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ARTICLE INFO ABSTRACT

Keywords: A bespoke phantom has been designed, with clinically relevant features for endoanal ultrasound (EAUS), capable
Endoanal ultrasound of rigorously assessing the performance of 360° ultrasound probes.

Quality assurance

Quality control The performance of three, commercially available, anorectal probes, capable of producing both 2D and 3D images,
Phantom was assessed. One of the probes was also assessed in two states: before failure and after a repair to correct a failure.
Medical physics For each probe the signal to noise ratio (SNR), contrast to noise ratio (CNR), penetration depth, resolution,
Ultrasound focus depth, distance accuracy and low contrast object detectability (LCOD) were assessed at varying dynamic
QA ranges, receive gains and operating frequencies. A Python program (SAUQA) was developed to semi-automate
QC the analysis.

Python

Programming In general the measured parameters varied as expected. However, at intermediate receive gains, adjusting the

receive gain resulted in the SNR, CNR, penetration depth and LCOD varying in an unexpected manner. The reason
for this is not known, but because it was exhibited by all probes it is believed to be related to the ultrasound
machine itself and/or an inherent characteristic of the probe design.

The quantitative results suggest that all probes tested offer an effective method of assessing the integrity of the
Internal Anal Sphincter (IAS) and the repair of the probe appears to have been successful. However, differences
between the probes were observed both quantitatively and qualitatively, with the original probe providing the
best results for EAUS.

In light of the results, a recommendation was made, to the EAUS service at University Hospitals Dorset, to adjust
the default machine start-up settings for EAUS.

1. Introduction

Endoanal ultrasound (EAUS) is an established technique to review
the anatomical condition of the anal muscle complex and is considered
the gold standard for evaluating anal sphincter pathology in the inves-
tigation of anal incontinence [1].

The introduction of 3D EAUS allowed further opportunity to char-
acterise the severity and extent of anal injury. It has been shown to be
effective in identifying small obstetric defects after childbirth [2], and
in identifying and characterising fistulae [3]. The internal anal sphinc-
ter (IAS) and external anal sphincter (EAS) are close to the probe face.

Typically the IAS is the most prominent feature, is <3 mm thick and
appears within 5 mm of the probe-tissue interface [4-6]. In order to
achieve sufficient resolution, a high frequency ultrasound (US) beam is
used (typically >10 MHz), which allows for the visualisation of the fine
structure of the IAS (Fig. 1).

The EAUS service at University Hospitals Dorset (UHD) is typical
of many hospitals in the UK: using a BK Medical® Anorectal 3D 20R3
transducer, in combination with BK 3000 US machine (BK Medical UK,
Droitwich, Worcestershire, United Kingdom) [7,8]. The 20R3 probe is
a single element, multi frequency transducer, which is cylindrical, with
an external diameter of 17 mm. Inside the transducer head, two crystals

Abbreviations: CNR, Contrast to noise ratio; CoV, Coefficient of variation; DR, Dynamic range; DS, Dataset; EAS, External anal sphincter; EAUS, Endoanal ul-
trasound; FOV, Field of view; GSCT, Grey scale contrast target; HF, High frequency; IAS, Internal anal sphincter; LCOD, Low contrast object detectability; LF, Low
frequency; QA, Quality assurance; SNR, Signal to noise ratio; TGC, Time gain compensation; TMM, Tissue mimicking material; UHD, University Hospitals Dorset;

US, Ultrasound.
* Corresponding author.

E-mail addresses: jameswharkin@gmail.com (J. Harkin), steven.perring@uhd.nhs.com (S. Perring).

https://doi.org/10.1016/j.ipemt.2022.100007

Received 26 May 2022; Received in revised form 29 August 2022; Accepted 31 August 2022

Available online 5 September 2022

2667-2588/© 2022 The Author(s). Published by Elsevier Ltd on behalf of Institute of Physics and Engineering in Medicine (IPEM). This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.1016/j.ipemt.2022.100007
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ipemt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ipemt.2022.100007&domain=pdf
mailto:jameswharkin@gmail.com
mailto:steven.perring@uhd.nhs.com
https://doi.org/10.1016/j.ipemt.2022.100007
http://creativecommons.org/licenses/by-nc-nd/4.0/

J. Harkin and S. Perring

Fig. 1. Typical EAUS image of the anal complex, depicting the IAS and EAS.
The IAS shows as a dark band, typically <3 mm thick and within 5 mm of the
probe face.

are situated back-to-back. The user has the option of selecting the high
frequency crystal (HF mode) or the low frequency crystal (LF mode). HF
mode allows for the system to operate at 10 MHz, 13 MHz or 16 MHz and
LF mode operates at 6 MHz, 9 MHz or 12 MHz (manufacturer quoted).
The transducer head images perpendicular to the probe face and rotates
(around the probe’s long axis) at a known frequency. This allows for the
reconstruction of the images over a 360° field of view (FOV). The crystal
assembly can also be stepped along the probe’s long axis to produce 3D
images. Potential image artefacts are avoided, by ensuring all moving
parts are fully encapsulated and do not touch the patient.

