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ABSTRACT

Background: Methods for segmentation, i.e., Full-segmentation (FS) and Segmen-
tation-rotation (SR), are proposed for maintaining Computed Tomography (CT) num-
ber linearity. However, their effectiveness has not yet been tested against noise.

Objective: This study aimed to evaluate the influence of noise on the accuracy
of CT number linearity of the FS and SR methods on American College of Radiology
(ACR) CT and computational phantoms.

Material and Methods: This experimental study utilized two phantoms, ACR
CT and computational phantoms. An ACR CT phantom was scanned by a 128-slice
CT scanner with various tube currents from 80 to 200 mA to acquire various noises,
with other constant parameters. The computational phantom was added by different
Gaussian noises between 20 and 120 Hounsfield Units (HU). The CT number linearity
was measured by the FS and SR methods, and the accuracy of CT number linearity was
computed on two phantoms.

Results: The two methods successfully segmented both phantoms at low noise,
i.e., less than 60 HU. However, segmentation and measurement of CT number linear-
ity are not accurate on a computational phantom using the FS method for more than
60-HU noise. The SR method is still accurate up to 120 HU of noise.

Conclusion: The SR method outperformed the FS method to measure the CT num-
ber linearity due to its endurance in extreme noise.
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Introduction
uantitative Computed Tomography (QCT) has transformed into
a main pillar for patient diagnosis and early detection of various
diseases, such as anemia, lung cancer, and osteoporosis [1-5].

QCT largely relies on the CT number presented in the Hounsfield Units
(HU) [6-7], and its accuracy becomes a paramount aspect to avoid the
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occurrence of misdiagnosis [8-10].

However, the accuracy of CT number mea-
surement might be disrupted by the presence
of noise [11], defined as an undesirable fluc-
tuation of CT numbers in images due to the
imperfection of the CT system [12-14]. How-
ever, the presence of noise is evitable in the
CT image [15]. The noise can lead to inaccu-
racies in CT number measurements [16] and a
decline in the visibility of low-contrast objects
[17-18]. Accordingly, noise potentially dimin-
ishes the primary objective of the diagnostic
image [19-22].

CT number linearity is one of the important
parameters to obtain and maintain the accu-
racy of CT number and manually tested by
plotting the mean CT number of each material
available within the phantom versus their den-
sities [23-25].

A study was conducted on the measure-
ment of automatic CT number linearity [26],
which is highly dependent on the accuracy of
the segmentation of objects with different CT
numbers. Two methods of segmentation are
used, as follows: 1) the Full-segmentation (FS)
method, done by segmenting all objects one by
one [27] with a high probability for segmen-
tation errors, especially for objects with CT
numbers close to backgrounds (0 HU). More-
over, segmenting all objects one by one also
requires a relatively long computation time
[28]. Recently, an improved method based on
Segmentation-rotation (SR) technique is pro-
posed [26], which is only performed on one
object with a large different CT number from
the background. After segmenting an object,
other objects are segmented with a template
matching, namely by rotating the centre of the
object to a center of the phantom with certain
angles. However, the efficacy of the two meth-
ods against noise has not been investigated.
This study aimed to evaluate the influence of
noise on the accuracy of CT number linear-
ity in two methods (FS and SR methods) on
American College of Radiology (ACR) CT
and the computational phantoms.

Material and Methods

American College of Radiology (ACR)
Computed Tomography (CT) phantom

This experimental study utilized an ACR CT
464 phantom (Gammex Inc, USA), includ-
ing four modules for measuring many image
quality parameters. CT number linearity was
measured on the first module, including five
objects with different densities: polyethylene,
bone-equivalent, air, acrylic, and solid water.
The phantom was scanned by a 128-slice CT
scanner (GE Revolution Evo, GE Healthcare,
Waukesha, Wisconsin) with a tube voltage of
120 kV, slice thickness of 1.25 mm, pitch of
0.53, Field of View (FOV) of 235 mm, revolu-
tion time of 0.8 s, and various tube currents:
80, 100,120, 140, 160, and 200 mA. Tube cur-
rents were varied to obtain different image
noise levels. The schematic of the ACR CT
phantom is depicted in Figure 1.

