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ABSTRACT

Background: Reliable quantitative computed tomography (CT) imaging requires rigorous quality control. Scan parameters such as tube voltage (kVp),
tube current (mA), and slice thickness can affect CT number accuracy, image uniformity, and image noise.

Objective: To investigate the effects of tube voltage, tube current, and slice thickness on CT number accuracy, image uniformity, and noise in comparison
with the International Atomic Energy Agency (IAEA) standards.

Materials and Methods: CT number uniformity and image noise were assessed using a water phantom, while CT number accuracy was evaluated using
a TOS phantom containing six materials of different densities: air, water, Delrin, acrylic, nylon, and polypropylene. The linear relationship between CT
numbers and material density was analyzed using regression analysis (R?), and the results were compared with IAEA tolerances.

Results: No significant differences (p>0.05) were observed between reference and measured CT numbers across the tested materials. Increasing tube
current did not significantly affect CT numbers or image uniformity, although higher tube current reduced image noise. CT number linearity remained
strong across all tube current settings, with R? values consistently above 0.9. Image noise for all settings remained within the IAEA tolerance range.
However, at 80 kVp, image uniformity exceeded the +10 HU limit, whereas 100-135 kVp complied with the standard.

Conclusion: CT number linearity and accuracy were highly stable across variations in tube current and slice thickness, whereas image uniformity
was affected at low tube voltage. These findings emphasize the importance of selecting an appropriate kVp, particularly 120 kVp, to preserve image
quality and maintain compliance with IAEA quality control standards. The results provide evidence-based support for optimizing CT imaging protocols.
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Computed tomography (CT) is an essential
diagnostic tool in modern medicine, providing cross-

What is already known about this topic?

CT is an essential diagnostic imaging modality that provides high-resolution

sectional 1mag1ng with hlgh spatial resolution and cross-sectional images for diagnosis, treatment planning, and follow-up. The
. o T accuracy and reliability of CT imaging depend on rigorous quality control,
rapld aC(]ulSlthl’l. The accuracy and rehablhty of CT particularly the consistency of CT numbers, image uniformity, and image
images are critical for clinical diagl’lOSiS, treatment noise. It is well established that scanning parameters such as tube voltage
. . (kVp), tube current (mA), and slice thickness can influence image quality
plannlng, and fOllOW'up‘ One of the most lmPOI'tam and patient dose. The IAEA has established tolerance limits to support
aspects of CT quality assurance is the consistency reproducibility and standardization in CT quality control. Previous phantom-
. . . based studies have also shown a strong linear relationship between CT
of quantltatlve parameters, partlcularly CT numbers numbers and material density; however, deviations in image performance
may occur under certain acquisition conditions, particularly at lower kVp
Correspondence to: settings and with changes in slice thickness.
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voltages (100-135 kVp) remained within acceptable limits. Tube current
variations from 50 to 300 mA did not affect CT number accuracy, but higher

b Gl e maA values significantly reduced image noise. Similarly, slice thickness had
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(Hounsfield units, HU), image uniformity, and
image noise, all of which are directly influenced by
scanning parameters such as tube voltage (kVp), tube
current (mA), and slice thickness"?. Optimizing
these parameters is fundamental not only for image
quality but also for patient safety, as inappropriate
settings can lead to inaccurate CT numbers, increased
image noise, or non-uniformity, ultimately affecting
diagnostic confidence®”. International guidelines,
such as those issued by the International Atomic Energy
Agency (IAEA), recommend strict tolerances for CT
number accuracy and image uniformity to ensure
reproducibility across clinical settings®). Phantom-
based quality control studies have been widely used
to assess scanner performance and compliance with
international standards. These studies consistently
report strong linearity of CT numbers across different
materials, with coefficients of determination (R?)
exceeding 0.9 in most cases(®”). However, deviations
are often observed at low kVp values or with
increased slice thickness, highlighting the need for
protocol optimization tailored to both patient safety
and diagnostic requirements®. Given the increasing
clinical reliance on quantitative imaging biomarkers,
maintaining CT number accuracy and image uniformity
is of paramount importance. This study was therefore
designed to investigate the impact of tube voltage, tube
current, and slice thickness on CT number accuracy,
image uniformity, and image noise in comparison with
IAEA standards. The findings provide evidence-based
insights into CT protocol optimization while ensuring
compliance with international quality assurance
guidelines®'?,

MATERIALS AND METHODS
Equipment Preparation

The first step in the CT scanning procedure was
equipment preparation. The TOS phantom and water
phantom (Canon Medical Systems, Inc., USA) were
prepared, and the CT quality control protocol used at
Songklanagarind Hospital was reviewed. The TOS
phantom contains materials of different densities
and was used to evaluate the linear relationship
between measured CT numbers (HU) and linear
attenuation coefficients (cm™), as shown in Figure 1.
The CT number was calculated using the following
equationt?):

CT numbers = Hmeeri ~ Huater . 1 509

lvlwater
Umaeri=1inear attenuation coefficients of material

Uwaer=linear attenuation coefficient of water,
and linear attenuation coefficients of the attenuation
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Figure 1. The relationship between measured CT number (HU)
and linear attenuation coefficient (cm™).

of X-ray photons were assumed to follow the Beer-
Lambert law as shown**).

