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Abstract

This study aims to evaluate the measurement accuracy of computed tomography
(CT) systems, focusing on the necessity of using calibration phantoms for enhanced
precision. Both clinical CT and micro-CT systems were evaluated using a specially
designed two-ball phantom, which provides a reliable reference for spatial resolution
and geometric accuracy. The study involved scanning the phantom with two micro-CT
devices (the oversize micro-CT SkyScan 1173 and the high-resolution micro-CT
SkyScan 1272) and a clinical CT device, a third-generation dual-source CT scanner
(SOMATOM Force), measuring the distance between the centres of two ruby balls.
The results showed significant differences in measurement accuracy between the
devices. The high-resolution micro-CT provided the most consistent measurements
with minimal variance, indicating its superiority in applications requiring high preci-
sion. In contrast, the oversize micro-CT exhibited larger errors, particularly at smaller
voxel sizes, suggesting that internal calibration affected its accuracy. The dual source
CT system had the smallest mean error but a larger standard deviation, indicat-

ing less consistency compared to micro-CT systems. Calibration with the two-ball
phantom improved measurement accuracy across all devices. This improvement
underscores the importance of using calibration phantoms to ensure accurate mea-
surements, especially in fields that require high precision, such as clinical diagnos-
tics and materials science. We concluded that routine calibration with phantoms is
essential to achieve high measurement accuracy in CT imaging, thereby increasing
the reliability of CT-based analyses in various disciplines.

Introduction

Computed tomography (CT) represents a gold standard in imaging procedures for
a multitude of clinical issues. The scan data obtained is often used to measure var-
ious structures non-invasively and in high resolution. In particular, micro-computed
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tomography (micro-CT) has demonstrated its value in a number of fields, offering the
ability to visualise smaller samples in high resolution. Such common imaging indications
include clinical applications such as bone or tooth analysis [1—7] and forensics [8], as
well as also material sciences [9—15], mineral and soil sciences [16—19], life sciences
[20—22] and the visualisation and measurement of various animal models [23—-30].

In both types of scanners, namely the dual-source CT and the micro-CT, X-rays
are emitted from a cathode in the beam direction towards a detector. The dimensions
of the sample observed on the detector are contingent upon its position between the
X-ray source and the detector itself. A series of projection images is captured from
varying angles, which can then be used to generate cross-sectional images. The
resulting size of the three-dimensional pixels (voxels) is typically determined by the
calibration of the respective devices [31]. It is anticipated by device users that scans
will be highly accurate, produced by factory-calibrated scanners without the use of
further phantoms [25,32—-34]. Typical pre-scan calibration steps only include stage
alignment and flat-field corrections [35], however the usage of calibration objects is
recommended [36,37].

This raises a critical question regarding the metrological accuracy of mea-
surements derived from CT or micro-CT scans. While users often trust the
factory-calibrated settings of their devices, the actual accuracy may vary. It is there-
fore crucial to determine if further improvements are necessary through scans of a
calibrated phantom. It is important to distinguish metrological accuracy—the correct-
ness of a length measurement—from spatial resolution, which is the ability to distin-
guish fine details and is often tested with different tools like line-pair phantoms. The
objective of this study is therefore to examine the measurement accuracy of different
CT devices and to determine the necessity and effectiveness of using a calibration
phantom to correct for systematic errors. The use of a ruby two-ball phantom, man-
ufactured for the evaluation of spatial resolution and overall precision in CT imaging,
allows for the empirical determination of the differences in performance of the sys-
tems (Fig 1). By establishing a fixed distance between the two spheres, the phantom
serves as a reliable point of reference for calibrating the system’s spatial resolution
and geometric precision. A different phantom, which measures the distance from
edge to edge, would exhibit either softer or harder edges, which would depend on
the windowing adjustment in the scan reconstruction (Fig 1B). As a result, the mea-
sured length would be different. This would also entail a change in the distance to be
measured. Consequently, a two-ball phantom is employed. The distance between the
centres of the balls is measured, as this distance is not affected by the windowing.