At UHD, the performance of US machines used for diagnosis are
assessed monthly by the users, using a simple set of quick to perform
tests, as recommended by BMUS [9]. Where possible the performance
is also quantitatively assessed annually using a test object; following
the guidelines in IPEM report 102 [10]. Quantitative quality assurance
(QA) phantoms are useful tools for this testing and can allow for the as-
sessment of resolution, penetration depth, measurement accuracy and
contrast-detail.

A search revealed the lack of any commercial phantom that would
be suitable for assessment of an EAUS probe. Of the commercially avail-
able phantoms suitable for inter-cavity US probes, the most appropriate
for assessment of EAUS was found to be the CIRS ATS 540 phantom
(CIRS, Inc., Norfolk, VA, USA) [11]. However, the central probe well
(bore) diameter and features included in the phantom, were unsuitable
for application to EAUS. In particular:

.

There are no features within 10 mm of the TMM surface, to test at
the depth anal features would appear.

The minimum low contrast feature size was 2mm, which is unlikely
to be a challenge for an EAUS machine to image.

There was no variation in features along the central axis of the phan-
tom, meaning there was no opportunity to test the 3D function of the
probe.

The tissue mimicking material (TMM) used, urethane rubber, is a
particularly poor mimicking material at high US frequencies [12].
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Due to these limitations, the CIRS ATS 540 was deemed unsuitable
for rigorously assessing a 3D 360° EAUS probe and an alternative solu-
tion was sought.

A search of the literature did not highlight other groups who had
manufactured an in-house solution optimised for EAUS probes. Rodgers
et al. [13] have previously assessed the performance of a 3D 360°
transvaginal US system. Using an agar phantom mimicking the geometry
of the pelvis with brachytherapy needles inserted, they assessed the sys-
tem’s ability to produce geometrically accurate images, with sufficient
contrast between the needles and agar TMM. However, their phantom
was very specific to brachytherapy and did not contain low contrast
targets (mimicking the IAS), suitable for assessing low contrast object
detectability, or grey scale contrast targets (GSCTs), suitable for assess-
ing the signal to noise ratio (SNR) and contrast to noise ratio (CNR).
Phantoms have also been designed for assessing the performance of in-
travascular US systems [14-17], however these phantoms are typically
designed to assess the systems ability to accurately visualise a vessel and
do not contain a combination of high and low contrast structures within
the TMM. Another option was the Edinburgh pipe phantom [18], which
allows for the assessment of both intravascular [19] and endoscopic ul-
trasound systems [20]; operating between 2 and 15 MHz. However,
while the resolution, depth of field and LCOD can be assessed using
this phantom, the phantom does not feature grey scale targets. Also the
phantom does not enclose the probe, meaning the full 360° FOV can not
be assessed at the same time.

2. Methods
2.1. Phantom design

A bespoke phantom was designed and CIRS (CIRS Inc., Norfolk, VA,
USA) were approached to construct the phantom. The bespoke test tool
(Fig. 2) was manufactured to the following specification (target depths
are defined from the centre of the phantom):

+ Donut design, with a bore diameter of 20 mm. The bore is capable
of accommodating other similar probes including Pentax J10 gas-
troscopes (Pentax Medical, Hamburg, Germany) [21], BK Endocav-
ity probes (BK Medical UK, Droitwich, Worcestershire, United King-
dom) [22-24], Olympus Radial Rectal probes (Olympus, Hamburg,
Germany) [25] and THD EAUS probes (THD, Correggio, Italy) [26].
Coupling between the probe and tissue mimicking material (TMM)
is achieved using Baxter (8010 Zurich, Switzerland) sterile water for
irrigation.

« Test features (radially positioned unless otherwise stated):

— Anechoic targets, of diameter 1 mm, 2 mm and 4 mm, suitable
for assessing low contrast object detectability.

— High Contrast Nylon Monofilament Targets (manufactured by
CIRS), of diameter (~76 pm) 0.003” +0.0004”, —0.0002”, suit-
able for assessing resolution and distance accuracy in three di-
mensions.

— GSCTs of varying relative backscatter with respect to the back-
ground, suitable for assessing the CNR and SNR. Relative
backscatters of +9.7 dB, +7.0 dB, -5.7 dB and -9.3 dB (+1.5
dB) were chosen to be comparable to the UltraiQ phantom set
(Cablon Medical, Leusden, The Netherlands) [27] in use at UHD
for routine B-Mode US QA.

