP-0200 | 200
(present
investigation)

ON: Onda (Sunnyvale, CA), PA: Precision Acoustics (Dorchester, U.K.).
The PA HPM series hydrophones appear to be forerunners of the PA NH
series. In the frequency column, the numbers in parentheses indicate the
number of frequencies at which directivity and effective sensitive element
size were measured for each hydrophone. Although measurements by
Wilkens et al. were essentially continuous, measurements at eight discrete
frequencies were digitized and used for the data analysis here.

means and standard deviations could be computed at all angles
and frequencies.

Previous studies have shown that ae(f) is primarily a
function of ka,, where k = 27 /A, A is the wavelength,
and a; is the geometrical (~ nominal) sensitive element
radius [2], [25], [29], [31]. However, the functional form
depends on hydrophone type: membrane, needle, capsule,
or fiber optic [2]. The ranges of frequencies and a, for
measurements listed in the last two rows of Table I result in
a minimum ka, value of 0.16.

B. Comparison With Previous Publications

The new data acquired for this investigation were pooled
with data reported in four publications between 2000 and
2023 (Table I, top four rows) to enhance statistical robustness
and generalizability of the resulting empirical formula for
needle hydrophone spatial resolution as a function of kag.
Data that had been published in graphical form [22], [27] were
digitized using the MATLAB (Natick, MA) function GRABIT
(https://www.mathworks.com/MATLABcentral/fileexchange/
7173-grabit). Uncertainties of estimates of frequency-
dependent effective sensitive element diameters were not
available for some of these previously published studies.

To enhance relevance to modern researchers, the dataset
was restricted to hydrophones manufactured by contemporary
suppliers (since frequency-dependent effective sensitive ele-
ment size can conceivably exhibit some dependence on needle
hydrophone design). The dataset therefore excludes data from
some studies based on hydrophones of unspecified origin [23],

[24] or manufactured over 40 years ago by suppliers that no
longer make hydrophones [21].

To provide insight into the physics of needle hydrophone
sensing, empirical frequency-dependent effective sensitive
element sizes were compared with predictions of the RP
model [52] and the UB model [21], [53].

[1l. RESULTS
A. Directivity

Figs. 1 and 2 show the directivity measurements for two
needle hydrophones with nominal sensitive element diameters
of 200 (Fig. 1) and 500 (Fig. 2) um. Phase cancellation of
oblique plane waves at the sensitive element surface tends to
increase as angle, frequency, and/or nominal sensitive element
diameter increase. Therefore, directivity functions tend to
decrease as any one of these three parameters increases.

Fig. 3 shows frequency-dependent standard deviations of
directivity measurements averaged over all angles (|6| <
65°) for five hydrophones (nominal sensitive element sizes:
75-1000 pwm) interrogated from 1 to 20 MHz for the new
(2025) measurements (Table I, last two rows). A least-squares
linear fit is also shown. Directivity standard deviation averaged
over all angles, nominal sensitive element sizes, and frequen-
cies (1-20 MHz) was 0.029 (2.9%).

B. Frequency-Dependent Effective Sensitive
Element Size

The figure in the abstract shows relative difference Aala,
plotted versus kag, where Aa = aeg(f) — a,, from all investi-
gations listed in Table I. The data were fit to a two-parameter
empirical model

ﬁ . Aexp(—kag/B)

a, ka,

(1)

The parameter values that minimized root mean squared
difference (RMSD) between data and empirical model were
A =94% and B = 5.1. The RMSD was 36.5%. The empirical
model indicates that the difference between effective and
geometrical sensitive element radii is approximately 100% at
ka, = 0.80, which corresponds to A = 3.9d, ~ 4d,.

Fig. 4 shows relative error Aa/a, plotted versus ka, for
Onda hydrophones interrogated in one previous [25] and one
current FDA/NPL collaboration (see Table I). The empirical
model (A = 82%; B = 5.1) exhibits substantial (>15%)
deviation from the RP model for ka, < 0.60.

Fig. 5 shows relative error Aa/a, plotted versus ka, for
Precision Acoustics (PA) hydrophones reported in previous
publications (“B” [22], “M” [26], and “W” [27]) and new
measurements from the FDA/NPL collaboration reported here
for the first time (“F”) (see Table I). The empirical model
(A = 101%; B = 5.1) exhibits substantial (>15%) deviation
from the RP model for ka, < 0.85.

Figs. 4 and 5 offer the first empirical confirmation in needle
hydrophones for a theoretical prediction that for ka, values
below the range of good agreement for the RP model, there
is a range of ka, values for which directivity functions fall
between the predictions of RP and UB models [52]. Since
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Fig. 1.  Directivity for PA NH0200 hydrophone (nominal sensitve Fig- 2. Directivity for PA NH0500 hydrophone (nominal sensitive

element diameter = 200 um) measured in the present investigation. The
dotted lines represent the function fits that were used in the estimation
of effective sensitive element radii (see Section II-A for details).

aest(f) is derived from directivity, the same would apply to
Adaer(f)/ dg.

