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Abstract

Background: The accuracy of the CT number and its linearity are important parameters in computed tomography (CT)
image quality. Both parameters may depend on the number of detector arrays and the age of detector. No previous study
has investigated this issue.

Purpose: The purpose of this study was to investigate the CT number accuracy of various materials in ACR 464 CT phan-
tom images and its linearity from 55 different scanners as a function of the number of detector arrays and age of detector.
Method: This study used an accredited ACR 464 CT phantom. The phantom was scanned by 55 CT different scanners from
various vendors. The CT numbers of different materials and their linearity were automatically measured using IndoQCT
software from images of the phantoms. The coefficient of determination (R*) was obtained from a graph of CT number
versus material density. Information on the number of detector arrays (from 2- to 128-row array) and age of detector (from
1 to 12 years, determined from the commissioning date) were found from the Medical Physicist officer at each CT center.
Result: It was found that 6 out of the 55 scanners had a CT number linearity lower than 0.990. The CT scanners with R?
values below this standard had a number of detector of 16- and 32-row array, and have detector ages of 3, 5, 8, 10, 11,
and 18 years.

Conclusion: The accuracy of CT number and its linearity were independent of the number of detector arrays and the
age of the detector. The finding suggests that quality control of the accuracy of CT number and its linearity should to be
carried out periodically so that if any issues can be addressed as soon as possible.
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Introduction and anemia'’. In addition, the accuracy of CT number also

plays an important role in the field of radiotherapy. In radio-

The use of computed tomography (CT) as an imaging modal-
ity increased rapidly since its first introduction in 19702 CT
utilizes x-rays as ionizing radiation to obtain images of the tar-
getarea®’. CT images depict different tissue attenuation within
a body®. The difference of tissue attenuation is converted into
CT numbers in Hounsfield units (HU)®7.

The accuracy of CT number in clinical practice is crucial®’,
especially for diagnosis with quantitative computed tomog-
raphy (QCT)". CT number is used to support the process of
diagnosing many diseases, such as identifying the composition
of kidney stones, kidney cysts'!, osteoporosis'?, lung cancer,

therapy, the accuracy of CT number is used to accurately per-
form dose planning in treatment planning systems (TPS)'"'>!4,

Every CT scanner has their own characteristics in mapping
attenuation of materials'>'¢, especially in materials with various
effective atomic numbers and densities. Therefore, the resulting
CT number may vary for each CT machine'”*. Considering its
important role in various aspects of diagnosis, CT number ac-
curacy is considered an important parameter of image quality
and it needs to be regularly monitored to avoid patient mis-
diagnosis. Anam et al.” studied the CT number linearity of 16
CT scanners and showed a different trend of CT number accu-
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racy in each scanner. In another study, Cropp et al.”® conducted
CT number evaluation on 36 CT scanners using the ACR CT
phantom for tube voltage variations and showed that each ob-
ject produced slightly different CT numbers for different CT
manufacturers and tube voltage variations.

The quality of CT images may depend on the number of
detector arrays and the age of the detector. To the best of our
knowledge, there is no study on the accuracy of CT numbers
and its linearity from various CT machines with different
numbers of detector arrays and age of the detector. The pur-
pose of this study, therefore, is to investigate the CT number
accuracy of various materials on ACR CT phantom images
and its linearity from 55 different scanners as functions of
number of detector array and age of detector.

Method

ACR 464 CT phantom

The phantom for this study is an accredited ACR 464 CT phan-
tom with a diameter of 20 cm. This phantom has 4 modules
for image quality assessment. In this study, module #1 was the
only module used. Module #1 has 5 materials with different
densities, i.e., Air, Polyethylene, Acrylic, Bone, and Solid water
(Figure 1)". Each material has a minimum and maximum CT
number tolerance limit according to the value recommended
by ACR which has been annotated in Figure 1%.
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Figure 1. Design of the module #1 of ACR 464 CT phantom (a),
and example of an axial image of it (b).