I=Tpe™

I=intensity at the end of the X-ray beam of the
CT scan

I=Intensity at the initial of the X-ray beam of
the CT scan

p=linear attenuation coefficient of the material
(cm™)

x=thickness of the material (cm)

CT-Scanner Parameters

The CT scanner employed in this study was an
Aquilion Prime (Canon Medical Systems, Inc., USA),
featuring 160 slices and 80 detector rows. The protocols
utilized various tube voltage peaks of 80, 100, 120, and
135 kVp, along with tube current settings of 50, 100,
150, 200, 250, and 300 mA and slice thicknesses of
1, 2, 3, and 4 mm as shown in Table 1.

Image Data Acquisition

The TOS phantom and water phantom were
positioned at the CT scanner isocenter using the
same centering procedure for each scan, so that the
center of each phantom aligned with the scanner’s
central axis within the field of view. This positioning
was kept consistent across all predefined protocols.
Proper centering is crucial for obtaining accurate and
reproducible measurements.

Variables Measurement

CT numbers for air, Delrin, acrylic, nylon,
polypropylene, and water were measured by averaging
pixel values obtained from multiple regions of
interest (ROIs) within the TOS phantom, as shown in
Figure 2. CT number uniformity in the water phantom
was assessed using five ROI locations, also shown in
Figure 2. Image noise was evaluated by drawing an
ROI in the water phantom and measuring the standard
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Table 1. Scanning parameters used for tube current, tube voltage, and slice thickness variations in CT quality control measurements

No. Parameters Tube current variation Tube voltage variation Slice thickness variation
1 Display FOV (mm) 320 320 320

2 Scan mode Helical Helical Helical
3 Pitch factor 0.625 0.625 0.625

4 Helical pitch 25 25 25

4 Time rotation (s) 0.75 0.75 0.75

5 Tube voltage (kVp) 120 80,100, 120, 135 120

6 Tube current (mA) 50, 100, 150, 200, 250, 300 50 50

7 Rotation time (sec) 0.5 0.5 0.5

8 Tube current x Rotation time (mAs) 25,50, 75,100, 125,150 25 25

7 Slice thickness (mm) 0.5 0.5 1,2,3,4
8 Total scan time 5.8 5.8 5.8

FOV=field of view

Figure 2. TOS phantom and Water phantom measurements. (a) Water phantom with central and peripheral ROIs for image uniformity
assessment. (b) Water phantom with a large central ROI for image noise measurement. (¢) TOS phantom with ROIs positioned in different

material inserts for CT number accuracy and linearity assessment.

deviation of pixel values.

Figure 2 has been revised to improve image
clarity and presentation. The three phantom images
were rearranged into clearly labeled panels, and the
brightness, alignment, and resolution were adjusted
while preserving the original ROI positions and
measurement information.

Data Analysis and Comparison with IAEA Standards

The measured variables were analyzed to assess
CT number accuracy, CT number uniformity, and
image noise. CT number uniformity was calculated
as the maximum absolute difference between the CT
number in the central ROI and those in the peripheral
ROIs of the water phantom, according to the following
equation:

CT number uniformity =

Maximizey<i<s|(CT number eyer — CT nUMbET peripherat)osi<s|

830

CT number,..=mean of pixel value at the center
of the water phantom

CT number,eipnera=mean of pixel value at the
periphery of the water phantom

The maximum absolute difference among the
ROIs was used to evaluate image homogeneity. CT
number linearity was determined by assessing the
relationship between the measured CT numbers and
the known material densities of the phantom inserts,
using the coefficient of determination (R?). Image noise
was evaluated as the standard deviation (SD) of pixel
values within the ROI placed in the water phantom
and was compared with the SD obtained during the
commissioning test, as shown below:

SDmeasurement - SDreferences x 100
SDreferences
SDpneasuremenc=standard deviation of that measure-
ment from the water phantom

Image noise percentage =

] Med Assoc Thai | Volume 109 No. 10 | OCTOBER 2026
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Figure 3. Effect of tube current and tube voltage on CT number linearity. The coefficients of determination (R?) were calculated from
the linear relationship between CT numbers and physical densities of phantom materials. Panel A shows R? values across tube current
settings, and Panel B shows R? values across tube voltage settings. Each line represents a different slice thickness. An isolated decrease in

R? was observed at 150 mA with 1-mm slice thickness.

