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ABSTRACT

Background: The HU linearity is an essential parameter in a quantitative imaging
and the treatment planning systems of radiotherapy.

Objective: This study aims to evaluate the linearity of Hounsfield unit (HU) in
applying the adaptive iterative dose reduction (AIDR) on CT scanner and its com-
parison to the filtered back-projection (FBP).

Material and Methods: In this experimental phantom study, a TOS-phantom
was scanned using a Toshiba Alexion 6 CT scanner. The images were reconstructed
using the FBP and AIDR. Measurements of HU and noise values were performed

on images of the “HU linearity” module of the TOS-phantom. The module had five
embedded objects, i.e., air, polypropylene, nylon, acrylic, and Delrin. On each object,
a circle area of 4.32 cm? was drawn and used to measure HU and noise values. The
R? of the relation between mass densities vs. HU values was used to measure HU
linearities at four different tube voltages. The Mann-Whitney U test was used to com-
pare unpaired data and p-value < 0.05 was considered statistically significant.

Results: The AIDR method produced a significant smaller image noise than the
FBP method (p-value < 0.05). There were no significant differences in HU values of
images reconstructed using FBP and AIDR methods (p-value > 0.05). The HU values
acquired by the methods showed the same linearity marked by coinciding linear lines
with the same R? value (> 0.999).

Conclusion: AIDR methods produce the HU linearity as FBP methods with a
smaller image noise level.
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Introduction
ased on many studies carried out by now, computed tomogra-
phy (CT) scanner produces higher radiation dose compared to
other radiological modalities [1-3], which can increase patient’s
probability of acquiring cancer [4]. Realizing the negative effect of CT
dose to patient’s health [5-7] causes the efforts to minimize the risk of
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cancer by reducing CT dose crucial. One of
the efforts to reduce CT dose was conducted
by introducing an alternative reconstruction
technique [8,9] other than the standard image
reconstruction method, such as filtered back
projection (FBP) [10]. The FBP method is a
favorable reconstruction method due to its fast
reconstruction time. One way to reduce CT
dose is decreasing the current tube (mA) [11],
with reducing image quality due to the pres-
ence of higher image noise [12]. Therefore,
an alternative image reconstruction algorithm
that can produce good image quality for diag-
nostic purposes but still maintaining a lower
dose level is needed.

The iterative reconstruction (IR) technique
is an alternative reconstruction technique to
reduce radiation doses on a CT scanner [13-
19]. The technique produces high-quality im-
ages with the use of only a low tube current
generating a low radiation dose [18-26]. The
main limitation of the IR technique is that it
requires a very long reconstruction time [20-
21]. However, with the advancement of cur-
rent computer technology, this problem is no
longer a concern and therefore makes many
CT centers have implemented the technique in
their image reconstruction protocol to reduce
radiation doses.

Until now, the IR technique has been widely
applied by many CT manufacturers [27] and
is introduced in different names, such as adap-
tive iterative dose reduction (AIDR) [28],
ASIR [29], MBIR [21], VEO [30], iDose [31],
SAFIRE [32], ADMIRE [33]. However, the
technique was installed separately on the CT
scanner as an additional package. In its devel-
opment, various modifications of IR software
were made by the manufacturers with restrict-
ed access to acquire information regarding the
software detail algorithms. In general, there are
two approaches to evaluate the IR techniques,
namely using a statistical approach (Statistical
IR) and a modeling approach (Model-based
IR) [27].

Many studies have evaluated the ability of

the IR techniques in reducing the dose of up
to 60% [26,34] with still maintaining the re-
sulted image quality [30-34]. The HU linear-
ity evaluation is an important parameter to
quantitatively investigate the image quality
for maintaining the accuracy of the diagnosis
process [35]. Moreover, in the treatment plan-
ning systems of radiotherapy, the HU linearity
is also as an essential parameter to determine
the accuracy of dose planning [36]. Therefore,
this research aims to evaluate HU linearity
generated by IR techniques and compared to
the those acquired by FBP techniques.

Material and Methods

CT scanner and phantom

In this experimental phantom study, a Toshi-
ba Alexion 6 CT scanner (Toshiba Medi-
cal Systems Corporation, Otawara, Tochigi,
Japan) (Figure 1 (a)) and a TOS-phantom

Figure 1: (a) Photograph of Toshiba Alexion 6
CT scanner, and (b) Photograph of the TOS-
phantom.
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(Toshiba Medical Systems Corporation, Ota-
wara, Tochigi, Japan) were used to evaluate
the linearity of the HU. The phantom was
scanned by input parameters of 200 mA tube
current, 750 ms rotation time, 39.98 cm field
of view, 5 mm slice thickness, and a “large”
type filter. The tube voltage was varied us-
ing the available four-tube voltages of the CT
scanner, namely 80, 100, 120, and 135 kVps.
The phantom was scanned by the axial mode.
Each image acquired from scanning was re-
constructed using the standard FBP method
and the iterative method of AIDR with the
same kernel convolution of the FC13.