— Uniform background region.

+ Zerdine used for background TMM, anechoic targets and GSCTs

Fig. 3 shows an US image of the bespoke phantom.
2.2. Image analysis
The test tool allows for the calculation of multiple, quantitative im-

age quality metrics. With the aim of reducing the time required for im-
age analysis and reducing inter/intra user variability in the results from
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Fig. 2. Axial drawing of EAUS phantom.

bk3000 ZZPHYS Poole Hospital 17/08/2021 Fig. 3. US image of bespoke phantom, acquired using the re-
ID: ZZPHYS 20R3_3131921 7% >
DOB: 01/01/1799:0“7 - 20R3 (H) - Pelvic Floor/Res 09:46:52 paired probe.

2D/B Mode bk
TIS: 0.10

20/B Freq

2D/B Gain

Anatomical pos.

Crystal pos.

the analysis, a semi automated program was developed. This program is 2.3. Grey scale contrast targets (GSCTs)

referred to as SAUQA [28] and was written in Python 3.8 [29]. SAUQA

is only designed to analyse images in one 360° imaging plane and does The regions used for calculations using the GSCTs are circles of radius
not produce any image quality metrics for the third dimension. 4 mm (80% of the GSCT radius).
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Noise in an US image originates from multiple sources. Noise can be
modelled as the combination of an additive and multiplicative source.
Additive sources include electronic and thermal noise, which exhibit a
Gaussian distribution and the multiplicative source (often referred to as
“speckle”) exhibits a Rayleigh distribution. Speckle is an interference
pattern produced when US pulses encounter objects of comparable size
to the wavelength of the US pulse [30]. In order to approximate the
levels of noise in an image, the standard deviation (¢) in a uniform
region is used.

Signal to noise ratio The SNR of a target is calculated using Eq. 1 [31],
where (.S;) is the average signal of the target of interest and o is the
standard deviation of the background region.

SNR,:EE )
%0

Contrast to noise ratio The contrast can be defined as the difference in
signal between a background region and the target region, where (.S;) is
the average signal of a background region and (.;) is the average signal
of the target region:

Contrast = (S;) — (Sp) 2)

The Contrast to Noise Ratio (CNR) of each target is calculated using
Eq. 3 [31], where o, is the standard deviation of the target of interest.

_ (S0 = ()

/2 2
6i+0'0

Penetration depth

For the purpose of this investigation, the penetration depth was de-
fined by the depth at which the mean background intensity had reduced
by 6 dB [32]. To calculate the penetration depth (Fig. 4), the average
intensity of the GSCTs is assumed to be directly proportional to the at-
tenuation of the target. Using the theoretical attenuations and (.S;) for
each GSCT, a linear regression is performed, and the Python package
SciPy [33] used, to calculate the theoretical average intensity of a tar-
get —6 dB below background.

Next, the average intensity of a background region at 20 mm depth is
calculated. The background region is then stepped away from the centre
of the phantom radially. The distance from the centre of the phantom
at which the average intensity in the background region is less than
the theoretical average intensity of a target —6 dB below background is
specified as the penetration depth.

CNR 3)

2.3.1. Nylon monofilament targets

SAUQA asks the user to select the approximate location of the ra-
dial nylon monofilament targets (Fig. 5(a)). The centre of the targets
is automatically calculated using the region of maximum intensity of a
Gaussian blurred image (Fig. 5(b)). The OpenCV-Python [34] function
gaussianblur is used to blur the image with a kernel size of (1,1) and a
kernel standard deviation of 1. This kernel size was found to be optimal
for automatically calculating the specific location of the targets.

Distance accuracy The distance between the centres of the targets in
each radial set is calculated. The distance between the targets at the
same radial depth is also calculated.

Resolution Both radial and tangential resolutions are calculated for
each of the selected nylon monofilament targets (Fig. 5). The rotation
angle between the radial axis of the targets and the x axis of the image is
calculated using the location of the centre of the target and centre of the
image. A 5 mm by 5 mm region of interest around the target is rotated
by the calculated angle, which puts the radial dimension in the y axis
of the rotated image and the tangential axis in the x axis of the rotated
image. The rotated image has the same pixel size and spacing as the
original image. Resolution is calculated using 1D slices of the rotated
image through the centre. The SciPy [33] function signal.peakwidths is
used to calculate the peak width of the 1D slices with the relative height
set to 0.5 (equivalent to the —6 dB width) [32].
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2.3.2. Anechoic cylinders

The code calculates the CNR for each Anechoic cylinder centre se-
lected by the user. The CNR calculation differs from the GSCT CNR in
the ROIs used, so this will be referred to as ‘Low Contrast Object De-
tectability’ (LCOD). Low contrast object detectability ROIs can be seen in
Fig. 6. For an anechoic cylinder of radius R, a circle of radius 80% of
the anechoic cylinder radius is used as the signal ROI. The background
ROI is a disk centred on the same location as the signal ROI and with
internal radius 120% of the anechoic cylinder diameter. The external
radius of the background ROI is chosen so the areas of the signal and
background ROI are equal.

