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The assessment of clinical image quality on ultrasound is currently often
subjective. While image quality factors such as contrast response or depth of
penetration can be evaluated semi-automatically, the evaluation of high contrast
resolution requires test objects with specific inserts. The aim of this study
was to evaluate the applicability of image quality metrics which were derived
from Linear System Theory in the field of medical ultrasound imaging. Modular
Transfer Function (MTF) and noise power spectrum (NPS) were determined
on four phantoms. Image quality was assessed using a detectability index
for different diameters. One phantom contained a cylinder filled with water,
which appears as a circle in the US images. The other three phantoms were
homogeneous and consisted of three different materials all based on PVA
(polyvinyl alcohol). The basic phantom material was a 10% PVA hydrogel.
The two other materials included microplastic spheres and starch to increase
echogeneity. NPS and the MTF were determined using MATLAB routines. Two
linear US transducers with bandwidths of 2.4–10 and 4–15 MHz were used to
show the dependence of the index on the principal frequency of the US wave.
The results show that for all phantom materials and object sizes (1–10 mm
diameter), the detectability indices decreased with increasing penetration depth
(from 6 to 10 cm). In addition, all indices of the higher frequency transducer
were higher than those of the lower frequency transducer. When comparing the
different phantom materials (PVA, PVA with starch and PVA with microspheres),
different mean pixel value (MPV) were found, while the standard deviations
for the materials were similar. This enabled us to evaluate the detectability
index at different signal-to-noise ratios (SNR). Measures of image homogeneity
(coefficient of the variance and variation) showed no significant difference to a
commercial phantom (p-values ranging from 0.16 to 1, average p-value 0.5).
These results suggest that the concept of a detectability index can also be
applied to US imaging.
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1 Introduction

Ultrasound has a wide range of applications and is a valuable
tool for doctors in a variety of medical specialties [1]. Diagnostic US
is commonly used to monitor fetal development during pregnancy
(gynecology), visualize abdominal organs (abdominal imaging),
diagnose heart disease (echocardiography) and assess blood vessels
(Doppler and vascular imaging) [2, 3]. Themost critical component
of US equipment is the transducer, which both emits and receives
US waves by converting electrical signals into sound waves
[4]. Transducers come in different types, each suitable for the
specific application, e.g., convex (curvilinear), linear, and intercavity
transducers [5]. Convex transducers provide a wide field of view
commonly used in abdominal imaging. Linear transducers provide
high resolution images often used in vascular examinations [6].

Quality Assurance (QA) is essential in maintaining the
optimal image quality of US devices, ensuring compliance with
manufacturers’ guidelines and regulatory and accreditation agency
standards [7, 8].

Currently, the assessment of clinical image quality on US is
mostly subjective because objective criteria for assessing clinical
image quality have not been fully developed and accepted [9].
While image quality factors such as contrast response or depth of
penetration can be evaluated semi-automatically by software [10],
the evaluation of high contrast resolution requires test objects with
specific inserts, where the observer has to decide which of these
inserts are still visible [11, 12]. Such test objects are essential tools
for assessing the image quality of US equipment [13]. In particular,
tissue-mimicking phantoms designed to replicate the properties of
human tissues are crucial for the validation of imaging techniques
used in quality control and clinical training [14].

However, there are several disadvantages associated with the
use of subjective QA [7]. The results show high variance due to
different observers (objectivity), and from the same observer on
different observations (reproducibility) [15, 16]. As a result, ‘manual’
evaluation of such images is time consuming, especially considering
the low reproducibility that requires a series of images.This problem
is also known from other modalities, notably radiodiagnostics [17].
Here, this limitation has been addressed with the introduction of
image metrics such as MTF and NPS. These metrics can be used to
mathematically derive a specific diameter or thickness that is still
visible. Unfortunately, the direct application of these methods to US
is limited by the non-linear nature of US images.

In [18], a mathematical framework was introduced indicating
that the translation variance of US images is mainly in the axial
direction.The absence of directional dependence can be replaced by
the local translation invariance, which can be used for linear image
metrics within certain lines parallel to the line of piezo elements of
the transducer. An interpolation between the measured lines could
allow for a global application of the image metrics to the interesting
part of the US image.