Comparison of HU and noise values

Measurements of HU and noise values were
performed on images of the “HU linearity”
module of the TOS-phantom, as shown in Fig-
ure 2. Measurements of HU and noise values
were performed on phantom images recon-
structed using both FBP and AIDR methods. In
the module of the phantom, five different circle
objects were embedded 1i.e., the air, polypro-
pylene, nylon, acrylic, and Delrin, which has

Alexion
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DFOV 399.8 mm

mass density values of 0.00129, 0.92, 1.145,
1.19, and 1.42, respectively. A circle region of
interest (ROI) of 4.32 c¢cm?, consisting of 710
pixels, was drawn inside each object region.
Labels of 1 to 5 were given to represent the
air, polypropylene, nylon, acrylic, and Delrin,
respectively. At each ROI, the mean of HU
values and noise (standard deviations) both in
images reconstructed with FBP and AIDR for
all available tube voltage were measured.
Linearity of HU value was obtained from
making a graph between mass densities vs.
HU values. The linearity of the HU value was
determined by making a linear regression with
its R? indicated the linearity of the value. HU
values obtained from the two methods at 120
kVp are compared to the HU value reported
in the manual book of the TOS-phantom. A
comparison of HU values between the FBP
and AIDR methods was conducted for objects
and tube voltage variations. Similarly, noise
comparison (standard deviation) between FBP
and AIDR was also conducted for the same
objects and tube voltage. Unpaired compari-
son between the two methods was statistically
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Figure 2: An illustration of a module of the TOS-phantom image that consists of five circle ob-
jects. In each object, a circle ROl of 4.32 cm? was drawn. The ROl is labeled with some numbers,
as follows: 1 for the air object, 2 for the polypropylene object, 3 for the nylon object, 4 for the

acrylic object, and 5 for the Delrin object.
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performed using the Mann-Whitney U test. A
p-value < 0.05 indicated statistically signifi-
cant difference.

Results

HU values comparison with the TOS-
phantom manual book

The manual book of the TOS-phantom re-
ported that the HU value of the air, polypropyl-
ene (PP), nylon, acrylic (PMMA), and Delrin
objects are -990, -100, 100, 125, and 340 HUs,
respectively at a voltage of 120 kVp. For the
respected objects, HU values obtained both by
FBP and AIDR methods are -1001, -105, 97,
131, and 335 HUs. The comparison of HU
values between the reported TOS-phantom
manual book and both using FBP and AIDR
were not significantly different, with a p-value
of 0.84 (> 0.05).

The TOS-phantom images reconstructed us-
ing the FPB and AIDR method at 120 kVp are
presented in Figure 3. It appears visually that
the noise from the FBP is greater than from the
AIDR. Numerical evaluation showed that the
noises generated by FBP method were 15.4,
19.6, 18.2, 18.5 and 18.4 HUs, and by AIDR
method were 8.8, 9.8, 9.9, 9.6 and 10.1 HUs.
Significantly different HU values of noise
were observed between the two methods (p-

value = 0.01).

Comparison of HU and noise values
in FPB and AIDR in object varia-
tions

Figure 4 shows the comparisons of HU val-
ue generated by FBP and AIDR reconstruction
for each object at four different kVps that the
HU values generated by the two methods were
similar. The HU value similarity occurs at all
tube voltages from 80 kVp to 135 kVp. Sta-
tistical testing showed that there were no sig-
nificant differences in HU values between im-
ages reconstructed using FBP and AIDR with
a p-value of 0.97, 1.00, 0.83, and 0.73 for the
respected 135, 120, 100, and 80 kVps.

The comparisons of the quantitative amount
of noise between FBP and AIDR for object
variations at four different kVps were shown
in Figure 5, showing higher noise generated
using FBP method than AIDR (p-value =0.01)
on all different voltages. It also appears that
the noise in the air object is the lowest com-
pared to other objects.