It is anticipated that the highest level of measurement accuracy will be observed in
micro-CT devices, while a greater degree of measurement inaccuracy will be evident
in clinical CT, primarily due to the inferior resolution.

Materials and methods
Two-ball phantom

A two-ball phantom with a nominal 20 mm separation (ICT calibration sphere 20mm
18040105, Goekeler Messtechnik GmbH, Lenningen, Germany) was utilised to

PLOS One | https://doi.org/10.1371/journal.pone.0332263 September 25, 2025 2/15




19.89 mm 1.81m

center

CFRP rod

Ruby ball

——2.0 mm

19988320.00

Fig 1. Two-ball phantom for CT calibration. (A) 3D rendering and (B) schematic image of a two-ball phantom. (C) For calibration purposes, the dis-
tance between the centre of the balls is used, as the outer edge may appear smaller or larger depending on the windowing in the image reconstruction
(black arrows). The distance between the two spheres can be measured in 2D (D) or in 3D using matching spheres (E).

https://doi.org/10.1371/journal.pone.0332263.9001

assess the measurement accuracy of the CT systems. The phantom is composed of two high-precision ruby spheres,
each with a diameter of 2mm, connected by a CFRP rod (Fig 1). Ruby was chosen due to its ideal properties for X-ray
tomography: it is extremely hard and chemically stable, and its high density and uniform composition provide excellent
contrast and sharply defined edges in the resulting images. The definitive distance between the centres of the spheres
is 19.89221 mm, a value certified by the German Accreditation Service (DAKKS; certificate: 49520) with a measurement
uncertainty of only 0.0008 mm at a standard temperature of 20°C. This extremely low uncertainty confirms the phantom
as a reliable gold standard for our study, ensuring that any measured deviations originate from the CT systems, not the
phantom itself. The phantom was fixed in place using parafilm and styrofoam (for details see [38]).

CT scanning and reconstruction

The two-ball phantom was scanned in two micro-CTs (the tabletop oversize micro-CT SkyScan 1173 & the tabletop
high-resolution micro-CT SkyScan 1272, Bruker, Kontich, Belgium) and a clinical system, a third-generation dual-source
CT scanner (SOMATOM Force, Siemens Healthineers, Forchheim, Germany) (Table 1). Scans were conducted at an
ambient temperature of approximately 20°C to match the phantom’s certification conditions and minimize any potential for
thermal expansion artifacts.

In each case, a central and a peripheral position were selected. For the micro-CT scans, the voxel size was divided into
three positions, designated as near, middle, and far, by positioning the sample holder (Table 2). Each combination was
measured seven times, resulting in a total of 98 scans. The X-ray projection images were saved in 16-bit TIFF (micro-CT)
format or as DICOM (dual-source CT). Reconstructed cross-sectional images were stored in 8-bit PNG format using the
software NRecon (NRecon 1.7.5.0, Bruker).
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Table 1. Overview of the used CT systems.

Oversize micro-CT High-resolution micro-CT Dual-source CT
Device name SkyScan 1173 ScyScan 1272 SOMATOM Force
X-ray source 40 - 130 kV 40 - 100 kV 70 - 150 kV
Spot size <5um <5um 0.4 x 0.5 mm
Detector type Flat panel sensor Flat panel sensor StellarInfinity
Detector size 112 x 112mm, 36.9 x 36.9mm 52.5mm

2240 x 2240 pixel 4096 x 4096 pixel 1024 x 4096 pixel
Spatial resolution (10% MTF) 7 um <5um 0.24 mm
Minimal voxel size 4 um <0.45um <100 um/ 400 ym

https://doi.org/10.1371/journal.pone.0332263.t001

Table 2. Scanning and reconstruction parameters of the used CT systems. The dynamic range refers to the mapping of attenuation values to

the 8-bit output scale during reconstruction of micro-CT scans.