2.3.3. Data export
The results from the analysis are exported to Excel using the Python
module openpyxl.

2.4. Image acquisition

2.4.1. Code performance and reproducibility of results

With the aim of assessing the repeatability and reliability of the cal-
culated image quality metrics, images were acquired with consistent
acquisition parameters: time gain compensation (TGC) controls centred,
FOV =110 mm, frequency = 13 MHz, receive gain = 50 dB, DR = 70 dB.
10 images were acquired with the probe held by a clamp stand to en-
sure that images were acquired in the same location and 10 images were
acquired with the probe held by a user. In the latter, the probe was re-
moved from the phantom and reinserted between each acquisition.

The first image of the dataset for the clamp stand was analysed 10
times by SAUQA and also 10 times by a user in ImageJ. SAUQA was also
used to analyse the 10 images with the probe held by the clamp stand
and the 10 images with the probe held by a user. In each case, the coeffi-
cient of variation (CoV) in the image quality metrics was calculated. For
the penetration depth calculation using ImageJ, rather than stepping a
background ROI radially, the profile of a linear segment was plotted.
Also the linear fit of the GSCTs average intensities was performed using
the Python package SciPy [33].

2.4.2. Probe comparison

With the aim of assessing if the phantom could rigorously assess the
performance of US probes, four data sets were acquired across three
20R3 probes. Each dataset was acquired at the maximum FOV in HF
mode (110 mm), and covers the full useable frequency range, dynamic
range (DR) and receive gain range of the machine. Unless otherwise
stated, the images were acquired with the following acquisition param-
eters: receive gain 50 dB (median receive gain in HF mode), DR 70 dB
(median DR in HF mode) and frequency 13 MHz (median frequency in
HF mode). The probes were held by a clamp stand to ensure that, for
each data set, images were acquired in the same location.

Datasets:

» DS1la: Original probe before repair (acquired 15/04/2021)
» DS2: Loan Probe (acquired 30/06/2021)

» DS1b: Original probe after repair (acquired 19/08/2021)

» DS3: Replacement probe (acquired 14/02/2022)

3. Results
3.1. Code performance

Table 1 shows the average results and CoV of quantitative parame-
ters calculated using different methods (ImageJ/ SAUQA) and of differ-
ent data sets acquired with the same acquisition parameters (the same
image 10 times, 10 images acquired with the probe held by a stand
and 10 images acquired with the probe being removed and reinserted
between acquisitions).
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Fig. 4. Penetration depth calculation: (a) Average intensity of GSCTs calculated. (b) Linear regression performed and theoretical intensity of a —6 dB GSCT at 20 mm
depth calculated. (c) Background ROI stepped 1px radially and at each point the average intensity is calculated. (d) Penetration depth calculated as the depth at
which the average background intensity is equal to the theoretical intensity of a —6 dB GSCT at 20 mm depth.

3.2. SNR

With a fixed DR, the SNR of the GSCTs was measured with varying
receive gain (Fig. 7). With a fixed receive gain, the SNR of the GSCTs
was measured at different DRs (Fig. 8).

3.3. CNR

With a fixed DR, the CNR of the GSCTs was measured with varying
receive gain (Fig. 9). With a fixed receive gain, the CNR of the GSCTs
was measured with varying DR (Fig. 10).

3.4. Penetration depth

With a fixed DR of 70 dB, the —6 dB penetration depth was calcu-
lated with varying frequency and receive gain in LF and HF mode. In LF
mode the penetration depth in each case was greater than the FOV so
only the HF mode results are displayed in Fig. 11. Penetration depths
are specified from the centre of the phantom. In HF mode, pixels at a
depth of > 50 mm are set to 0, so any calculated penetration depth of
> 50 mm will not reflect the true penetration depth. In the displayed
graphs (Fig. 11), calculated penetration depths of >50 m have all been
set to 50 mm (this is relevant to DS2 and DS3).

3.5. Resolution

For the purpose of measuring resolution, it is assumed that the arc
length is comparable to the tangential length of the arc. This is valid for
small arc lengths in comparison to the radius of the arc.

The resolution of the high contrast targets, in the tangential (Fig. 12)
and radial (Fig. 13) direction, was measured with varying frequency. For
each target depth, the resolutions reported are the average of both rows.