Comparison of HU and noise values
in FPB and AIDR in tube voltage
variations

The comparisons of the HU values between
FBP and AIDR methods for tube voltage vari-

Figure 3: Example images are reconstructed by the FBP method (a) and the AIDR method (b).
The images are obtained from the TOS-phantom and scanned at 120 kVp.
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Figure 4: Comparison of HU values between FBP and AIDR methods for object variations at (a)
135 kVp, (b) 120 kVp, (c) 100 kVp, and (d) 80 kVp. Labeled with some numbers are as follows: 1
for the air object, 2 for the polypropylene object, 3 for the nylon object, 4 for the acrylic object,
and 5 for the Delrin object.
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Figure 5: Comparison of the amount of noise between FBP and AIDR for object variations at (a)
135 kVp, (b) 120 kVp, (c) 100 kVp, and (d) 80 kVp. Labeled number are as follows: 1 for the air
object, 2 for the polypropylene object, 3 for the nylon object, 4 for the acrylic object, and 5 for
the Delrin object.
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ations were shown in Figure 6. No significant
difference of HU values of the images was
obtained using both FBP and AIDR methods
with p-values of 0.97, 0.97, 1.00, 0.86, and
0.77 for the air, polypropylene, nylon, acrylic,
and Delrin objects, respectively. The figure
also shows that for all objects, the HU values
decreases slightly for a lower usage of tube
voltage from 135 kVp to 80 kVp.

The comparisons of noise generated by the
FBP and the AIDR on different voltage were
shown in Figure 7. Again, it is clear that the
noise from the FBP is much greater than that
from the AIDR with p-values of 0.03, 0.03,
0.06, 0.03, and 0.06 are for the air, polypropyl-
ene, nylon, acrylic and Delrin, respectively.

Comparison of HU linearity between
FBP and AIDR

The comparison of HU linearities between
images of the TOS-phantom reconstructed

using FBP and AIDR methods are shown in
Figure 8. It appears that both methods produce
the same linearity marked by coinciding linear
lines with the same R? value. If we compare
images with different voltages, the linear-
ity line has a slightly different R? value. The
R? values are 0.992, 0.994, 0.998 and 1.000
for the tube voltages of 135, 120, 100 and 80
kVps, respectively. This means that tube volt-
age of 80 kVp has a higher linearity compared
to a higher voltage. However, the R? values
obtained from all tube voltages used are still
higher than 0.99.

Discussion

This study aims to evaluate the HU linear-
ity of the IR methods, and compare it with
the FBP method, which is a standard method
of image reconstruction. The evaluation is
important because, CT analysis currently be-
gins to use quantitative analysis techniques,
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where accuracy of HU values and its linear-
ity are considered as main indicators [35]. In
addition, the CT scanner with IR methods is
sometime used in treatment planning where
HU accuracy also determines the accuracy of
dose planning on radiotherapy to produce bet-
ter therapeutic outcomes [36]. Although there
were several studies evaluating image quality
and dose reduction in the IR method [19-25],
the linearity evaluation of HU values has nev-
er been carried out. As such, this study com-
plements previously reported studies reporting
results of IR reconstruction in terms of noise
[29], spatial resolution [13] and low contrast
parameters [19].

This study revealed that the HU values of
TOS-phantom images generated by the IR
method did not differ significantly from the
standard FBP method. For the five objects
in the TOS-phantom, mean difference in HU
value between the FBP and IR methods is less
than 1 HU and the maximum difference is less
than 3 HU. No significant difference of HU
value generated by the two methods shows
that the IR method can be used for quantita-
tive analysis of images and also in treatment
planning systems.

As previously reported by several studies,
the IR method can produce images with much
smaller noise compared to the FBP method if
the input exposure factors are kept constant
[18,20] as also reported in this study on all
tube voltages used. Therefore, if the noise pro-
duced by the IR method is set the same as the
FBP method, then the IR method can be car-
ried out at a smaller dose than the FBP [21].

From all five objects embedded in the TOS-
phantom, it was found that the air object pro-
duces the smallest noise for its homogeneous
properties compared to the other four objects
having a slight inhomogeneity in its the con-
stituent materials. This study also showed the
effect of reducing the tube voltage (kVp) in re-
ducing the HU values on five different materi-
als in the phantom

This study uses of only one type of IR tech-

nique, namely AIDR. Therefore, HU linear-
ity in other IR reconstruction methods such
as MBIR, VEO must be evaluated separately.
HU linearity evaluation on other IR methods
will be conducted in further studies.

Conclusion

In conclusion, the HU values and its linear-
ity generated by the AIDR method are not sig-
nificantly different from the FBP method as a
standard CT image reconstruction with pro-
ducing smaller image noise values.
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