Oversize micro-CT High-resolution micro-CT Dual-source CT
Source voltage 110 kV 100 kV 80kV, 150 kV
Source current 72 pA 100 pA 140 pA
Voxel size 11.021738 um 6.000049 uym 97.6563 um/ 400 um
14.932675 pm 13.000197 pm
19.909299 pm 22.999939 um
Exposure time 1100 ms 3212 ms -
Rotation step 0.3° 0.3° Continuous (0.6 mm)
Use 360 rotation No (180°) No (180°) Yes
Frame averaging 4 4 -
Filter Aluminum (1 mm) Aluminum (1mm) Tin filter
Dynamic range/ windowing 0.00-0.03 0.00-0.03 W: 300, C: 40
Ring artifact correction factor 8 7 -
Beam hardening correction 30% 33% -

https://doi.org/10.1371/journal.pone.0332263.t002

Analysis of scan data

The two-ball phantom scans were analysed in two and three dimensions. The 3D analysis was conducted using
Amira-Avizo 2022.1 (Amira-Avizo 2022.1, ThermoFischer Scientific, Waltham, USA). The two ruby spheres were seg-
mented using either a grey threshold of 80—255 (dual-source CT scans) or Otsu partitioning (micro-CT scans) and then
marked with a fitted sphere. The centre-to-centre distances of the spheres were calculated for each scan (Fig 1E). For 2D
evaluation, the scans were first aligned in the DataViewer software (DataViewer 1.7.0.1, Bruker) and an image in which
both spheres were positioned at the centre was saved for further evaluation. The distances between the centres of the
spheres in the 2D image were then measured in the Fiji/lmaged software (Fiji 2.15.1, National Institutes of Health, USA)
using a circle selection (Fig 1D) [39]. Furthermore, to assess the scan sharpness in the centre or at the edge of the device
measurement field, the grey values were measured for each sphere using a line of 50 pixels (25 pixels for scans of the
dual-source CT), which was drawn over the edge of the sphere to the centre in Fiji/lmaged (n=112). A fit curve (Rodbard)
was created for this grey value line and its gradient was calculated in the grey value range between 60-140. Scans of the
phantom made by the dual-source CT were measured in sagittal and coronal plane. For measurements in the axial plane
the scans were resliced using Analyze (Analyze 14.0, AnalyzeDirect, Overland Park, United States) from 97x97x400 ym
voxels to 97x97x97 voxels to be processed without distortion in the DataViewer.
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Statistical analysis

Statistical analysis was conducted using PAST software (version 4.16¢, [40]). Given the non-normal distribution of the
data, medians were compared using the Kruskal-Wallis test followed by Dunn’s post hoc test.

Results

To determine the measuring accuracy of clinical and micro-CT systems a calibrated two-ball phantom was scanned in a
central or peripheral position using near, middle and far distances to the X-ray source.

Measurement accuracy

With an average measurement difference of —0.329 mm (£0.056 mm) in the 2D image and -0.334 mm (+0.055mm) in the
3D image, the oversize micro-CT had the largest error of the three devices compared to the phantom size of 19.89221 mm
(£0.0008 mm measurement uncertainty). The measurement results of the oversize micro-CT were significantly lower
compared to the high-resolution micro-CT (p:<0.001) and the dual-source CT (p:<0.001). However, measurements of
the phantom with the high-resolution micro-CT had a lower measurement deviation of 0.091 mm (£0.012mm) in the 2D
image and 0.088 mm (x0.011 mm) above the expected value. Measurements using the dual-source CT scans had an
average deviation of 0.094 mm (£0.116 mm) in the 2D image and —0.045mm (+0.111 mm) in the 3D image, but also the
largest standard deviation of the measured values (Fig 2). The most accurate measurement of all device/position com-
binations was the 2D measurement of the dual-source CT (centre position, coronal plane) with a distance of 19.895mm
(2£0.047 mm), corresponding to an error of 0.013%. In contrast, the largest error of 2.02% was found with the oversize
micro-CT (at 11 um voxel size, positioned at the edge of the field of view). Varying the phantom position between the
centre and the margin of the measuring field did not result in significant differences in the measurement of the sphere
distance in any device. Changing the sample holder position (near, centre and far from the X-ray source) also showed

no significant differences in any of the devices tested. However, there are clear increments between the sample holder
distances, especially in the oversize micro-CT (2D measurement in the central position: 19.499+0.008 mm in the near
range, 19.567 +0.012mm in the middle range and 19.628+0.012mm in the far range, Fig 2). The results are summarized
in Table 3.