Computational phantom

Scans were done many times from very low
to very high tube currents to find many noise
levels, which were from very low to very
high. Computational multi-pin phantoms were
developed to simplify this task without real
scans. This multi-pin computational phantom
is considered the first module of the ACR CT
phantom. The positions of the multi-pin for the
vertical line are tabulated in Table 1. However,
the computational phantoms had a slight dif-
ference from the real ACR CT phantom, i.e.,
there were no wire ramps for measuring slice
thickness in the computational phantoms. The
wire ramps are not needed since the CT num-
ber linearity is measured in the current study.

The computational phantom has developed
as follows: 1) the software constructed a phan-
tom with pixel size 512x512 and a radius of
200 mm (as the ACR CT phantom). The phan-
tom (as background) had a pixel value of 0 HU
(mimicking the solid water), while the air sur-
rounding had a pixel value of -1000 HU (mim-
icking the air) and 2) a point of radius 60 mm
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Annotation:

1. Polyethylene
2. Bone

3. Air

4. Acrylic

5. Water

Figure 1: The schematic of the American College of Radiology (ACR) Computed Tomography

(CT) phantom.

Table 1: The rotation angle and specific Computed Tomography (CT) number of each pin number

(material).
Pin number Angle (°) Material Computed tomography (CT) number (HU)
1 135 Polyethylene -94
2 45 Bone-equivalent 955
3 -45 Air -1000
4 225 Acrylic 120
Background Solid water 0
from centre was determined and rotated with k=>YP SF( X, y) )

certain angles to acquire the coordinates of
four objects. From each material, a disk ker-
nel with a radius of 13 mm was designed and
filled with the specific CT number.

In this stage, the multi-pin image was pro-
duced, but it was not a real image. Therefore,
the blurring process was conducted, by con-
voluting the image with Point Spread Func-
tion (PSF (x, y)). The PSF was set with an SD
value of 1 pixel and operated with Equation
1 to degrade the spatial resolution of image
({(x, y)) with the value of k, obtained by equa-
tion (2).

I(x,y)=%[P(x,y)®PSF(x,y)] (1)

After the blurring process, Gaussian noise
was added to the phantom with a specific
Standard Deviation (SD). Finally, a degraded
image with blurring and noise was yielded.
This study varied noises, including 20, 40,
60, 80, 100, and 120 HU to observe the abil-
ity and accuracy of two methods in measuring
CT number linearity. The multi-pin computa-
tional phantoms were integrated into in-house
software. The multi-pin computational phan-
toms were integrated into IndoQCT software
(Diponegoro University, Semarang Indonesia,
https://indosect.com/indoqct/).
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Methods for CT number linearity
measurement

This study evaluated the influence of noise
variation on measuring CT number linearity
by two methods, i.e., FS and SR methods. The
FS method segmented four materials (bone
equivalent, polyethylene, acrylic, and air) with
specified thresholds (Table 2), followed by the
determination of the centre of each material.
After that, the rotation of 45° was conducted
to acquire the coordinate of water with the
phantom’s coordinate as the rotary axis with
polyethylene. The FS method was shown in
Figure 2.

In contrast, the SR method was conducted
by thresholding the phantom and only bone in-
sert at first, determining their centres, and ro-
tating both coordinates with specific angles to
acquire the other coordinates (90° for air, 180°
for acrylic, -90° for polyethylene, and -135°
for water) [26].

The further steps for both methods are such

as creating the ROI for each material, plotting
the linearity graph of CT number vs densities,
and computing the R%.

Results

American College of Radiology (ACR)
Computed Tomography (CT) phantom
Figure 3 depicts the relationship of varia-
tion in tube current with measured noise. As
expected, increasing the tube current led to

Table 2: Thresholding value of full-segmen-
tation (FS) method

Threshold value (HU)

Object — —
Bottom limit Upper limit
Polyethylene -120 -70
Bone-equivalent 750 1300
Air - -800
Acrylic 100 150

9)

h)

Linearity

CT Number (HU)

R’ =0.9948

Density (gram/cm’)

Figure 2: The measurement steps of computed tomography number linearity with full seg-
mentation method. a) original image of the computational phantom, b) segmenting the bone,
c) segmenting the acrylic, d) segmenting the polyethylene, e) segmenting the air, f) rotating the
phantom and polyethylene centroid to acquire the water coordinates, g) creating the region of
interest (ROI) for each material, h) yielding the CT number linearity graph.
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decreasing noise. At tube currents of 160 and
200 mA, the difference in noise is ignorable.
However, the noise at 200 mA than 160 mA is
slightly larger because it is a random event in
this study.