For all data from Table I and the figure in the abstract,
the minimum-RMSD empirical model exhibits substantial
(>15%) deviation from the RP model for ka;, < 0.75, which
corresponds to A = 4.2d, ~ 4d,.

IV. DISCUSSION

A. Effective Sensitive Element Size and Spatial
Resolution

An empirical model has been developed to predict the
effective sensitive element size for needle hydrophones. The
model enables researchers to estimate and report the spatial
resolution of their needle hydrophone at their frequency of
operation (when ka, > 0.16).

For a hydrophone with nominal sensitive element diam-
eter of 75 um and a frequency of 1 MHz (ka, = 0.16),
the model predicts that average effective sensitive element
diameter is 505 pum. For a hydrophone with a nominal
sensitive element diameter of 400-500 um and a frequency
of 500 kHz (common parameters for transcranial neuromod-
ulation in humans [39], [40], [41], [42], [43], [44], [45] and
animals [39], [46], [47], [48], [49], [50], [51]; ka, = 0.42—
0.53 or Ald, = 5.9-7.4), the model predicts that average
effective sensitive element diameter is 1215-1298 pum. Such
enlarged effective sensitive element diameters have ramifi-
cations for spatial resolution, hydrophone spatial averaging
corrections, and optimal lateral scanning increments for field

mapping.

B. Model: Regime of Validity and Physical Interpretation

The RP model can predict directivity of needle and fiber
optic hydrophones based on geometrical sensitive element size
and frequency [52]. A previous study suggested that a set of

element diameter = 500 um) measured in the present investigation. The
dotted lines represent the function fits that were used in the estimation
of effective sensitive element radii (see Section II-A for details).

0.1
0.08 |
0.06 i
o -
0.04 1 *
*
x*
0.02 |
0 ! ! ! 1
0 5 10 15 20
Frequency (MHz)
Fig. 3. Frequency-dependent standard deviations of directivity mea-

surements averaged over angles (|6| < 65°) and nominal sensitive
element sizes (75—1000 pum). A least-squares linear fit is also shown.

four needle hydrophones conformed well to the RP model
for ka, > 0.4 [25]. That study was conducted on three Onda
hydrophones and one manufactured by the Force Technology
Institute (not commercially available). The full dataset in
Table I (16 hydrophones) covered the low-frequency range
more extensively (down to ka, > 0.16 instead of 0.4) and
imposed a new quantitative criterion to determine conformance
with the RP model (<15% deviation). The analysis presented
herein implies that the regime for good agreement should
be refined from ka, > 0.4 to ka, > 0.60 for Onda needle
hydrophones and to ka, > 0.75 for Onda and PA needle
hydrophones collectively.

Figs. 6 and 7 compare the differences between experimental
estimates of a.(f) to RP and UB models for Onda (Fig. 6)
and PA (Fig. 7) needle hydrophones. Fig. 6 shows that the
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Fig. 4.  Difference between effective sensitive element radii (aef)

and nominal geometrical sensitive element radii (ag) normalized to
ag for Onda hydrophones plotted versus kag. All data from FDA/NPL
collaborations. RP: rigid piston. UB: unbaffled.

RP model conformed more closely than the UB model to
empirical estimates from Onda needle hydrophones throughout
the frequency range investigated. Fig. 7 suggests that the two
models performed comparably for PA needle hydrophones
throughout the frequency range investigated. Discrepancies in
the estimates of ae(f) between Onda and PA hydrophones
might be attributable to differences in structure and material
properties (e.g., acoustic impedance).

A previous study suggested that capsule hydrophones con-
form to the RP model for ke, > 0.7 but show deviations
for 0.4 < ka, < 0.7 [2]. Capsule hydrophones are similar
to needle hydrophones except that they have a broader ellip-
soidal base [55]. Fig. 8 shows the functional fits for relative
error Aala, plotted versus ka, for the needle hydrophones in
Table I, and, for the sake of comparison, for capsule [2] and
membrane [29] hydrophones reported in previous publications.
The functional fits for needle and capsule hydrophones show
similar conformance to the RP model for ka, > 0.7 and similar
deviations from the RP model for ka, < 0.7.