The computation of MTF and NPS enables the derivation of a
detectability index, as discussed in [19, 20]. This index correlates
with the ability to detect objects of varying sizes. Essentially, it
provides an insight into which contrasts remain perceptible to
human observers at certain object sizes, or, conversely, which object
sizes remain perceptible at certain contrasts. In US, such an index
could be used to assess lesions of different types, which are depicted

as circular or ellipsoidal shapes in the US image plane.This includes
lesions such as cysts and tubular anomalies of different sizes, which
are crucial for the diagnostic interpretation of US images.Therefore,
this quality assessment method is relevant to a wide range of clinical
applications beyond specific diagnostic questions. Hence, this QA
approach would apply to broad clinical areas and is not limited to a
specific clinical question [21, 22].

In this paper, we present measurements of such an index for two
different types of US transducers types. Several phantom materials
were used for the background noise, including a novel phantom
material containing micro spheres that may facilitate the generation
of specific structured noise characteristics.

Based on the findings by Ng et al. [18] suggesting the possible
usability of a detectability index in Ultrasound imaging, despite
it violating the conditions of a linear shift-invariant system, we
evaluated its practical applicability. The feasibility of a detectability
index, which is well established in radio-diagnostics was thus tested
in the field of US imaging. The MTF was measured using an
established method by [23, 24]. As the spatial resolution of US
images depends on the frequency used, we calculated the index for
different penetration depths with transducers operating at different
main frequencies.

A preliminary version introducing some concepts was presented
at the SPIE Medical Imaging Conference 2024 [25].

2 Methods

2.1 Phantom fabrication

2.1.1 Phantom base material
The ultrasound phantoms used PVA (polyvinyl alcohol) as the

base material, a synthetic polymer commonly utilized in tissue-
like phantoms. The production protocol followed the procedures
described in [26] and [23].

We produced three homogeneous phantom materials using
three different materials: PVA, PVA with starch, and PVA with
microcapsules. For the MTF phantom which contains an empty
cylinder, that appears as a circle in the ultrasound image, we
also used PVA with starch. The phantom with different materials
is shown in Figure 1.

For all materials, 10% PVA powder (degree of hydrolysis greater
than 99 percent, averagemolecular weight 85,000 to 124,000, Sigma-
Aldrich, St. Louis, MO, United States catalog nr 363146) was
mixed into demineralized water. To prevent bacteria and fungal
inversion, we add 0.2%methyl-4-hydroxybenzoate (Sigma-Aldrich,
Karnataka, India).

2.1.2 PVA hydrogel preparation
The phantom base material was continuously mixed at 253 rpm

at 85°C until the PVA was completely dissolved. The mixing
temperature was carefully monitored with a thermometer keeping
the temperature range between 75°C and 85°C. After mixing
the solution for 2 hours, the solution was cooled down to room
temperature. The viscosity of the mixture was similar to that of
honey. The solution was reheated in an oven for 60 min at 85°C to
remove air bubbles [27].
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FIGURE 1
The US phantoms used: (A) MTF phantom, (B) PVA phantom, (C) PVA with starch phantom, and (D) PVA with microcapsules phantom.

For the PVA with starch phantom material, we added 1%
lab starch (Sigma-Aldrich, St. Quentin, Fallavier, France) to the
phantom base material, which introduced additional background
scatter and increased attenuation.

For the PVA-microcapsule phantom, we added 1% core-shell
microcapsules filled with silicone oil (with a viscosity of 10 cSt)
to the phantom base material and surrounded by a polymer shell
made of UV-curable resin. These microcapsules were included
to enhance background scatter [28] and increase attenuation in
the US image [29]. The core-shell microcapsules were created by
mixing resin, silicone oil, and 1% PVA in a water solution at
10,000–20,000 rpm for 2 min. This mixture was then exposed to
UV light for 5 min to harden the polymer shell, following the bulk
emulsion method as described in [30, 31]. The PVA-microcapsule
mixture was stirred at room temperature until the solution was
completely dissolved.