By calibrating the CT scan data with the two-ball phantom for each position and distance setting using the mean values,
the measurement result can be improved (Fig 3). After adjusting the averages to the size of the phantom (19.89221 mm),
very accurate measurement values were obtained for the micro-CTs. The measured values of the oversize micro-CT were
in the range between 19.877 mm and 19.899 mm (0.021 mm difference) and those of the high-resolution micro-CT were
in the range between 19.884 mm and 19.900 mm (0.016 mm difference) in the 3D image. The range of measurements for
the dual-source CT scans was between 19.763mm and 20.076 mm (0.313 mm difference) and was therefore larger than
for micro-CT. The range of the measurements for the 2D image showed a similar picture but was slightly higher than that
for the 3D image. For the oversize micro-CT, the values were in the range between 19.875mm and 19.910mm (0.035mm
difference), for the high-resolution micro-CT in the range between 19.873mm and 19.908 mm (0.034 mm difference) and
for the dual-source CT in the range between 19.732mm and 20.146 mm (0.414 mm difference).

To visually demonstrate the impact of calibration, the uncalibrated measurement error can be compared directly against
the corrected measurement. After applying the calculated correction factor, the adjusted measurement (Fig 4) accurately
reflects the true phantom geometry.

Scan sharpness

In each CT scan, a profile line was placed over the outer edge of the ruby spheres in the 2D view. The slope of the profile
line (Fig 5A) corresponds to the transition of the image from the background (black) to the radiopaque ruby ball (white).
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Fig 2. Measurement of phantom distance. CT scans of a calibrated 19.89221 mm (+0.0008 mm) two-ball phantom (blue line) were analysed in (A)
2D cross-sections and (B) 3D volume renderings and shown as violin plots (median, quartiles and distribution). Scans taken with the oversize micro-CT
were below the correct phantom length and scans taken with the high-resolution micro-CT were above the correct phantom length. Dual-source CT
scans were analysed in the sagittal plane in addition to the coronal plane.

https://doi.org/10.1371/journal.pone.0332263.9002

A decrease in the clarity of the edge of the phantom results in a corresponding decrease in the gradient of the profile

line (Figs 5 and 6, S1 Fig). No significant differences were identified between the phantom positions (centre, margin)

and the various measurement distances (near, middle and far) for scans conducted with the oversize micro-CT and the
dual-source CT. Scans with the high-resolution micro-CT were significantly sharper in the near position (6 ym voxel size)
(p central/margin: 0.003/0.001) than in the far position (23 um voxel size). The scans obtained with the high-resolution
micro-CT exhibited the greatest gradient of the profile line in the near position (central: 15.21+2.12 grey values/ym, mar-
gin: 16.35+3.82 grey values/um). The scans performed on the dual-source CT exhibited the lowest gradient of the profile
line, with values of 0.34 £ 0.05 grey values/um for the central coronal scan and 0.29+0.07 grey values/um for the outer
coronal scan. The differences in quality of the various voxel sizes are also evident in the FFT conversion of the respective
sphere images (Fig 6). At far measurement positions, clear ring-shaped gradations are visible in the FFT display, which
are caused by softer image edges.

Discussion

In this study, the measurement accuracy of CT systems using a two-ball phantom is compared to assess whether it is
necessary to check measurements with these devices by means of a further calibration scan with a phantom. While
factory-calibrated settings provide a baseline accuracy, additional calibration with a phantom, such as the two-ball phan-
tom used in this study, can significantly improve measurement precision. This is particularly crucial for applications requir-
ing high accuracy, such as in clinical diagnostics, biological research and material sciences.
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Table 3. Results of the measured scan accuracy.