Segmentation results of ACR CT phantom
with 2.01 HU by SR and FS methods are de-
picted in Figure 4. Further, the segmentations
with both methods were accurate, even at the
highest noise level. The results of measuring

CT number linearity in ACR CT phantom are
tabulated in Table 3. Increasing the tube cur-
rent yielded similar results from both methods
(P-value>0.05). The CT number linearities
passed the tolerance level for all measured
noise levels from both methods (R*>0.99).

Computational phantom
The segmentation results of the computa-
tional phantom for a noise level of 120 HU

3.4

32

30

28

26

Noise (HU)

24

22

20 f

18

80 100 120
Tube Current (mA)

140 160 200

Figure 3: The graph of the correlation between tube current and image noise.

Figure 4: The results of segmentation on the American College of Radiology (ACR) Computed
Tomography (CT) phantom with noise level 2.01 HU by (a) full-segmentation method and (b)

segmentation-rotation method.
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with both methods are depicted in Figure 5,
meanwhile, those of CT number linearity mea-
surement with various noise levels are tabu-
lated in Table 4, showing the accuracy of the
FS method largely depends on the noise level.
At a noise of 60 HU and more, the FS method

failed to segment polyethylene and acrylic
objects. At the higher noise, the segmentation
results are different from the two objects. As a
consequence, the CT numbers of the two mea-
sured objects are different from the expected
values (Table 4). At high noise levels, the CT

Table 3: The result of measured Computed Tomography (CT) number of five objects within the
American College of Radiology (ACR) CT phantom with various noise levels

Noise (HU)
Material Method
3.13+%0.17 2.85%0.26 2.41+0.05 2.17+0.16 1.98+0.04 2.01+0.06
Full-Segmentation -90.5 -90.4 -90.3 -90 -90.3 -89.9
Polyethylene i i
Segmentation-Rotation -90.5 -904 -90.3 -90 -90.3 -89.8
Bone- Full-Segmentation 1004.7 1005.6 1002.1 1006.1 1006.6 1006.7
equivalent  Segmentation-Rotation 1004.7 1005.6 1002.1 1006.1 1006.6 1006.7
Air Full-Segmentation -984.2 -984.1 -982.5 -984.9 -984.9 -985.2
i
Segmentation-Rotation -984.2 -984.1 -982.5 -984.9 -984.9 -985.2
Acni Full-Segmentation 126.2 125.9 125.2 126 126.1 125.9
crylic
y Segmentation-Rotation 126.2 125.8 125.2 126 126.1 125.9
. Full-Segmentation 2.7 3 3.1 3 3.2 3.3
Solid water i i
Segmentation-Rotation 2.7 3 3.1 3 3.2 3.3
R Full-Segmentation 0.9948 0.9947 0.9948 0.9948 0.9948 0.9948
Segmentation-Rotation 0.9948 0.9947 0.9948 0.9948 0.9948 0.9948

Figure 5: The results of segmentation on the computational phantom with the noise level of
120 HU by (a) full-segmentation method and (b) segmentation method.
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Table 4: The result of computational phantom measurement with various noises.

Noise (HU)
Material Method
20 40 60 80 100 120
Full-Segmentation -93.5 -95 -70.3 -88.6 -54.6 -64.2
Polyethylene X :
Segmentation-Rotation -93.6 -95 -94 -96.2 -82.5 -86.7
Bone- Full-Segmentation 954.2 954.7 952.8 955.8 952.1 949.3
equivalent  Segmentation-Rotation 954.2 954.7 953.3 955.7 950 949.3
Al Full-Segmentation -998.1 -998.2 -999.5 -998.6 -994.7 -985.2
i
Segmentation-Rotation -998.3 -998.2 -997.9 -998.4 -995 -990.8
Acni Full-Segmentation 118.7 119.4 122.8 79.7 85.1 -1.1
crylic
Y Segmentation-Rotation 118.3 1194 1214 118.3 113.3 115
) Full-Segmentation -0.6 0.5 -1.0 -3.1 0.4 -6.8
Solid water i :
Segmentation-Rotation 0.8 0.5 -14 -5.8 04 0.5
R Full-Segmentation 0.9971 0.9971 0.9979 0.9945 0.9951 0.9846
Segmentation-Rotation 0.9971 0.997 0.9972 0.997 0.9971 0.9967