2.1.3 Phantom freeze-thaw-cycles
Once the solutions cooled to room temperature, they were

poured into a PMMA mould. The four phantoms were then placed
in a refrigerator at −20°C for 20-hour freezing periods. After that,
they were returned to the +6°C refrigerator for 20 h (1 freeze-thaw
cycle = 40 h). After thawing, the phantoms were stored in water
permanently to avoid shrinking and deformations. The PVA and
PVA with starch phantom materials were subjected to four freeze-
thaw cycles, PVA with microcapsules to one freeze-thaw cycle. In a
freeze-thaw cycle the properties of PVA hydrogels are significantly
affected by the gelation parameters. More gelation points lead to a
stronger gel with increased cross-linking density and homogeneity
of the phantoms. As the number of freeze-thaw cycles increases,
more PVA chains are driven towards polymer-rich regions, leading
to enhanced crystallization and gelation processes, which affect the
homogeneity of the ultrasound phantom [32].Thenumber of freeze-
thaw cycles was chosen to achieve a satisfactory homogeneity of the
phantommaterial.Thephantom fabrication process, the freeze-thaw
procedure and the US image acquisition is shown in Figure 2.

2.2 Ultrasound transducers

AGE Voluson E6 US system was used (General Electric, United
States, Chicago, Illinois), equipped with two GE multi-frequency
linear transducers: the 9L-D with a bandwidth of 2.4–10 MHz
(transducer 1) and an ML6-15-D with a bandwidth of 4–15 MHz

(transducer 2). Both transducers were operated at their regular
frequency. The grey level function was set to 1 (linear relationship),
and all filters (colour, line, enhance and reject) were disabled.
Persistence (the averaging of a series of images to eliminate artefacts)
was set to the maximum value of eight.The gain was maintained at a
constant value (Gn= 0) for all images. Dynamic and focuswere set to
1. During the imaging, we varied the depth of penetration (6, 8, and
10 cm) in both transducers.This approach permitted the assessment
and comparison of image quality and penetration capabilities across
varying depths.

2.3 Determination of the MTF

The phantom used for the MTFmeasurement was made of PVA
with starch material and had a hollow cylinder that filled with water
when the phantom was immersed in water. This cylinder appeared
as a circle in the ultrasound images.

The process of determining the MTF was according to the
method described by Kaar et al. [23] and, more recently, by Strocchi
et al. [24]. Initially, the user selects a rectangular area containing the
cylindrical target together with a surrounding area of appropriate
size. Subsequently, this area is automatically cropped to form a
square region. A roll-out procedure (see Figure 3) is then applied,
which rotates the image and extracts a line of pixels.The boundary
between the high and low intensity regions is then determined.
Due to the elasticity of our specific US phantom and potential
image distortion, this boundary is not a perfect circle. For each
pixel line in the unrolled image, a derivative of the grey values
is calculated. The minimum of this derivative is taken as a point
on the boundary between the light and dark areas. The pixel
lines are then shifted in order to have the intensity leap at the
same vertical position. To refine this vertical line, we apply a
smoothing algorithm that also eliminates outliers. This is achieved
by local regression using weighted linear least squares and a second-
degree polynomial model. The MTF is then derived from the Edge
Spread Function [33].

2.4 Determination of normalized noise
power spectrum (NNPS)

The NPS was determined using a modified Matlab function
referenced by [34]. A region of interest (ROI) of size 145×
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FIGURE 2
The phantom fabrication process, the freeze-thaw procedure and the US image acquisition.

FIGURE 3
Determination of MTF. On the left-hand side, the image of the cylinder is displayed together with the manually defined ROI. Within this ROI, the
boundary of the circle is automatically detected and then rolled out and shifted (left side)).

145 pixels (see Figure 4) was manually positioned in the US
image, with 25 sub-images extracted at dimensions of 48×
48 pixels within this ROI. NPS calculations were performed
for each sub-ROI average and multiplied by a Hann tapering
filter. Finally, the 2-dimensional symmetric NPS was converted
from Cartesian to radial coordinates and normalized by
dividing the NPS by the squared mean pixel value of the
ROI (=NNPS). The flow chart of MTF and NNPS calculation
is shown in Figure 5.