Device Voxel size (um) | Position Dataset axis | Measurement Average result (mm) | Absolute error Percentual
type (mm) error (%)
Oversize micro-CT 11 center axial 2D 19.499+0.008 0.393 -1.98
Oversize micro-CT 11 margin axial 2D 19.490+0.007 0.403 -2.02
Oversize micro-CT 15 center axial 2D 19.567+0.012 0.325 -1.63
Oversize micro-CT 15 margin axial 2D 19.570+0.008 0.322 -1.62
Oversize micro-CT 20 center axial 2D 19.628+0.012 0.264 -1.33
Oversize micro-CT 20 margin axial 2D 19.626+0.010 0.266 -1.34
High-res. micro-CT 6 center axial 2D 19.987+£0.005 -0.095 0.48
High-res. micro-CT 6 margin axial 2D 19.988+0.010 -0.096 0.48
High-res. micro-CT 13 center axial 2D 19.974+0.004 -0.082 0.41
High-res. micro-CT 13 margin axial 2D 19.969+0.007 -0.077 0.39
High-res. micro-CT 23 center axial 2D 19.989+0.008 -0.096 0.49
High-res. micro-CT 23 margin axial 2D 19.994+0.011 -0.102 0.51
Dual-source CT 97.7/400 center axial 2D 20.048+0.084 -0.155 0.78
Dual-source CT 97.7/400 margin axial 2D 20.131+0.047 -0.239 1.20
Dual-source CT 97.7/400 center sagittal 2D 19.943+0.097 -0.051 0.26
Dual-source CT 97.7/400 margin sagittal 2D 20.014+£0.127 -0.122 0.61
Dual-source CT 97.7/400 center coronal 2D 19.895+0.047 -0.002 0.01
Dual-source CT 97.7/400 margin coronal 2D 19.888+0.046 0.005 -0.02
Oversize micro-CT 11 center axial 3D 19.491+0.005 0.401 -2.02
Oversize micro-CT 11 margin axial 3D 19.489+0.007 0.403 -2.03
Oversize micro-CT 15 center axial 3D 19.563+0.004 0.329 -1.65
Oversize micro-CT 15 margin axial 3D 19.563+0.005 0.329 -1.65
Oversize micro-CT 20 center axial 3D 19.622+0.003 0.270 -1.36
Oversize micro-CT 20 margin axial 3D 19.622+0.004 0.271 -1.36
High-res. micro-CT 6 center axial 3D 19.985+0.005 -0.093 0.47
High-res. micro-CT 6 margin axial 3D 19.985+0.007 -0.093 0.47
High-res. micro-CT 13 center axial 3D 19.967 +0.000 -0.074 0.37
High-res. micro-CT 13 margin axial 3D 19.965+0.001 -0.073 0.39
High-res. micro-CT 23 center axial 3D 19.987+0.002 -0.095 0.48
High-res. micro-CT 23 margin axial 3D 19.989+0.005 -0.096 0.49
Dual-source CT 97.7/400 center axial 3D 19.937+0.046 -0.045 0.23
Dual-source CT 97.7/400 margin axial 3D 20.080+£0.014 -0.188 0.94
Dual-source CT 97.7/400 center sagittal 3D 19.820+0.044 0.072 -0.36
Dual-source CT 97.7/400 margin sagittal 3D 19.853+0.045 0.039 -0.20
Dual-source CT 97.7/400 center coronal 3D 19.797+0.083 0.095 -0.48
Dual-source CT 97.7/400 margin coronal 3D 19.920+0.097 -0.027 0.14
Summary of scans in all positions:
Oversize micro-CT 11-20 all axial 2D 19.563+0.056 0.329 -1.65
High-res. micro-CT 6-23 all axial 2D 19.984+0.012 -0.091 0.46
Dual-source CT 97.7/400 all all 2D 19.986+0.116 -0.094 0.47
Oversize micro-CT 11-20 all axial 3D 19.5658+0.055 0.334 -1.68
High-res. micro-CT 6-23 all axial 3D 19.980+0.011 -0.088 0.44
Dual-source CT 97.7/400 all all 3D 19.901+0.111 -0.009 0.05