3.6. Distance accuracy

Theoretical radial distances are all 5 mm and theoretical chord dis-
tances were calculated assuming an angle of 19.1° between rows. The
percentage difference between the measurements and the theoretical
distances is reported (Fig. 14). For radial distances, the results reported
are the average of both rows.

3.7. Low contrast object detectability

The LCOD (see Fig. 6) and contrast (see Eq. (2)) of the first 4mm
anechoic target at 20 mm depth was measured at different receive gains
for each dataset (Fig. 15).

The LCOD and contrast of the anechoic targets was also measured at
different DRs and receive gains (Fig. 16).
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()

Fig. 5. Nylon monofilament targets: (a) Approximate locations selected by user. (b) Centre of the targets automatically calculated. (c) Radial (R) and tangential (€»)
resolution of each target is calculated as the y and % resolution of the target in the rotated ROIL

Table 1

Results and indicative variability of quantitative parameters calculated using different methods and of different data sets acquired with

the same acquisition parameters.

Image quality metric

Mean result (CoV)

ImageJ analysis same image =~ SAUQA: Same image = SAUQA: Held by stand =~ SAUQA: Held by user

SNR —9.3 dB Target

—5.7 dB Target

Background

7 dB Target

9.7 dB Target
CNR —9.3 dB Target

—5.7 dB Target

7 dB Target

9.7 dB Target
Penetration Depth (mm)
LCOD 4 mm Target 1

2 mm Target 1
Radial Distance Targets 1-2 (mm)
Arc Distance Targets 1 (mm)
Radial Resolution Target 1 (mm)
Tangential Resolution Target 1 (mm)

2.26 (0.021) 2.28 (0.014) 2.27 (0.015) 2.14 (0.087)
3.37 (0.023) 3.39(0.015) 3.37 (0.015) 3.19 (0.076)
5.09 (0.014) 5.12 (0.013) 5.07 (0.015) 5.15 (0.045)
6.75 (0.025) 6.79 (0.013) 6.71 (0.016) 6.49 (0.033)
7.44 (0.025) 7.43 (0.013) 7.36 (0.015) 7.21 (0.013)
2.22(0.0075) 2.22(0.0086) 2.21 (0.0098) 2.41 (0.17)
1.36 (0.018) 1.36 (0.0050) 1.34 (0.0083) 1.59 (0.26)
1.04 (0.050) 1.05 (0.012) 1.04 (0.016) 0.870 (0.29)
1.46 (0.041) 1.43 (0.012) 1.43 (0.0073) 1.32 (0.089)
35.2 (0.022) 35.3 (0.015) 34.6 (0.023) 35.7 (0.042)
3.34 (0.016) 3.56 (0.0079) 3.61 (0.011) 3.70 (0.069)
1.54 (0.10) 1.58 (0.099) 1.77 (0.099) 1.83(0.11)
4.99 (0.040) 5.00 (0) 5.00 (0.0024) 4.95 (0.010)
4.85 (0.072) 5.00 (0) 4.94 (0.013) 5.15 (0.030)
0.395 (0.058) 0.440 (0.0074) 0.450 (0.028) 0.460 (0.058)
1.54 (0.077) 1.82(0.013) 1.88 (0.046) 1.64 (0.065)
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Key:
-Noise ROI

-Signal ROI -

Fig. 6. ROIs used for LCOD assessment. Signal ROI in blue and noise ROI in red.
(For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

4. Discussion

The aim of this study was to provide an introduction to a new method
of assessing the performance of 360° EAUS systems. The study is limited
in its scope and it is hoped these limitations will be addressed in the
future. In particular:

+ Only one probe model was assessed - Multiple factors such as probe
diameter, focus depth and operating frequency could affect how well
the phantom is able to rigorously assess the performance of probes.
The accuracy of the construction of the phantom has not been in-
dependently verified - The geometric accuracy could be assessed
through further measurement with different US systems from other
manufacturers, or CT imaging.

Errors in the results has not been calculated - The CoV in
Table 1 gives some indication in the repeatability of the calculated
results, but only with one set of acquisition parameters; this may
change for different acquisition parameters. In order to assess the
reproducibility and uncertainty of the results, more data would need
to be acquired. It should also be noted that the accuracy of the re-
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sults is not known, given an independent verification of the phantom
construction hasn’t been performed. However, for QA this isn’t nec-
essarily an issue: Once baselines have been established, changes in
performance can still be detected provided results are reproducible.

4.1. Code performance

Across the parameters in Table 1, there was good agreement be-
tween results when analysed using ImageJ and in SAUQA. Using a two
tailed, Welch’s t-test the only parameters producing significantly differ-
ent results (with p < 0.05), were the LCOD of the 4 mm target, (13) = 12,
p < 0.01; radial resolution, #(9) = 6.1, p < 0.01 and tangential resolution
measurements #(9) = 7.3, p < 0.01.