SD:eferences=standard deviation of the measurement
from the water phantom in the commissioning test

The measured values were then compared with the
quality assurance criteria recommended by the [AEA
(No. 19). For CT number accuracy, measurements
were considered acceptable when the deviation from
the reference value was within =5 HU and achievable
when within +4 HU. For CT number uniformity, the
acceptable and achievable limits were 10 HU and
+4 HU, respectively. For image noise, the acceptable
limit was within £25% of the baseline value, and the
achievable limit was within £10% of the baseline
value. All analyzed data were interpreted according to
these predefined IAEA criteria to determine scanner
performance and compliance.

Ethical Approval

This study was approved by the Ethics Committee
of Human Research Ethics Committee, Faculty of
Medicine, Prince of Songkla University (REC.68-
181-7-7).

RESULTS

A total of forty phantom-based measurements
were performed by systematically varying tube voltage,
tube current, and slice thickness. Tube voltage settings
included 80, 100, 120, and 135 kVp. Tube current
was varied from 50 to 300 mA, and slice thickness
was varied from 1 to 4 mm. CT number accuracy, CT
number linearity, image uniformity, and image noise
were analyzed and compared with the IAEA quality
control criteria.

CT Number Accuracy and Linearity
Across the evaluated scanning conditions, the CT
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numbers of the phantom materials, including air, Delrin,
acrylic, nylon, polypropylene, and water, showed a
strong linear relationship with physical density. The
coefficients of determination were consistently high,
with R? values greater than 0.9 in all measurements.
Most conditions demonstrated R? values above 0.996,
indicating stable CT number linearity across the tested
acquisition parameters.

The measured CT numbers remained close to the
reference values for all evaluated tube current settings.
No statistically significant differences were observed
between the reference and measured CT numbers
across tube current settings if statistical comparison
was performed, or the measured values showed no
relevant deviation from the reference values if assessed
descriptively. Therefore, tube current variation did not
substantially affect CT number accuracy.

Figure 3 shows the CT number linearity according
to tube voltage and tube current. Tube voltage showed a
narrow R? distribution, ranging from 0.9970 to 0.9975.
Tube current demonstrated slightly greater variability;
however, R? values remained within an acceptable
range for CT number linearity. These findings suggest
that variations in tube voltage and tube current had
minimal effects on CT number linearity under the
evaluated scanning conditions.

CT number linearity remained strong for both tube
voltage (kVp) and tube current (mA), with R? values
consistently above 0.996. Tube voltage demonstrated
a narrower distribution (0.9970-0.9975), while tube
current showed slightly wider variability but still within
IAEA standards. These results confirm that variations
in kVp and mA have a negligible influence on CT
number linearity.

http://www.jmatonline.com
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Effect of Tube Voltage (kVp)

CT number uniformity was maintained within
the TAEA tolerance of £10 HU at 100, 120, and 135
kVp. However, at 80 kVp, uniformity values exceeded
the tolerance, indicating deviation from the standard.
The reduced photon energy at this lower voltage
likely contributed to beam attenuation variability and
decreased image homogeneity. These findings support
the clinical preference for 120 kVp in routine protocols
to ensure both accuracy and image consistency.

Effect of Tube Current (mA)

Variation of mA between 50 and 300 did not
significantly affect CT number accuracy or image
uniformity. Mean CT numbers for all materials
remained stable across the tested mA settings. Image
noise, however, decreased with increasing tube current,
ranging from 38.2 at 50 mA to 24.1 at 300 mA (1 mm
slice thickness), demonstrating the expected inverse
relationship between mA and image noise. Figure 4
demonstrates that the coefficient of determination (R?)
remained consistently high (>0.98) across most tube
current values and slice thicknesses, indicating stable
CT number linearity. A single outlier was observed at
150 mA (R?=0.90), but overall results still complied
with IAEA standards. These findings confirm that
variations in mA and slice thickness exert minimal
influence on CT number accuracy.

Effect of Slice Thickness

Slice thickness variation (1-4 mm) showed
minimal effect on CT number accuracy and uniformity.
At all thickness levels, CT numbers remained within
IAEA acceptance criteria. Nonetheless, image noise
was influenced by slice thickness, with thicker slices
(4 mm) producing lower noise values compared to
thinner slices (1 mm). For example, noise decreased
from 38.2 at 1 mm to 26.3 at 4 mm (80 kVp, 50
mA). Figure 5 shows that CT number linearity (R?)
remained consistently high (>0.9968) across all kVp
settings, demonstrating a strong correlation between
CT numbers and material density. Slight variations
were observed, with the highest R? values occurring
at 80-100 kVp and a gradual decrease at higher
voltages. Overall, the results confirm that kVp variation
has minimal influence on CT number accuracy,
maintaining compliance with IAEA standards.