https://doi.org/10.1371/journal.pone.0332263.t003
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Fig 3. Corrected measurements of phantom distance after calibration. Measurement results after adjustment of the mean values to the size of
the calibrated two-ball phantom of 19.89221 mm (blue line) in (A) 2D cross-sections and (B) 3D volume renderings. The corrected results show a good
representation of the actual phantom size. Measurement of scans taken with the SOMATOM Force showed a greater scatter of data compared to the

micro-CTs.

https://doi.org/10.1371/journal.pone.0332263.9003

calibrated
19.89 mm

discrepancy
0.49 mm

A mm,

Fig 4. Visual comparison of uncalibrated and calibrated measurements. An overlay on a 2D slice from the oversize micro-CT shows the uncali-
brated measured distance (red line and overlay), which is visibly shorter than the actual center-to-center distance. After applying the correction factor
derived from the phantom, the calibrated measurement (blue line) accurately aligns with the centers of the two ruby spheres, demonstrating the effec-
tiveness of the calibration.

https://doi.org/10.1371/journal.pone.0332263.9004

Accuracy of the CT systems

Micro-CT systems are renowned for their high resolution, which is vital for comprehensive imaging of minute structures.
The findings of this study demonstrate that the high-resolution micro-CT yielded the most uniform results with minimal
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Fig 5. Phantom edge profile curves. A profile line of 50 pixels (25 pixels for SOMATOM Force scans) was placed over the outer edge of the ruby ball
in each CT scan in the 2D view to determine the gradient of the grey values. (A) The slope of the fit curves (Rodbard fit) with a grey value between 60
and 140 (grey box) was determined for the profile lines and shown as an example for a scan in the high-resolution micro-CT (11 ym voxel size, central
position) in red and the oversize micro-CT (20 um voxel size, central position) in green. (B) Comparison of the slope of the profile lines (B). In the micro-
CTs, scans with smaller voxel sizes have steeper profile lines. The steepest profile lines were measured in the high-resolution micro-CT scans.

https://doi.org/10.1371/journal.pone.0332263.9005

variance, a conclusion supported by other research that underscores the superiority of micro-CT in visualising intricate
details. [21]. This consistency is essential for applications that are dependent on high precision.

It was surprising to find that measurement errors of up to 2% (~0.3mm below the expected value) could occur depend-
ing on the distance of the phantom with the oversize micro-CT. The results demonstrated that the errors were not ran-
domly distributed but rather exhibited consistency, albeit dependent on the voxel size utilized. In this context, the smallest
voxel size (best resolution) exhibited the greatest measurement error, while the largest voxel size (poorer resolution)
demonstrated the most accurate measurement. This stepwise gradation of the measurement results is likely due to the
internal calibration of the device, which estimates the size of the projected image on the detector. The oversize micro-CT,
although less accurate than the high-resolution micro-CT, still provided reliable measurements within a narrow range after
calibration.

Clinical CT systems, such as the dual-source CT, are designed to facilitate imaging of larger structures, including
the human body. These systems typically have larger voxel sizes (e.g., 97.7 ym), which limits their resolution and pre-
cision in comparison to micro-CT systems. Notwithstanding, the dual-source CT exhibited a small average deviation
0f 0.094+£0.116 mm in 2D and 0.045+0.111mm in 3D images in comparison to micro-CT systems. However, this was
accompanied by a larger standard deviation, indicating less consistency. The variability in measurement accuracy
observed in the dual-source CT is consistent with the findings of Saxena et al. [41], who noted that clinical CT pro-
tocols can have difficulty discriminating fine details, such as nasal cartilage boundaries, in comparison to micro-CT.
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Fig 6. Exemplary CT scans cropped to one ruby ball. A cross-sectional view of the top ruby sphere of the phantom is presented in the 2D view

