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Abstract – This study compares subjective and objective 
approaches for measuring low contrast penetration (LCP) in 
ultrasound (US) quality assurance (QA). Thirty repeated 
phantom tests were conducted using two linear, and one 
curvilinear probe. An objective single phantom image (SPI) 
method determined the depth of penetration from signal-to-
noise ratio (SNR) curves using a polynomial fit and defined 
thresholds. SPI measurements showed markedly lower 
variability (standard deviation (SD) < 2 mm) compared to 
manual measurements (SD up to 9 mm). Agreement between 
methods was strongest for the curvilinear probe. The findings 
support integrating objective LCP analysis into routine US QA 
programmes. 

Keywords – ultrasound, low contrast penetration, automated 
methods, quality assurance. 

I. INTRODUCTION  

Low contrast penetration (LCP) testing evaluates an 
ultrasound (US) system’s sensitivity by measuring the depth 
at which speckle signals are distinguishable from the 
background scattering material in a phantom [1]. It is a 
critical parameter for identifying gradual performance 
degradation over time, often preceding visible artefacts or 
system failure [2,3]. According to professional standards 
such as IPEM Report 102 [4] and AAPM Report No. 1 [5], 
LCP assessment is typically assessed visually by measuring 
the depth at which the last discernible structure is observed. 
However, this subjective approach introduces inter- and 
intra-observer variability, dependent on experience, visual 
acuity, and ambient conditions such as display brightness or 
room lighting. 

To mitigate this subjectivity, objective computational 
methods have been proposed, with Gorny et al. (2005) [6] 
introducing the single phantom image (SPI) approach for 
deriving depth of penetration (DOP) from quantitative 
image analysis. The SPI method computes signal-to-noise 
ratio (SNR) profiles across depth and defines the 
penetration limit as the depth at which the SNR falls below 
a predefined threshold. Despite its promise, few studies 
have compared SPI-derived DOP values against manual 
measurements in routine quality assurance (QA) settings. 

This study aims to evaluate the consistency and 
reliability of the SPI method against traditional visual 
estimation for different US probe types, thus determining its 
suitability as a standardised, observer-independent measure 
of LCP. 

II. MATERIALS AND METHODS 

Data Acquisition 
US uniformity images were acquired from thirty repeated 

US phantom scans performed using the same single 
diagnostic system at the Medical Imaging Department of 
Mater Dei Hospital, Malta. Three probes were assessed: 
i18LX5, i24LX8 (linear), and i8CX1 (curvilinear). Each 
scan maintained consistent imaging parameters, including 
depth, focus, and gain settings, while minor variations in 
time-gain compensation (TGC) were recorded. For the 
curvilinear probe, the maximum analysis depth was limited 
to 170 mm to exclude reverberation artefacts from the 
phantom base. 

Manual Method 
Five  medical physicists (MPs) (MP1–MP5) 

independently reviewed stored images and recorded the 
DOP at which the final visible structure could be identified. 
Observer experience varied from <1 year to >8 years, 
providing a broad representation of practical variability. 

Objective Method 
The SPI analysis was implemented in Python. For each 

test, the SNR was computed as the ratio of mean pixel value 
(MPV) within the phantom to the background noise from an 
in-air region, using a vertical line profile across image depth 
(Eq 1) [6]. The tail region of the SNR curve, beginning after 
the maximum signal, was fitted using a second-degree 
polynomial. The DOP was then determined as the depth 
where the fitted curve intersected the SNR threshold (4.5 for 
linear, 1.4 for curvilinear probes), as described by Gorny et 
al. (2005) [6]. Figure 1 shows an example of the curve-
fitting process, for the i18LX5 probe. Equation 1 shows the 
calculation for the SPI method. 

 
SNR(d) = µ1(d) ÷ µa(d)                                                       (1) 
 

where µ1(d) is the MPV for the phantom image, and 
µa(d) is the MPV of the in-air image, both at depth d. 

Statistical Analysis 
Descriptive statistics were computed for both manual and 

SPI-derived DOPs. Standard deviation (SD) was used as a 
measure of repeatability. Inter-observer variability was 
evaluated, and comparisons between objective and 
subjective methods were analysed across probe types. 
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Software-related uncertainty arising from ImageJ-based 
measurements was estimated at ±0.001 mm. 

 

Fig. 1 Graph of SNR vs Depth for i18LX5 probe (test 1) 

III. RESULTS 

The SPI method demonstrated markedly lower variability 
across all probe types, with SD below 2 mm compared to 
manual values that reached SD of 6-9 mm, especially 
among less experienced observers. For the linear probes 
(i18LX5, i24LX8), SPI-derived DOPs were consistently 
lower (~30-50 mm) than manual readings (~60-70 mm), 
reflecting the stricter SNR threshold criterion. In contrast, 
for the curvilinear probe (i8CX1), agreement between 
manual and SPI DOPs was stronger (130-165 mm), aligning 
with expectations for lower-frequency transducers that 
exhibit slower signal attenuation. Less experienced MPs 
(MP5) yielded inconsistent readings, further illustrating the 
subjectivity of visual interpretation. Table 1 shows the 
automated and manual DOP measurements, performed by 
each MP, for the i8CX1 probe. 

 
Table 1: i8CX1 curvilinear probe automated and manual DOP (mm) 

measurements 
Test 
no. 