Data collection

A total of 55 datasets were obtained from 41 hospitals in Indo-
nesia. This data was collected in the compliance test program
from June 28, 2018 to May 15, 2024 by a survey team from Ba-
lai Pengamanan Alat dan Fasilitas Kesehatan (BPAFK) Sura-
karta. The survey was conducted on 19 from GE (GE Brivo
CT385, Brivo CT325, BrightSpeed S, Revolution ACT, and
Revolution EVO), 12 from Hitachi (Hitachi Eclos, Supria, and
Scenaria), 13 from Toshiba (Toshiba Aquilion Prime, Aqulion/
LB, Aquilion Lightning, Aquilion Start, Alexion, Asteion, and
Activion 16), 6 from Philips (Ingenuity CT), and 5 from Sie-
mens (Definition AS, Emotion 16, and Somatom). The param-
eters for image acquisition are listed in Table 1. The scanners
have various numbers of detector arrays (Table 2). The detec-

Table 1. Scan parameters of 55 CT scanners

Number Vendor Type KV mA Revolution time  FOV  Slice thickness Mode Pitch Convolution
of Scanner (s) (mm) (mm) kernel
2 GE Brivo CT385 120 65-200 1-1.5 236-250 10 Axial Standard
4 GE Brivo CT325 120 60-200 1-2 214-250 10 Axial - Standard
4 GE BrightSpeed S 120 100-300 1 219-225 10 Axial - Standard
3 GE Revolution ACT 120 200 1 246-250 10 Axial - Standard
1 GE Revolution ACTs 120 200 1 227 10 Axial - Soft
5 GE  RevolutionEVO 120  100-300 1 204-250 10 A;‘I?lli:;d 0.969 Standard
6 Hitachi Eclos 120 100-300 1-2 215-220 10 Axial - 12
5 Hitachi Supria 120 178-300 0.75-1 210-250 10 Axial - 12
1 Hitachi Scenaria 120 163 1 221 10 Axial 54
2 Toshiba  Aquilion Prime 120 200 1 208-227 10 Helical ~ 0.813-0.85 FC26
1 Toshiba Aquilion/LB 120 300 1 220 10 Helical 0.938 FC26
1 Toshiba Aquilion Lightning 120 200 1 230 10 Helical 0.688 FC26
1 Toshiba Aquilion Start 120 300 1 205 10 Helical 0.938 FC26
3 Toshiba Alexion 120 150-300 1-1.5 212-235 10 Helical 0.688-1 FCZ:&£§64’
. . Axial and FC20, FC23,
3 Toshiba Asteion 120 100-200 1 220-240 10 Helical 1.5 FC27
2 Toshiba Activion 16 120 100 1 240 10 Helical 0.688 FC23
6 Philips  Ingenuity CT  100-120 194-400 0.4-0.75 203-250 10 A;‘I?lllj:id 0.276-0.399  UA and UB
1 Siemens Definition AS 120 300 1 203 10 Helical H31s
2 Siemens  Emotion 16 130 88-180 L5 220-233 10 Axialand - o H31s
Helical
. Axial and [,Br40f’, ,3’]
2 Siemens Somatom 110-120 300 1 199-223 10 Helical 1 and [,J305, 3]
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Table 2. Number of detector arrays in the scanners