with differing scan parameters (left) and the corresponding FFT conversion (right). Positions and voxel sizes were varied. For better interpretation, a
computer-generated virtual phantom was added as an idealized reference case (bottom right image pair). This virtual image was created with a defined,
slight blur at the edge to serve as a benchmark. The FFT of this virtual phantom produces a characteristic checkered pattern, which serves as a refer-
ence for how a blurred edge is represented in the frequency domain. In comparison, the FFTs of the real scans with larger voxel sizes (e.g., 23 pm) and
consequently lower edge sharpness show ring-shaped gradations, indicating greater image blur. Scale: 3mm.

https://doi.org/10.1371/journal.pone.0332263.9006

Nevertheless, the measurements of scans with the dual-source CT are remarkably accurate. This is also in line with mea-
surements by Windfelder et al., who were able to measure and distinguish different pore sizes starting from 0.6 mm with
an increment of 0.2mm very consistently in a Derenzo phantom [23] in the same system.

PLOS One | https://doi.org/10.1371/journal.pone.0332263 September 25, 2025 10/15



https://doi.org/10.1371/journal.pone.0332263.g006

PLO\Sﬁ\\.- One

Recalibration of the factory settings

Systematic errors in CT measurements can arise from various sources, including inaccuracies in the measurement of
distances between the X-ray source and the sample or detector. The utilisation of two-ball phantoms for the calibration

of length measurements in CT systems, both dual-source CT and micro-CT, is a crucial practice to ensure the accuracy
and precision of measurements. Calibration with a two-ball phantom is an important step in achieving high accuracy in
CT measurements, as it provides a reliable reference for spatial resolution and geometric accuracy. Zemek et al. [31,42]
constructed a self-designed two-ball phantom comparable to the phantom employed in this study, albeit with 0.3 mm ruby
spheres, for the calibration of minute field of views in micro-CT scanners. The measurement of center-to-center distances
between two spheres is minimally affected by edge detection and beam hardening, making it a robust method for voxel
size calibration [43]. This is particularly important in micro-CT systems, where even small deviations can significantly
impact measurement accuracy due to the high resolution involved. Once the error factor (the average measurement devi-
ation against the phantom length of 19.89221 mm) had been taken into account, it was found that all devices were capa-
ble of measuring with great precision (Fig 3). (The standard deviation of the micro-CT was found to be no greater than
0.005mm, while that of the dual-source CT was 0.067 mm in relation to the expected value).

Influence of the phantom position on the resolution

The sharpness of edges in CT phantoms is of paramount importance for accurate imaging and analysis. It is indicated
that the modulation transfer function (MTF) varies significantly across the field of view (FOV), suggesting that edges may
indeed be sharper in the center compared to the periphery. MTF measurements of Sari et al. [44] showed a sharpness
decrease as the FOV increases, with a notable difference in MTF values (10% and 50%) between smaller and larger
FOVs, indicating sharper edges at the center. The study highlights that noise levels decrease with larger FOVs, which
may contribute to perceived edge sharpness [44]. The profile lines across the edges of the phantom in this study demon-
strated no statistically significant differences in their slope when positioned centrally or at the margin. A smaller voxel size,
on the other hand, led to a significantly steeper slope of the profile lines. In contrast, a reduction in voxel size resulted in a
markedly more pronounced slope of the profile lines. Consequently, in the context of micro-CTs, the voxel size appears to
exert a greater influence on image sharpness than the positioning within the central field of view.

Sources of measurement error and the role of calibration

Our results reveal that while all CT systems provide solid measurements, their inherent accuracy and precision vary sig-
nificantly. Systematic errors, as seen prominently in the oversize micro-CT, can arise from multiple sources. The stepwise
gradation of error with changing voxel size in the oversize micro-CT strongly suggests an inaccuracy in the system’s inter-
nal geometric calibration model, which estimates object size based on the projection geometry. This model may be less
robust when extrapolating across the full range of possible sample magnifications. Crucially, our study demonstrates that
such systematic, device-specific errors can be effectively corrected by applying a correction factor derived from a simple
phantom scan.