For each parameters in Table 1 the average percentage deviation
from the mean was also calculated. Using a single tailed, Welch’s t-
test a larger percentage deviation was observed across all parameters,
1(287) = 6.0, p < 0.01, when analysing using ImageJ (M = 2.9, SD = 3.0),
than SAUQA (M = 1.2, SD = 2.1). Taking each parameter individu-
ally, the only parameters where SAUQA didn’t provide a significantly
lower average percentage deviation than ImageJ (with p < 0.05), were
—9.3dB CNR #(15) = —0.058, p = 0.48; —5.7 dB CNR #(17) = 1.5, p = 0.079;
0 dB CNR #(16) = 0.71, p = 0.24; penetration depth #(17) = 1.5, p = 0.071;
LCOD 4 mm #(9)=1.2, p=0.12 and LCOD 2 mm #(14) = —0.12, p=
0.46. There were no parameters where ImageJ provided a significantly
smaller deviation than SAUQA. These results suggest that SAUQA will
offer a more repeatable method of calculation than ImageJ, while also
being quicker to use.

Across all parameters in Table 1 (and using a single tailed Welch’s
t-test), an increase was observed in the average percentage deviation
from the mean, when comparing the SAUQA analysis on the same im-
age (M = 1.2, SD = 2.1), to the 10 different images with the probe held
by a stand (M = 1.2, SD = 2.1); #(317) = 2.1, p=0.016. An additional
increase in variability was observed, 7(175) = 6.5, p = 0.016, when com-
paring the results with the probe held by the stand (M = 1.7, SD = 2.0)
and the results when the probe was removed and reinserted between
acquisitions (M = 6.5, SD = 9.0). Given this increase in variability of re-
sults observed, it is believed that the different positioning of the probe
between datasets will have an impact on the results. However, by hold-
ing the probe in a consistent location for each dataset, using a stand, this
should reduce the variability in calculated results within each dataset.

4.2. Receive gain change
As the receive gain is increased, the SNR increased smoothly

for all GSCTs, apart from between ~45 dB and ~55 dB, where

Fig. 7. GSCT SNR at different receive gains for DS1b.
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there was a small reduction in SNR (Fig. 7). The dip in SNR at
intermediate receive gains was exhibited in each dataset. At very
low receive gains, the lower backscatter targets offered virtually no
signal.

For the higher backscatter targets, the CNR was broadly consistent
across the receive gain range (Fig. 9). However, for the lower backscat-

DS3 9.7dB GSCT

ter targets, the CNR improved as the receive gain was increased, until
~30 dB receive gain for the —5.7 dB GSCT and ~35 dB receive gain for
the —9.5 dB GSCT. This is believed to be due to the low signal offered
by the lower backscatter targets at low receive gains. At high receive
gains, the CNR remains broadly consistent for the —5.7 dB target. How-
ever, for the —9.5 dB target there is a dip in CNR between ~40 dB and
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~60 dB receive gain. The dip in CNR at intermediate receive gains was
exhibited in each dataset.

For all datasets the —6 dB penetration depth was found to increase
with receive gain up to ~40 dB, at which point there was a small re-
duction in penetration depth up to ~55 dB (Fig. 11). At higher receive
gains, there is a small increase in penetration depth, before the pene-
tration depth levels off. At low receive gains, there is a large drop off
in the signal provided by the background TMM resulting in the poor
penetration depth.

The LCOD also increases as receive gain is increased, up to ~40 dB,
after which the LCOD becomes broadly consistent (Fig. 15). As the re-
ceive gain is increased, the signal provided by the background TMM
increases and therefore the contrast of the anechoic objects increases.
The noise will also increase, but at lower attenuations the rate at which
it increases is less than the increase in background signal. A slight re-
duction in LCOD was exhibited at high receive gains as a result of a
drop in contrast. Similar to the SNR, CNR and penetration depth, each
dataset exhibited a drop in LCOD at an intermediate receive gain be-
tween ~40 dB and ~55 dB (Fig. 15(a)).

The cause of the discrepancies at intermediate receive gains is not
known. However, given the contrast is approximately linear in this re-
gion and the LCOD is not (Fig. 15), the noise measured appears to
be the main factor resulting in this discrepancy. The fact each dataset
exhibited similar behaviour, suggests that the discrepancy is caused
by the US machine and/or an inherent characteristic of the probe
design.

4.3. DR change

For an intermediate (50 dB) receive gain, the SNR increases as DR
increases; in an approximately linear manner for all targets (Fig. 8).
The GSCT CNR is also broadly consistent with changing DR (Fig. 10).
As the DR is increased, the contrast and noise both reduce, resulting in
a consistent CNR.