Table 3. Age of detectors

Number of Vendor Type Number Age of Number
detector array P of scanner detector Vendor and type of
2 GE Brivo CT325 1 (year) scanner
4 Toshiba Asteion 3 <1 Siemens Emotion 16 1
B 1 GE Revolution ACT, GE Revolution EVO, Toshiba 7
8 GE Brivo C1325 2 Asteion, Toshiba Aquilion Prime, Toshiba Aquilion
8 GE BrightSpeed S 4 Lightning, Siemens Definition AS, Siemens
16 GE Brivo CT385 1 Emotion 16.
16 GE Brivo CT385 1 2 GE BrightSpeed S, Hitachi Supria, Toshiba 4
Activion 16, Siemens Somatom.
16 GE Brivo CT325 ! 3 GE Revolution ACT, GE Brivo CT385, Toshiba 5
16 GE Revolution ACT 3 Aquilion Prime, Toshiba Aquilion Lightning,
16 Hitachi Edlos 6 Philips Ingenuity CT.
16 Hitachi Supria 5 4 GE BrightSpeed S, Hitachi Supria, Toshiba Asteion. 4
. . . . 5 GE Brivo CT325, GE Revolution EVO, GE 10
1 Tosh Aquilion Lighi 1 ’ ’
6 oshiba quition Lightning Revolution ACT, GE Revolution ACT, Hitachi
16 Toshiba Alexion 3 Eclos, Hitachi Supria, Hitachi Scenaria, Tohsiba
16 Toshiba Activionl6 1 Aquilion/LB, Toshiba Alexion, Philips Ingenuity CT.
16 Toshiba Activionl6 1 6 GE Revolution EVO, Toshiba Alexion, Hitachi 4
Supria, Philips Ingenuity CT.
1 i E ion 1 2
6 Siemens motion 16 7 GE BrightSpeed S, GE Revolution EVO, Hitachi 5
16 Siemens Somatom 2 Supria, Toshiba Alexion, Philips Ingenuity CT.
32 GE Revolution ACTs 1 8 Hitachi Eclos, Philips Ingenuity CT. 3
32 Toshiba Aquilion Lightning 1 9 Philips Ingenuity CT. 1
64 Toshiba Aquilion Prime 2 10 GE Brivo CT325, GE Revolution ACT, Hitachi 5
64 Philips Ingenuity CT 5 Eclos, Toshiba Activion 16.
64 Siemens Definition AS 1 11 Toshiba Asteion, Siemens Somatom. 2
128 GE Revolution EVO 5 13 GE Brivo CT325, GE Brivo CT385. 2
128 Hitachi Scenaria 1 14 GE Brivo CT325. !
128 Toshiba Aquilion/LB 1 18 Hitachi Eclos. !
128 Philips Ingenuity CT 2
128 Philips Ingenuity CT 2 CT number measurement

CT number measurement was automatically performed using
IndoQCT software (Figure 2). The software detects the target
position and place the region-of-interest (ROI) automatically.
After the CT number of each material was obtained, the coef-
ficient of determination (R?) between CT number and material
density was calculated using equation (1)

tors have also various ages (Table 3). The information of the
number of detector arrays (from 2- to 128- -row array) and the
age of the detectors (from 1 to 18 years) was collected from the
Medical Physicist officer at each CT center.
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Figure 2. User interface of IndoQCT software
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2

nXxy—2x2y 1)

R*=
JIn(E ) (21 [n(E y*) - (Z )]

where y is the CT number of the material, x is
the density of the material, and # is the num-
ber of materials. The measured CT number of
each material was compared with the tolerance
range recommended by ACR, and the R? value
was compared with the minimum limit set by
the Indonesian regulatory body, which is 0.990%.

Result

CT number measurement

Figure 3 shown the graphs of CT numbers of
each material within the ACR CT phantom for
the 55 CT scanners. For Air, there were 2 scan-
ners with CT numbers below the minimum limit
(-1000 HU), i.e., Toshiba Aquilion Lightning
and Toshiba Aquilion Prime scanners with CT
numbers of -1006.0 and -1006.7 HU, respec-
tively. For Polyethylene (PE) material, there was
only 1 scanner with a CT number below the limit
(from -107 to -84 HU), i.e., the Philips Ingenu-
ity CT scanner with a value of -108.0 HU. For
Acrylic material, there were no scanners with
a CT number out of the limit (from 130 to 145
HU). For Bone material, there were 29 scanners
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Scanner Number

53 55

that produced CT numbers outside the toler-
ance limit range (from 850 to 970 HU), i.e., 3 of
GE BrightSpeed S scanners, 4 of GE Revolution
ACT, 5 of GE Revolution EVO, 5 of Hitachi Eclos
scanners, 4 of Hitachi Supria, 1 of Hitachi Sce-
naria, 1 of Toshiba Aquilion Start scanner, 5 of
Philips Ingenuity CT scanners, and 1 of Siemens
Somatom scanner. The highest CT number of
Bone was with the Toshiba Aquilion Start scan-
ner with a value of 1261.2 HU, and the smallest
value was with the Philips Ingenuity CT scanner
with a value of 830.7 HU. For Water, no scan-
ner produced a CT number value outside the
reference range (from -7 to 7 HU). Based on the
CT number measurement data, the Bone mate-
rial produced the most CT numbers outside the
recommended values, even though the tolerance
range was the widest (i.e. 120 HU).