The higher variability (i.e., larger standard deviation) observed in the dual-source clinical CT has different origins. It is
primarily attributable to its much larger voxel size (e.g., 97.7 um x 97.7 x 400 ym) compared to the micro-CT systems.
These large voxels lead to more significant partial volume effects at the curved surface of the spheres, making the precise
determination of the sphere’s geometric center less consistent across repeated measurements.

Beyond voxel size, the fundamental differences in hardware and software between the micro-CT systems and the
clinical dual-source CT significantly contribute to the observed variations in measurement accuracy. The system compo-
nents are optimized for vastly different applications. The micro-CT systems utilize high-density flat-panel sensors (e.g.,
4096x4096 pixels) paired with a very small X-ray focal spot size (< 5 yum), which is fundamental for achieving high intrinsic
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spatial resolution. In contrast, the clinical SOMATOM Force detector (Stellarinfinity) is optimized for rapid, low-dose
acquisitions over a large anatomical field of view, which typically involves larger detector elements. This inherently limits
its ability to resolve fine details with the same fidelity as a micro-CT detector. The reconstruction parameters also diverge
based on their primary goal. The clinical CT employed a tin filter for spectral shaping, a technique used to optimize image
quality and dose in advanced clinical protocols like dual-energy imaging. Such spectral filtering, combined with the sophis-
ticated iterative reconstruction algorithms common in modern clinical scanners, is designed to manage noise and enhance
diagnostic contrast in patient scans. This approach differs significantly from the simpler aluminum filtration and the cone-
beam reconstruction algorithms (e.g., NRecon software) used for the micro-CTs, which are primarily aimed at achieving
high geometric fidelity. Collectively, these differences in detector technology, X-ray spot size, reconstruction strategy, and
acquisition geometry explain why the micro-CT systems, while exhibiting systematic errors that necessitate calibration,
offer higher intrinsic precision for metrological tasks. The clinical CT, on the other hand, is optimized for patient safety,
speed, and diagnostic image quality over ultimate measurement precision.

It is also important to acknowledge the limitations of the two-ball phantom used in this study. While excellent for cali-
brating linear distance and voxel size, it does not assess more complex, non-linear geometric distortions across the field
of view, such as barrel or pincushion distortion. For such comprehensive geometric characterization, alternative phantoms
like 3D grid phantoms would be required. Nevertheless, for a vast number of applications based on linear measurements,
the two-ball phantom provides a robust, accessible, and highly effective method for accuracy correction.

Conclusion

In conclusion, this study demonstrates that relying solely on factory calibrations for CT and micro-CT systems can lead to
significant and systematic measurement errors. The necessity of user-performed calibration was confirmed, as applying a cor-
rection factor derived from a simple two-ball phantom dramatically improved measurement accuracy across all tested devices.
Our findings show that the high-resolution micro-CT provides the most consistent measurements, making it superior for appli-
cations requiring high precision. For micro-CT measurements in particular, where errors can be dependent on the voxel size
setting, probes should ideally be measured at a consistent voxel size, and a corresponding correction factor from a phantom
scan should be applied for each measurement series. However, even less precise systems can yield highly accurate data once
calibrated. Therefore, we conclude that the routine use of calibration phantoms is an essential and effective procedure to ensure
measurement accuracy. We recommend that such a calibration be performed regularly (e.g., quarterly) and after any system
maintenance or software update to guarantee the reliability of CT-based metrology in both research and clinical applications.

Supporting information

S1 Fig. Phantom edge profile curves in pixel. A profile line of 50 pixels (25 pixels for scans of the SOMATOM Force)
was placed over the outer edge of the ruby spheres in each CT scan in the 2D view. This was done to determine the gra-
dient of the grey values. The slope of the fit curves (Rodbard fit) was determined for the profile lines and compared with
each other. The steepest profile lines were measured in the scans of the high-resolution micro-CT.
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