SPI MP1 MP2 MP3 MP4 MP5 

1 138.06 157.35   150.11 147.91 157.62 144.00 
2 141.83 156.40  162.88 145.13 152.04 150.35 
⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ 

30 144.05 162.58   154.27 141.65 155.29 142.44 
Mean 145.89 158.20  157.46 143.36 154.36 146.66 
SD 3.75 2.99 3.80 2.39 2.96 12.54 
 
Figure 2 shows a plot of both manual and automated 

DOP measurements for each test, for the i8CX1 probe. 
 
Similarly, tables 2 and 3 show the automated and manual 

DOP measurements, for the linear i18LX5 and i24LX8 
probes respectively, while figures 3 and 4 display plots of 
both manual and automated DOP measurements for each 
test, for the i18LX5 and i24LX8 probes respectively. 
 

Fig. 2 DOP measurements for each test for the i8CX1 probe 
 
 

Table 2: i18LX5 linear probe automated and manual DOP (mm) 
measurements 

Test 
no. 

SPI MP1 MP2 MP3 MP4 MP5 

1 43.46 53.48   49.13 64.02 52.41 52.26 
2 46.45 52.80  59.56 67.79 58.85 64.22 
⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ 

30 46.56 51.44   51.51 64.08 52.32 63.74 
Mean 46.45 56.99   54.55 66.93 54.73 64.09 
SD 1.88 2.67  3.10 1.13 2.61 7.73 
 
 

Fig. 3 DOP measurements for each test for the i18LX5 probe 
 
 

Table 3: i24LX8 linear probe automated and manual DOP (mm) 
measurements 

Test 
no. 

SPI MP1 MP2 MP3 MP4 MP5 

1 29.50 56.79 58.27 54.87 58.18 78.03 
2 30.18 59.49  46.47 54.77 58.41 68.59 
⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ 

30 29.86 60.91   55.13 55.49 57.60 61.12 
Mean 30.22 57.09   54.44 55.10 55.66 42.22 
SD 0.89 1.63 3.82 1.21 2.83 11.69 
 
Table 4 demonstrates the coefficient of variance (COV) 

produced by both methods, for each probe. Equation 2 
shows the calculation for the COV. 

 
COV = (σ ÷ µ) × 100%                                                      (2) 
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 where σ is the standard deviation, and µ is the mean, of 
recorded DOP measurements, for each probe. 

 
 

Fig. 4 DOP measurements for each test for the i24LX8 probe 
 
 
Table 4: COV (%) for each probe 

 i18LX5 i24LX8 i8CX1 
SPI 4.04 2.96 2.57 
MP1 4.68 2.85 1.89 
MP2 5.68 7.10 2.41 
MP3 1.69 2.20 1.67 
MP4 4.77 5.08 1.92 
MP5 12.06 27.68 8.55 

IV. DISCUSSION 

The findings confirm that the SPI method provides a 
more stable and repeatable measure of LCP than manual 
assessment. Manual readings demonstrated significant inter-
observer variability, primarily linked to experience level 
and visual acuity of faint echoes. Less experienced 
participants tended to overestimate DOP by identifying faint 
residual patterns below the noise threshold. 

In the SPI method, DOP underestimation in high-
frequency linear probes arises from steeper attenuation and 
the use of a second-degree polynomial fit, which may not 
optimally capture the complex decay of the SNR tail. 
Alternative curve-fitting approaches, such as exponential or 
spline models, could better model the asymptotic decline of 
the signal. The TGC slider positions were noted, to be 
replicated for each image, to achieve consistency. However, 
given that the images were taken on different consecutive 
days, each time the TGC were readjusted to the initial 
positions recorded, which may have contributed to some 
variations. Therefore, reinforcing the need for a fixed TGC 
preset for routine QA to avoid any variations. 

Although the SPI implementation employed a simplified 
vertical line profile, it effectively met the purpose of the 
LCP test, which is to monitor consistency across repeated 
acquisitions rather than determining absolute imaging 
limits. The low SD values indicate that the SPI method is 
well suited for longitudinal QA applications. 

The results are consistent with prior findings by Gorny et 
al. (2005) [6], Gibson et al. (2001) [2], and Fiori et al. 
(2023) [7], which similarly emphasise the value of objective 
SNR-based assessment in maintaining QA reliability. While 
the SPI method’s simplicity may limit precision at 
significant depths, its automation potential and 
reproducibility make it a promising tool for LCP 
evaluations. 

V. CONCLUSIONS 

The objective SPI method demonstrated superior 
repeatability and lower measurement variability than 
subjective visual assessment across multiple US probes. 
Agreement with manual results was strongest in the 
curvilinear probe, where attenuation effects are less 
pronounced. Differences between methods were 
accentuated in high-frequency probes, underscoring the 
need for consistent system settings. The study supports 
integration of SPI-based analysis into US QA protocols to 
ensure consistent, and observer-independent evaluation of 
imaging depth performance. 

VI. RECOMMENDATIONS 

To enhance precision, future research should: 
• Explore higher-order or adaptive curve-fitting models. 
• Incorporate machine learning approaches to automate 

threshold detection and region of interest (ROI) 
selection. 

• Standardise imaging settings, including TGC, across 
QA sessions. 

• Expand the study across multiple US systems and 
phantom types to validate generalisability. 
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