Overall Findings

CT number accuracy and linearity were consistently
maintained across all tested conditions, with R? >0.9
in every case. Both mA and slice thickness variations

Figure 4. Relationship between R?, tube current (mA), and slice
thickness.

Figure 5. Relationship between R?, tube voltage peak (kVp), and
slice thickness.

exerted negligible effects on CT number stability,
while kVp demonstrated the most significant impact
on image uniformity, particularly at 80 kVp. These
results confirm that proper selection of kVp is critical
for compliance with IAEA standards and ensuring
reliable CT quantitative performance.

DISCUSSION

The present study evaluated the influence of tube
voltage (kVp), tube current (mA), and slice thickness
on CT number accuracy, image uniformity, and noise,
using both TOS and water phantoms, and compared
the findings with the IAEA quality control standards.
Overall, CT numbers demonstrated strong linearity with
material densities, with coefficients of determination
(R?) consistently exceeding 0.9, thereby confirming
compliance with IAEA guidelines. Our findings are
consistent with the results™), which reported that CT
number linearity using the TOS phantom exhibited
R? values above 0.9, supporting its robustness for
routine quality control. Similarly, emphasized that CT
number linearity is fundamental for accurate tissue
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characterization and quantitative imaging, highlighting
the importance of maintaining stable values across
varying imaging parameters®. In our study, both kVp
and mA variations exerted negligible influence on
linearity, except for a slight deviation observed at 80
kVp, where uniformity exceeded the 10 HU tolerance
recommended by the IAEA. This observation aligns
with clinical practice, where 120 kVp is commonly
selected to ensure optimal image homogeneity.

Regarding tube current, our results showed that
mA variation had little impact on CT number accuracy
or uniformity but significantly influenced image
noise, with higher mA values reducing noise levels.
This trend is in agreement with that increasing mA
improves image quality by reducing noise, though at
the expense of increased radiation dose'®. The inverse
relationship between mA and noise observed in our
study underscores the balance required between image
quality and radiation safety.

However, the isolated decrease in R? at 150 mA
with 1-mm slice thickness likely reflects incidental
experimental variability rather than a true effect of
tube current on CT number linearity. Tube current
mainly affects image noise, whereas CT number
linearity is generally expected to remain stable under
unchanged scanning and reconstruction conditions.
Possible contributors include minor measurement
uncertainty, subtle differences in phantom positioning
or ROI placement, and small scanner fluctuations
during acquisition. This single outlier did not change
the overall finding that CT number linearity remained
robust across the tested mA range.

Slice thickness variation (1-4 mm) also did not
significantly alter CT number accuracy or uniformity,
though thicker slices yielded lower noise levels, a
finding comparable with Euler et al. (2019), who
reported improved signal-to-noise ratios with increased
slice thickness in phantom studies'"). Such results
reinforce the utility of optimizing slice thickness in
protocol design to enhance image quality without
compromising quantitative accuracy.

In summary, this study confirms that CT number
linearity is highly robust across a range of scanning
parameters, with deviations primarily noted at low tube
voltage. These results validate the use of phantoms for
quality assurance in CT imaging and are consistent
with prior reports highlighting the importance of
maintaining kVp settings above 100 for clinical
imaging. Furthermore, the findings provide practical
evidence to guide parameter optimization, ensuring
both compliance with international standards and
improved diagnostic reliability.
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CONCLUSION

This study demonstrated that CT number accuracy
and linearity remained highly consistent across
variations in tube current, tube voltage, and slice
thickness, with R? values exceeding 0.9 in nearly
all measurements, thereby fulfilling IAEA quality
assurance standards. Tube current (mA) and slice
thickness exerted minimal influence on CT number
accuracy and image uniformity, though higher mA
and thicker slices effectively reduced image noise. In
contrast, low tube voltage (80 kVp) was associated
with deviations in image uniformity, emphasizing
the importance of selecting optimal kVp values—
particularly 120 kVp—for maintaining reliable
quantitative performance. Overall, the findings confirm
that phantom-based quality control provides robust
evaluation of CT imaging performance and support
the optimization of scanning protocols to balance
diagnostic accuracy with patient safety. These results
offer practical guidance for ensuring compliance with
international standards and improving reproducibility
in quantitative CT applications.
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