2.5 Detectability index d’

Finally, the detectability index d’ as a measure of image quality
was calculated by [20].

d′ =
√2πC∫S2 (u)MTF2 (u)VTF2 (u)udu

√∫S2 (u)MTF2 (u)VTF4 (u)NNPS (u)udu

. (1)
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FIGURE 4
Determination of NPS. The right image shows the cropped ROI from the original US image (left).

FIGURE 5
The flowchart of the MTF and NPS calculation process. The left image (A) shows the MTF calculation process and the right image (B) shows the NPS
calculation process.

The equation can be split up into two parts, the relative
contrast C, which is independent of the size of the object (i.e.,
the contrast for large objects) and the size dependent factor κ

including all the image metrics defined in the frequency space.
Therefore, Equation 1 can be written as

d′ = C ⋅ κ (2)
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with

κ =
√2π∫S2 (u)MTF2 (u)VTF2 (u)udu

√∫S2 (u)MTF2 (u)VTF4 (u)NNPS (u)udu

. (3)

The signal spectrum S for the discs of different diameters
was defined by the first-order Bessel function of the first kind.
The relative contrast was determined by measuring the mean
pixel value (MPV) of the background and an anechoic target:
C = (MPVbackground −MPVtarget)/MPVbackground. For the sake of
simplicity, the MPV of the anechoic target was set to zero.
Consequently, the index d’ is reduced to κ.

The visual transfer function (VTF) representing the contrast
sensitivity of the human eye and the visualisation conditions is given
in a functional form by

VTF(uc) = k1u2cexp(−uc/k2) ,

whereuc is the spatial frequency in cycle/degree [35], with k1 = 0.605
and k2 = 1.748 [36]. With a typical viewing distance of 40 cm the
VTF curve has been converted to

VTF (u) = 29.5 ∗ u2exp (−4u) ,

where u is the spatial frequency in cycles/mm.

2.6 Dependence of the detectability index
on the transducer and the penetration
depth

We used three different penetration depths for the NNPS
measurement (6, 8 and 10 cm). For each depth, the focus was
positioned in the middle of the image. The ROIs for determining
the NPS were then positioned in the center of the focal range.
Detectability indices were then calculated using the resulting NPSs
with the corresponding MTFs (with respect to penetration depth
and frequency). To determine the error bars for the results, we used
fiveMTF and NNPS images and calculated the index independently
for each transducer. The error bars shown in the figures correspond
to 2 ⋅ σ.

2.7 Homogeneity of three phantom
materials

In ultrasound QA it is common to evaluate the homogeneity
(or uniformity) simply visually [37, 38]. To calculate and compare
the homogeneity of the phantoms we applied methods previously
described by [39]. Here, the variation and standard deviation of
the background-signal-to-noise ratio (bSNR) are calculated. These
are determined from regions of interest that are shifted over
the region of assumed uniformity. For this purpose, six square
ROIS of equal length were defined at two focus distances from
the US probes. These squares were systematically moved with
a step size equal to half of their length, while maintaining a
roughly 20-pixel margin from both the left and right sides of the

image and the mean pixel value (MPV) within each ROIs was
determined. Three different penetration depths were applied (6, 8,
and 10 cm). For each depth and focus position, the mean bSNR,
the standard deviation of the bSNRs and the coefficient of the
variance (Cov = σbSNR/meanbSNR) were calculated. In addition, the
variation was determined as defined in the EUREF protocol [39] by
(maxbSNR −minbSNR)/minbSNR. These numbers were then compared
with the results of an evaluation of a commercial reference
phantom (ATS-550 phantom, ATS Laboratories, Bridgeport, CT,
United States).

3 Results

3.1 The detectability index d’

Figure 6 illustrates the detectability indices corresponding
to the homogeneous phantom made of pure PVA and three
penetration depths for object sizes of 1–10 mm. ROIs were
positioned at two distances from the scan head (top and middle).
Detectability indices decreased consistently across all phantom
materials and object diameters with increasing penetration
depth (6–10 cm) for both transducer types. Furthermore, the
detectability indices increased with increasing object diameter
(1, 2, 3, 4, 5, 6, 8, 10 mm) for both transducer types. Figure 7
displays the corresponding indices for the phantom made of
PVA and micro-particles, Figure 8 shows the results for the
PVA-starch phantom.