number linearity of the FS method failed to
meet the standard value (R?<0.99); however,
the SR method produced segmentations that
were more resistant to noise. Even at noise
levels up to 120 HU, the segmentations pro-
duced by the SR method remained highly ac-
curate. Consequently, the CT number and CT
number linearity values are still accurate up to
that noise level.

Methods had similar linearity values for
noise levels less than 60 HU (Table 4). How-
ever, the linearity results of the two methods
differed significantly, with a P-value>0.05 for
higher noise levels (greater than 60 HU).

Discussion

Image noise, as an undesirable image pa-
rameter, leads to the degrading of the quality
of CT images [29]. The accurate diagnosis is
affected by the noise due to the change in CT
number. The most frequent method, widely
used to measure CT number linearity is FS;
however, the SR method is proposed to over-
come the limitations of the FS method.

The SR method outperformed the FS tech-
nique to measure the CT number linearity due

to its rapidity and endurance in the extreme
noise since it segments only for a material
(i.e., bone equivalent) with large different CT
numbers from the background, whilst the other
objects were determined by the template based
on the centre coordinate of phantom and bone
equivalent [26]. As a result, the SR method is
more resistant to higher noise levels, and the
segmentation with the SR method is quickly
performed and the CT number’s linearity is
accurately computed.

The FS method segments the four objects
one by one, requiring more time than the SR
method. Additionally, the CT numbers of
acrylic and polyethylene are relatively similar
to those of the background material. As a re-
sult, the segmentation of objects is difficult in
high noise levels above 60 HU.

Nevertheless, the CT noise in clinical exami-
nation is usually not extreme [30], a diagnos-
tic image generally contains lower noise, less
than 10 HU. Therefore, measuring CT number
linearity by both methods remains accurate
since the error of the FS method just appeared
with the noise of more than 60 HU. In this
study, various noise levels were obtained from

J Biomed Phys Eng 2023; 13(4)
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different tube currents with other constant in-
put parameters. The different tube current was
selected because tube current variation had no
significant effect on the produced CT number.
Birnabum et al. [31] showed that the varia-
tion of tube current did not cause considerable
changes in the CT number. Afifi et al. [32]
also presented that varying tube currents had a
minimum impact on CT number fluctuations.

Noise is an essential parameter in the CT
image quality [12, 27], and its suppression in
QCT 1s used to enhance the accuracy of di-
agnosis [33-35]. Cruz-Bastida et al. [36] re-
ported that noise reduction in two phantoms
(head and Catphan phantoms) significantly
declines CT number bias, resulting in improv-
ing CT number accuracy. Therefore, testing
CT number linearity routinely is important for
establishing the accuracy of CT numbers for
accurate diagnosis [37, 38].

The current study has two limitations, as fol-
lows: 1) the noise was only considered over
a limited range of tube currents, with differ-
ent results at a larger range of mA and 2) a
computational phantom was used instead of
real images of the ACR CT phantom for high
noise levels up to 120 HU, in which the noise
did not represent the actual noise generated
by images reconstructed by Filtered Back-
Projection, Iterative Reconstruction, or Deep
Learning Reconstruction methods. Therefore,
the effect of real high noise on the accuracy of
object segmentation should be investigated in
future studies in terms of CT number linearity.
The noise characterization was based only on
the noise level, not on the noise texture. Fur-
ther, different noise textures will likely impact
the segmentation accuracy of the FS and SR
methods.

Conclusion

The SR method outperforms the FS method
to measure the CT number linearity due to its
endurance in extreme noise. Segmentation of
objects and measurement of CT number linear-
ity on ACR CT phantom using the FS method

is only accurate when the noise is less than 60
HU, while the SR method is still accurate up
to 120 HU of noise.
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