Figure 4 shows R? for the 55 CT scanners. Six
scanners did not pass the CT number linearity
standard (more than 0.990), i.e., 5 from Hitachi
Eclos scanners, and 1 from Toshiba Aquilion
Start scanner. The lowest determination coeffi-
cient value was from the Toshiba Aquilion Start

CT Number (HU}
b 4 b b s s W N

(d)

(e)

1 3 5 7 9 11

® GE Brivo CT385

® GE Brivo CT325
GE BrightSpeed S
GE Revolution ACT
GE Revolution EVO

13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55

Scanner Number

m Hitachi Eclos
® Hitachi Supria
Hitachi Scenaria
A Toshiba Aquilion Prime
4 Toshiba Aquilion/LB

Toshiba Aquilion Lightning  — Philips Ingenuity CT

Toshiba Aquilion Start
Toshiba Alexion

A Toshiba Asteion

4 Toshiba Activion 16

+ Siemens Definition AS
+ Siemens Emotion 16
Siemens Somatom

scanner with a value of 0.976, and the highest

Figure 3. Graphs of CT number results of materials on the ACR CT phantom

value was produced by the Siemens Definition
AS with a value of 0.999. Philips Ingenuity CT

for 55 CT scanners. (a) Air, (b) Polyethylene (PE), (c) Acrylic, (d) Bone,
and (e) Solid Water.
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scanners were also among the scanners that ob-
tained high linearity, i.e., 0.999.

e
¥
@8
&

0.99

Effect of number of detector array

and age of detector

Figure 5(a) shows the relationship between the
R? and the number of detector arrays. There
were 6 CT scanners with a CT number linear-
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ity lower than 0.990. Five were 16-row array
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detectors and one was a 32-row array detector.
We found no relationship between the R? value
and the number of detector array. Figure 5(b)
shows the relationship between the R* and age
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of detector. There were 6 CT scanners with a CT
number linearity lower than 0.990. Each of them

Figure 4. Graph of CT number linearity for 55 CT scanners.

has a detector age of 3, 5, 8, 10, 11, and 18 years.
There was no apparent relationship between the

R? value and the age of detector.
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This study was performed with the aim to evalu-
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097
ate the effect of number of detector arrays and

age of detector on the accuracy of CT number
and its linearity. This evaluation is important
because the accuracy of the CT number and its
linearity have a direct impact on the accuracy of
diagnosis®. Although studies®'® had previously
been carried out related to CT numbers on vari-
ous scanners using ACR CT phantoms, there are
no studies that comprehensively examined CT
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number accuracy and its linearity for various
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number of detector array and age of detector.
The accuracy of the CT number for each ma-
terial in the ACR CT phantom was similar to
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previously reported data'®. For water materials,
there were no CT scanners whose CT number
was outside the specified tolerance level. The
Air, Polyethylene, Acrylic materials were only slightly out of
the tolerance level. In bone material, the CT number values
that are out of tolerance is much greater, i.e., 29 CT scanners
out of a total of 55 CT scanners. It is noted that the CT number
for bone material depends on the ratio of linear attenuation
coeficients of the bone material and that on water. And the
ratio of attenuation coeflicients depends on beam quality. The
beam quality depends on tube voltage and filtration. For some
scanners, the filtration may depend on the mode (different
bowtie filters for head and body modes). It is obvious, that CT
numbers for bone material may differ between scanners, and
between scanning protocols. There is no reason to expect it to
fall within a relatively narrow, specified range. Also, there is
absolutely no reason to expect linear correlation between CT
numbers and density. Of course, if the material composition
was constant, the CT numbers would be linear with mate-

Figure 5. Graph of CT number linearity results for variation of (a) number

of detector arrays, and (b) age of detector (year).

rial density. But bone differs from water. Bone contains cal-
cium, which has a higher atomic number than hydrogen and
oxygen, thus a higher probability of photoelectric effect, and
higher attenuation coefficient. Hence, the bone with density of
1.9 g/cm’ will not have a CT number of 970 HU. The CT num-
ber is expected to be higher according many other aspects.