3.2 Comparison of the homogeneity in
dependence of the phantom material

Tables 1, 2 show the coefficients of variance (Cov) and the
variations as defined in the EUREF protocol [39] for the three
different phantom materials (PVA, PVA with starch, and PVA with
microspheres) at three penetration depths (6, 8, and 10 cm) for two
focal positions (top and middle).

No significant differences were found comparing the reference
phantom with the other phantoms individually for the three depths
nor comparing the averages of the reference phantomwith the values
of the other phantomsover all depths (Wilcoxon tests, p-values range
from 0.16 to 1, mean p-value is 0.5).

Figure 9 shows a typical RIO for each material.
While the standard deviation is similar for each mate-
rial (σreference−phantom = 10.7,σPV A−phantom = 11.4,σmicrocapsule−phantom
= 11.4,σStarch−phantom = 12.7), the signal (i.e., MPV) varies due to the
different echogenicity (MPVreference−phantom = 59.8,MPVPV A−phantom
= 67.5,MPVmicrocapsule−phantom = 122.3,MPVStarch−phantom = 156.0).

4 Discussion

The detectability index used revealed the expected behavior
across various test scenarios depending on the frequency utilized.
When adjusting for greater penetration depths, the frequency must
be reduced to mitigate attenuation effects, as the system has to
reduce the main frequency for lower attenuation. This relationship
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FIGURE 6
Detectability indices with ML6 and 9L transducers and PVA phantom. All values decrease with increasing penetration depth.

FIGURE 7
Detectability indices with the micro-sphere phantom.

FIGURE 8
Detectability indices with the PVA-starch phantom.
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TABLE 1 The variation of the bSNR of 3 different phantommaterials in 3
penetration depths (6, 8 and 10 cm) within two image focus positions
(top and middle).

Material Focus
position

6 cm 8 cm 10 cm

Reference phantom 0.16 0.17 0.16

PVA phantom
top 0.14 0.16 0.25

mid 0.13 0.10 0.17

PVA starch
phantom

top 0.20 0.23 0.04

mid 0.22 0.15 0.33

PVA micro-sphere
phantom

top 0.10 0.02 0.06

mid 0.07 0.09 0.14

TABLE 2 The Cov in percent of the bSNR of different phantommaterials
in 3 penetration depths (6, 8 and 10 cm) within two image focus
positions (top and middle).

Material Focus
position

6 cm 8 cm 10 cm

Reference phantom 5.61 6.08 5.39

PVA phantom
top 5.12 5.43 8.68

mid 4.74 3.14 6.65

PVA starch
phantom

top 6.67 8.03 1.55

mid 8.38 5.52 9.96

PVA micro-sphere
phantom

top 3.26 0.95 1.96

mid 2.91 2.88 5.34

is also reflected in our results data: the greater the penetration
depth, the lower the detectability index for all measurements. To
cover the clinical range of application we positioned the (single)
focus at a depth in the middle of the images. Furthermore, the
index was consistently higher with the high frequency transducer
2 (ML6) compared to transducer 1 (9 L), as expected from
the theory.

These results can be translated to any clinical setting by
computing the detectability index from the given κ when the
distinct object to be detected is an anechoic structure such as
a liquid in a vessel. Here, only the MPV of the background
(e.g., the liver issue) has to be measured. Since the MPV of the
liquid is assumed to be zero, the index is simply given by the
product of κ and the measured MPV of the tissue. Potential
improvements can then be quantified by comparing the index from
different settings.

For further evaluation, the index needs to be calibrated and
cross-checked with human readers using a contrast phantom to
convert the index values to threshold diameters. This can be done
using a calibration phantom as described in [40] which consists

of cones made of different material compositions resulting in
different echogenicities and therefore different MPVs in the images.
By determining the smallest radius of the cone just visible in
dependence of the contrast, a correlation can be derived from
which the smallest just visible object can be determined given
a calculated index. Once this has been achieved, our method
can replace contrast-detail evaluation in existing quality assurance
protocols [8].

The error bars (two sigmas) are relatively small, and the
main source of error is due to the measurement of the NNPS.
By establishing a single focal point, the range of homogeneous
depth is approximately the same as that required to calculate the
NNPS. Consequently, low-frequency components of the NNPS can
be influenced by inhomogeneous components at the edge of the
homogeneous region.