Discrepancies between RP and UB model predictions and
measurements of frequency-dependent effective sensitive ele-
ment size might be partially attributable to ideal assumptions
of theory that are not fully satisfied in practice. These can
compromise the predictions of diffracted and reflected waves
from the needle. First, the RP assumption neglects all elastic
properties of the needle hydrophone, including penetration of
sound into the needle, excitation of transverse waves in and
surface waves on the needle, and resonances at discrete angles
and frequencies [52]. Second, the RP and UB models assume
perfect cylindrical geometry, whereas real needle hydrophones
have been demonstrated to have cross sections that are more
accurately described as elliptical, with measurable deviations
from circular symmetry [21], [24]. Third, the RP and UB mod-
els assume uniform sensitivity across the sensitive element of

800 o B075(2000)
700 | * B 200 (2000)
M 200 (2019)
600 0 W75 (2023)
-~ * W 200 (2023)
s 500 W 500 (2023)
s ¥ FO075(2025)
= 400 I F200(2025)
qﬁ 300 | ¥ F500(2025)
F 1000 (2025)
200 1 RP model
= =— = UB model
100 Empirical Model
0 L
1 2 3 4 5 6
ka
g
Fig. 5. Difference between effective sensitive element radii (aef) and

nominal geometrical sensitive element radii (ag) normalized to ag4 for PA
hydrophones plotted versus kagy. B: Beard et al. [22] M: Martin et al. [26]
W: Wilkens et al. [27] F: FDA NPL collaboration. RP: rigid piston. UB:
unbaffled.
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Fig. 6. Differences between experimental estimates of effective sensi-
tive element radius ae(f) to RP and UB models for Onda hydrophones.
RP: rigid piston. UB: unbaffled.

the needle hydrophone. Deviations from perfect circularity can
“blur” the diffracted wave, thereby reducing its amplitude [52].

In addition to predicting directivity and effective sensi-
tive element size, RP models have been derived [52], [56]
and experimentally validated [57], [58] for normally incident
plane waves to predict needle and reflectance-type fiber optic
hydrophone sensitivity.

C. Implications of Application of RP Model at Low
Frequencies (A > 4dy) in Previous Investigations

Three previous publications [13], [14], [18] assumed the RP
model for needle hydrophone frequency-dependent effective
sensitive element size rather than the more general empirical
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Fig. 7. Differences between experimental estimates of effective sen-
sitive element radius ag(f) to RP and UB models for PA hydrophones.
RP: rigid piston. UB: unbaffled.
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Fig. 8. Functional fits for normalized difference Ada/ag = (et —

ag)lag between effective radii (aerr) and nominal geometrical sensitive
element radii (ag). Fits are shown for PA needle hydrophones, Onda
needle hydrophones, PA and Onda needle hydrophones collectively (“all
needle”), Onda capsule hydrophones (from previous investigation), and
multiple-vendor membrane hydrophones (from previous investigation).
Two theoretical models are shown. RP: rigid piston. UB: unbaffled.

model obtained in the present investigation. As stated previ-
ously, the difference between the two models is significant for
kag < 0.75. Two of the previous investigations had minimum
values for ka, of 1.06 [13] and 1.27 [14] and were therefore
essentially unaffected by model choice. Another investigation
had a minimum value of ka, of 0.47 [18], but the spatial
averaging effect was recomputed using [12, egs. (20) and (21)]
(which have been adopted in IEC 62127-1 [20]) and found to
be identical and negligible (1%) using both models.

Three previous investigations have assumed the RP
model for capsule hydrophone frequency-dependent effective

sensitive element size rather than the more general empirical
model obtained recently [2]. One of the previous investigations
had minimum values for ka, of 0.90 [17] and was therefore
essentially unaffected by model choice. In two other studies,
ka; = 0.36 for the fundamental component of the nonlinear
signals [15], [19]. The spatial averaging effect was recomputed
using [12, egs. (20) and (21)] to be 1% for the RP model and
4% for the more general empirical model, resulting in a small
3% difference predicted by the two models.

V. CONCLUSION

Spatial resolution limitations and spatial averaging artifacts
for hydrophones are determined by frequency-dependent effec-
tive sensitive element diameter (which may be inferred from
directivity measurements) rather than nominal or geometrical
sensitive element diameter. An empirical formula, derived
from directivity measurements, has been obtained to enable
researchers to easily estimate and report the effective sensitive
element diameter of their needle hydrophone at their operating
frequency. The empirical model has a greater range of validity
than the RP model (ka, > 0.16 versus ka, > 0.75). The
frequency range was broad enough to encompass transcranial
ultrasound applications (i.e., low frequencies) as well as most
diagnostic and therapeutic applications. When A > 4d,, the
effective sensitive element diameter can exceed nominal sen-
sitive element diameter by over 100%. Needle (and capsule)
hydrophones conform closely to RP theory when A < 4d,
and fall between RP theory and theory for an unbaffled (UB)
circular piston when A > 4d,.
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