For an in-depth analysis of the effect of scanner type on
the CT number in bone material, dependency between the
half value layer (HVL) value and the CT number of bone on
each scanner needs to be known. However, we were unable to
obtain data on the HVL value at the central axis because the
data we used was retrospectively collected. This is one of the
limitations of this study.

We found that the CT number accuracy and its linearity
were not influenced by the number of detector arrays and age
of detector. It was found that CT scanners with 2, 4, 8, 64, and

155



Naufal F. Tagiyuddin et al: Survey of CT number accuracies

Pol J Med Phys Eng 2025;31(2):151-157

128-row array can produce coefficient of determination values
above the tolerance limit. R? values smaller than 0.990 were
only found in some 16- and 32-row arrays.

The assumption that increasing age of detector age may
cause degradation in the resulting CT number was not prov-
en. The age of detectors that were 13 and 14 years old still
had accurate CT number and good linearity (above 0.990). In
contrast, one of the detectors that had a linearity below 0.990
was only 3 years old. It should be noted that the CT scanners
evaluated in this study are CT scanners that are still used for
examinations in hospitals and undergo routine quality control
(QQ). Thus, it can be understood that the CT scanners must
still be within tolerance limit, including their CT number lin-
earity. If the value obtained from the QC program is outside
the tolerance, repair or replacement of components must have
been carried out. This also shows the importance of the rou-
tine QC program to ensure that the image quality parameters
are still within the tolerance limits.

Among the limitations of the study was that the accuracy
CT number and its linearity measurements were not carried
out with the same input parameters. This was due to differences
in the settings of several CT scanners. In fact, as reported in
previous studies'®**?, different tube voltages have the potential
to produce different CT number values. Variations in tube cur-
rent do not affect the CT number', but low currents cause high
noise in the image, so the accuracy of the CT number can be af-
fected?. It is also important to note that the slice thickness used
in this study was very large i.e., 10 mm. Currently, it is very rare
for scans to be performed with a slice thickness of 10 mm. It is
noted that the data we have is compliance test data, collected ret-
rospectively. This large slice thickness leads to low image noise,
but the potential for partial volume artifacts (PVA) is higher.

The advantage of this study is that the CT number mea-
surements were carried out automatically so that measuring
subjectivity was avoided. The segmentation results of each ob-
ject on the ACR CT phantom were displayed and all showed
accurate results. However, a weakness and limitations of the

Reference

study is that, the number of scanners used is still quite limited
at only 55 CT scanners and the data used is retrospective data
so that it can’t explore more deeply other parameters that want
to be studied. Further studies with non-retrospective data and
more scanners would provide more convincing results. In ad-
dition, it important to note that the ACR standard is testing in
axial mode. In this study, we used the data from compliance
tests in our country, and the tests are carried out in two modes,
namely axial and sagittal. Therefore, the data we analyze is
mixed between axial and helical modes.

Conclusion

Scanners with different vendors have different HU value char-
acteristics for each material in the ACR CT phantom. The same
exposure factor can produce different HU values when applied
to scanners from with different vendors. Especially in bone ma-
terial, deviations are very usual to happen because of the high
density. The number of detector arrays (from 2 to 128-row ar-
ray) and the age of the detector (from <1 to 18 years) did not
have a significant influence on the accuracy of CT number and
its linearity. The more important issue is to carry out quality
control periodically so that any reduction of CT number ac-
curacy and linearity can be detected as soon as possible.
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