The homogeneity of the phantom material was similar for all
phantoms and comparable to the commercial reference phantom.
We have introduced a variation definition as it is used to evaluate
the homogeneity of mammography images [39] where the limiting
value is set to 0.10 to meet the standards. The X-ray imaging
process generates smoother and adaptable noise, and therefore the
homogeneity of mammography is expected to be much better than
for US imaging. Therefore, we cannot use the same limiting value
and had to determine the limiting value from commercial phantom.
For bothmetrics, the homogeneity measures were in the same range
as for the commercial phantom.

Our study has several limitations, firstly, the number of freeze-
thaw cycles required during production affected the homogeneity
of the phantom [32]. To create the homogeneous starch phantom,
we mixed 10% PVA with 1% Lab starch and subjected it to several
freeze-thaw cycles [23, 32]. Unfortunately, achieving homogeneity
required at least four freeze-thaw cycles, which caused the phantoms
to shrink and become smaller. Secondly, we found impurities in the
PVA materials, contributing to the lack of phantom homogeneity.
Microscopic examination of the PVAmaterials revealed the presence
of metallic impurities mixed with the PVA materials. This impurity
could have a significant impact on the manufacturing process and
affect the overall homogeneity of the phantom [41]. Finally, there
is the limitation of the proprietary materials used (PVA, starch,
micro-sphere), where the constituents of these materials are not
defined. It is difficult to precisely track back specific properties
[42, 43], particularly the generated acoustic artifacts, back to the
material composition. In addition, future studies should investigate
the fabrication of contrast phantoms with different echogenicities
and evaluate their physical properties and image quality [40].
By exploring different materials and compositions, we can better
understand and optimize the performance of US phantoms for
different applications [43, 44].

The newly introduced recipe using micro-spheres proved to be
practical and gave satisfactory properties in terms of homogeneity.
The superiority of this material over the others could theoretically
be due to the possibility that these beads are also visible on MR
and could therefore be used as phantom materials in hybrid US-
MRapplications.Unfortunately, the concentration of beads usedwas
too low to be visible on MRI. On the other hand, increasing the
concentration to the amount needed to produce a sufficient signal
in MRI (about 20%) would result in too high US attenuation.
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FIGURE 9
The homogeneity ultrasound image of four US phantom materials: (A) reference phantom (MPV = 59.8,σ = 10.7), (B) PVA phantom (MPV = 67.5,σ = 11.4),
(C) PVA-microcapsule phantom (MPV = 122.3,σ = 11.4 and (D) PVA-starch phantom (MPV = 156.0,σ = 12.7) at the same US setting. Due to the different
echogenicity of the materials, the signals (MPV) are different but the standard deviations are very similar.

5 Conclusion and outlook

The results for the detectability index suggest that this concept
can also be applied to US images. Using such concepts, standardized
objective imagequalityassurancemethodssimilartothoseknownfrom
conventional x-ray imaging and mammography imaging can also be
applied to medical US. As time-consuming subjective QA methods
are currently used, this should facilitate routine QA evaluation.

We were able to produce different phantom materials with
satisfactory homogeneity at the same noise level whichwas verified by
the use of two established measures from [39]. As the materials had
differentMPVs, wewere able to test ourmethod for a variety of SNRs.
We also presented a novel material composition for US phantoms,
which incorporates core-shell micro-spheres filled with silicon oil of
a viscosity of 10 cSt. This inclusion serves to enhance background
scatter and increase the attenuation properties. We have also applied
establishedX-ray imagemetrics to theUS images, demonstrating their
effectiveness in assessing image quality for US applications [43, 44].

A further development step for a possible US QA phantom
applying the concept of a detectability index could include a three
dimensional contrast detail phantom. With such a phantom the
detectability indices could be calibrated to a human reader. By
changing the material composition layer by layer in one direction,
acoustic properties continuously vary in this direction, resulting in
a varying signal. In the perpendicular direction the spatial frequency
would be varied.The transducer plane is applied orthogonally which
allows to define limit contrasts values and their conversion in
detectability index thresholds.
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