Similar behaviour is seen in the LCOD (Fig. 16). For receive gains
above 50 dB, both the contrast and noise decrease with increasing DR.
This results in a broadly consistent LCOD across the full DR. However,
for low receive gains, the signal offered by the TMM is very small result-
ing in a low contrast between the background TMM and the anechoic
cylinders. For low receive gains and DRs the contrast approaches zero.
This results in contrast and LCOD increasing with increasing DR, before
stabilising at high DRs.

4.4. Frequency change

The focus depth in the arc direction is assumed to be comparable to
the depth of the smallest resolution target in the tangential direction.
Fig. 12 suggests that adjusting the frequency within each mode (LF/HF)
has little impact upon the arc focus depth. However, changing between
LF and HF mode has a substantial effect on the arc direction focus depth;
with the focus depth in LF mode being ~5 mm deeper in LF mode than
HF mode.

Theoretically, higher frequencies should result in improved resolu-
tion at the expense of poorer penetration [35]. Fig. 11 shows that lower
frequencies resulted in a greater penetration depth and Fig. 12 shows
that, for each mode (LF/HF), the tangential resolution of the high con-
trast targets decreases (improves) with increasing frequency.

The behaviour of the radial resolution is less clear (Fig. 13(b)). This is
believed to be due to the radial resolution being comparable to the radial
speckle size. However, at 16 MHz the radial resolution is consistently
smaller than at lower frequencies and the radial resolution at 6 MHz
appears to be larger than higher frequencies. It should be noted that
there is little difference in the measured radial resolution and there is
overlap between the measurements at different frequencies.
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4.5. Probe comparison

Across all parameters, the results from DS1a and DS1b suggests the
repair of the probe was successful. No difference could be observed
qualitatively and the differences observed quantitatively were generally
smaller than the differences between probes.

The SNR of the GSCTs was lower in DS3 than the other datasets
(Fig. 8). However, each dataset produced broadly similar results for
GSCT CNR and SNR at different receive gains and DRs and the dis-
crepancy in the smoothly changing penetration depth/CNR/SNR with
receive gain happens at similar receive gains for each dataset.

All probes exhibited similar radial and tangential resolutions
(Figs. 12 and 13). However, the arc direction focus depth appears to
vary between the probes. In LF mode, the arc direction focus depth ap-
pears to be the same for DS1b and DS3 (~ 25 mm), however for DS2
the focus depth appears to be deeper (~ 30 mm). In HF mode, DS2 and
DS3 have similar resolution high contrast targets at 20 mm and 25 mm
depth, suggesting the arc direction focus depth is somewhere between.
For DS1b, the arc direction focus depth is likely closer to 20 mm depth.

The distance accuracy exhibited by all datasets was excellent and
very similar. In a radial direction, all measurements taken were within
4% of the expected value of 5 mm and in the chord direction, all mea-
surements were within 8% of that expected. A larger error was expected
in the chord direction than in the radial direction because the tangential
resolution is larger than the radial resolution. DS2 and DS3 did exhibit a
slightly greater measurement error from the expected than the DS1a and
DS1b. However, because the actual distance between the targets is not
know, it is difficult to be certain which is more accurate. On average,
the chord measurements were smaller than expected for DS1a and DS1b
and larger than expected for DS2 and DS3. It should be noted that the
speed of sound of the US beam will be different inside the TMM to that
expected in vivo. It is known that speed of US within Zerdine varies with
temperature [12]; with lower temperatures resulting in lower acoustic
velocities. If an US beam travels slower than expected through the phan-
tom, this will result in the reflections from the US taking longer to be
received by the probe and hence structures may appear more distant.

Comparing the results from the anechoic targets, there were some
differences between the probes in terms of LCOD and contrast. For the
first set of anechoic targets, DS1a and DS1b offered greater LCOD and
contrast than DS2 or DS3 (Figs. 15 and 16). This suggests that anechoic
targets would be easier to distinguish from the background TMM with
the old probe rather than the loan/replacement probe.

The -6dB penetration depth did vary between the datasets (Fig. 11),
with DS3 providing the deepest penetration depth, followed by DS2,
DS1b and finally DS1a (in HF mode).

4.6. Relating results to in vivo

The TMM used in the phantom construction is Zerdine. While this is
a better tissue mimic than ATS rubber, the acoustic properties of Zerdine
will differ from in vivo tissue. In particular, the attenuation coefficient
of the TMM, differs from that expected in in vivo tissue at higher fre-
quencies >~ 6 MHz [12].

For IAS assessment, the ideal focus depth for most patients would be
at ~5 mm from the probe surface (~13.5 mm depth). The arc direction
focus depth varies between HF and LF mode, with the focus depth be-
ing ~5 mm shallower in HF mode than LF mode. In HF mode the arc
focus depth was measured at ~20 mm depth (~10 mm from the TMM
surface). Therefore, while the focus depth may be different in vivo to
in the phantom, it is expected that HF mode will offer a more optimal
focus depth than LF mode for IAS assessment. DS1a/b provided a focus
depth closer to the typical IAS depth, than DS2 or DS3.

With a typical IAS thickness of ~3 mm, there is also the requirement
that the radial resolution is less than 3 mm and ideally significantly
less. In HF mode, all datasets offered a radial resolution of ~0.5 mm,
however DS1a/b performed better than DS2 or DS3 at most target depths
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and in particular at the typical depth of the IAS (Fig. 13(b)). The radial
resolution also tended to be better at higher frequencies and in HF mode
rather than LF mode.

In terms of visualising the IAS, the other important factor to consider
is contrast between the IAS and tissue surrounding it; with the IAS of-
fering little signal in comparison to the tissue surrounding it. For this
reason the IAS is expected to behave in a similar manner to the ane-
choic cylinders, particularly the cylinders at the shallowest depth. The
LCOD and contrast of the anechoic cylinders tended to be best at higher
receive gains and intermediate DRs. At very high and low receive gains
and at very high and low DRs the anechoic cylinders were less easy
to visualise quantitatively and in some cases could not be observed by
the user qualitatively. DS1a/b also quantitatively performed better than
DS2 and DS3. It should be noted that the optimal values for DR and re-
ceive gain may be different for the IAS in vivo. However, the results in
the phantom do suggest that adjusting the receive gain and DR can have
a large impact on how easily the IAS can be observed.

While DS2 and DS3 provided a greater penetration depth than DS1a
and DS1b, this is not expected to have a significant impact in vivo. Even
at the highest frequency, all probes we able to provide excellent contrast
and signal at the typical depth of the IAS.

4.7. In vivo preset optimisation

On the BK 3000, adjusting the FOV and receive gain is performed
using two physical dials. However, adjusting the DR/frequency requires
the mouse, which takes longer and is more difficult to do. For this rea-
son, users rarely adjust the frequency and DR when acquiring patient im-
ages. It is therefore particularly important that the default frequency/DR
at start-up is appropriate. Currently the default start-up settings are: HF
mode, frequency = 13 MHz, receive gain = 50 dB and DR = 70 dB.

While HF mode is appropriate, ideally the system would start at
16 MHz, because this should offer improved resolution at the typical
depth of the IAS.

At an intermediate receive gain, adjusting the DR did not quantita-
tively affect many of the metrics significantly. 65 dB DR is an appropri-
ate default because the LCOD of the first 4 mm anechoic target at 50 dB
receive gain peaked at a DR of 65 dB.

Between receive gains of ~40 dB and ~60 dB, the SNR, CNR, pene-
tration depth and LCOD all varied in unexpected manners. For example,
the LCOD of the first 4 mm anechoic was lower at 50 dB receive gain
than both 40 dB receive gain and 70 dB receive gain (Fig. 15). While
the phantom results may not directly translate to in vivo, it may be ad-
visable to adjust the default to a higher receive gain of 60 dB. This is
still in the middle of the range of available receive gains and multiple
metrics peaked at ~60 dB receive gain.

5. Conclusion

.

The bespoke phantom, in combination with the analysis package,
allows for the rigorous quantitative assessment of 360° US probes
designed for EAUS.

At intermediate receive gains adjusting the receive gain resulted in
the SNR, CNR, penetration depth and LCOD varying in an unex-
pected manner. The reason for this is not known, but because it was
exhibited by all probes it is believed to be related to the BK 3000 US
machine itself and/or an inherent characteristic of the probe design.
The repair of the probe appears to have been successful, with DS1a
and DS1b providing comparable results.

The parameters measured suggest that all probes tested offer an ef-
fective method of assessing the integrity of the IAS. The system offers
appropriate SNR, CNR, LCOD, penetration depth, distance accuracy
and the resolution for EAUS.

The old (DS1a) and repaired (DS1b) probe, appeared to performed
better than the loan (DS2) and replacement (DS3) probes: with a

.

.

.
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shallower focus depth, better visualisation of low contrast targets,
better resolution, and better distance accuracy.

Adjusting the receive gain, DR, frequency and frequency mode had
significant effects on the qualitative and quantitative appearance
of the image. For the machine tested, appropriate start-up settings
would be: HF mode, frequency = 16 MHz, DR = 65 dB and receive
gain = 60 dB. Users should also ensure they adjust both the DR and
receive gain to achieve the optimal image quality.
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