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Abstract
We investigated comparisons between patient dose and noise in pelvic,
abdominal, thoracic and head CT images using an automatic method. 113
patient images (37 pelvis, 34 abdominal, 25 thoracic, and 17 head examinations)
were retrospectively and automatically examined in this study. Water-equivalent
diameter (Dw), size-specific dose estimates (SSDE) and noise were auto-
matically calculated from the center slice for every patient image. The Dw was
calculated based on auto-contouring of the patients’ edges, and the SSDE was
calculated as the product of the volume CT dose index (CTDIvol) extracted
from the Digital Imaging and Communications in Medicine (DICOM) header
and the size conversion factor based on the Dw obtained from AAPM 204. The
noise was automatically measured as a minimum standard deviation in the map
of standard deviations. A square region of interest of about 1 cm® was used in
the automated noise measurement. The SSDE values for the pelvis, abdomen,
thorax, and head were 21.8 + 7.3 mGy, 22.0 £+ 4.5 mGy, 21.5 + 4.7 mGy, and
65.1 £ 1.7 mGy, respectively. The SSDEs for the pelvis, abdomen, and thorax
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increased linearly with increasing Dw, and for the head with constant tube
current, the SSDE decreased with increasing Dw. The noise in the pelvis,
abdomen, thorax, and head were 59 £ 1.5 HU, 52 £+ 1.4 HU, 49 + 0.8 HU
and 3.9 + 0.2 HU, respectively. The noise levels for the pelvis, abdomen, and
thorax of the patients were relatively constant with Dw because of tube current
modulation. The noise in the head image was also relatively constant because
Dw variations in the head are very small. The automated approach provides a
convenient and objective tool for dose optimizations.

Keywords: automated noise calculation, automated size-specific dose estimate
(SSDE), water-equivalent diameter, CT dose optimization, ALARA principle

(Some figures may appear in colour only in the online journal)

1. Introduction

Computed tomography (CT) is a powerful modality in medical imaging [1, 2] and its use
continues to increase as a result of ongoing advances in its technology. However, the growing
use of CT has increased the potential radiation risk to the population [3], since the dose from
CT scans is greater than from other imaging modalities [4]. It was reported that the
contribution from CT doses was more than half of the dose from all other radiological
modalities [5]. Recently, several publications reported that there was a positive relationship
between CT examinations and the subsequent occurrence of cancer [6, 7]. Therefore it is
crucial to implement CT dose optimization based on the principle of as low as reasonably
achievable (ALARA). In the ALARA principle, the intended purpose of the application of
radiation in medical examinations is dose optimization, not simply dose reduction [8, 9]. In
dose optimization, image quality with a level adequate for diagnosis should be obtained, and
based on this image quality level, an image is then produced with the lowest possible dose.

For radiation dose optimization, there are two types of variables that should be con-
sidered: controllable and uncontrollable variables [10]. Controllable variables are input
imaging variables such as tube voltage, tube current, gantry speed, mode of operation, pitch,
slice thickness, type of reconstruction filter, modulation parameters, field of view, etc.
Uncontrollable variables are directly related to the patient such as patient size, patient geo-
metry, and attenuation of the scanned body. All these variables affect the dose and the image
quality [11]. Thus, the application of the ALARA principle requires the quantification of
specific quantities, such as radiation dose and image quality, for each patient personally and
cannot be sufficiently represented by standardized phantoms.

Comparison between radiation doses and image quality has been investigated in previous
studies [12, 13], however the studies have several limitations. The dose metric used is based
on volume CTDI (CTDlIvol) [12, 14], which only characterizes the output dose of CT scanner
and does not take into account the size of the patient [13]. As already mentioned, the noise for
the same exposure factor is strongly influenced by the size of the patient [15]. For the
quantification of radiation doses in CT, a recently developed metric, the size-specific dose
estimate (SSDE), has been specifically designed to take into account the individual size of
each patient [16—19]. SSDE is a development of the quantification of previous doses indices
that were based on standardized phantoms, such as the CTDIvol [20-23].

Another limitation is that the measurement of patient dose and noise is carried out
manually [12, 13]. This approach is rather subjective and a more objective comparison between
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Figure 1. Schematic diagram of the current study.

patient dose and patient noise needs to be performed with an automated approach. Presently, an
automated calculation of patient dose (SSDE) is already available [20, 24]. Christianson et al
[20] developed an algorithm for automatically calculating SSDE based on an effective diameter
(Deff) and more recently Anam et al [24] developed software for automatic SSDE based on
water-equivalent diameter (Dw) [25, 26]. Recently, Christianson et al [27] developed a tech-
nique for automatically measuring the noise in abdominal clinical CT images. More recently,
Anam et al [28] developed a refined automated technique for calculating noise from patient
images that can be applied to all body regions, such as the head, chest, abdomen and pelvis.
This opens up the opportunity to optimize patient dose more objectively, efficiently, and
conveniently. However, to date, a comparison between the automatic dose and noise mea-
surements for dose optimization purposes has never been conducted. This current study aims to
implement the automated patient dose and noise in clinical images as dose optimization for the
most common types of CT examinations: pelvis, abdominal, thorax and head.

2. Methods

2.1. Study design

A schematic diagram of the current study is shown in figure 1. The study was a retrospective
study on 113 patient images in four CT examinations (pelvis, abdomen, thoracic and head).
The number of patients were 37, 34, 25 and 17 for pelvic, abdominal, thoracic and head CT
examinations. All images of patient were obtained using a MSCT Toshiba Aquilion-128, with
120 kVp and a slice thickness of 2 mm. The pitch of 0.938 for the pelvis, 1.438 for the
abdomen and thorax, and 0.688 for the head, and the rotation times were 500 ms for the
pelvis, abdomen, and thorax, and 750 ms for the head. The tube current modulation (TCM)
technique was implemented in pelvis, abdomen and thorax examinations, and a fixed tube
current (FTC) technique of 300 mA was used in the head examination. In the head exam-
inations, constant tube current or FTC was usually employed due to the very small head size
variation of the adult patients [29].

The Dw, SSDE and noise calculations were automatically calculated using one image of
the middle slice (e.g. the orbitals (head), sacrum (pelvis), umbilicus (abdomen), and xiphoid
process (thorax)). The SSDEs and noises for each examination were then compared as a
function of Dw. Comparisons of SSDE values and noises were also shown using boxplot
graphics.
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Figure 2. Steps of automated Dw calculation. (a) Image of patient, (b) result of auto-
contouring of the image, (c) water-equivalent diameter (Dw) based on the result of
auto-contouring.

2.2. Algorithm of automated Dw and SSDE calculations

The water-equivalent diameter (Dw) is a characterization of patient size and is the ‘gold
standard’ metric for patient size [30]. The Dw does not only surrogate the geometrical size of
the patient, but it also the attenuation characteristics [31, 32]. Automated Dw calculation was
adopted from the previous study [24]. The steps in the automated Dw calculation are shown
in figure 2. The calculation was started with automated patients contouring. Dw was calcu-
lated using equation:

l e Arol
Dw = 2 [| —HU(x, +1]—. 1
w \/(IOOO (x, Y)ror ) - (D

The region of interest (ROI) was a result of automated patient contouring. Agrpor was the
area of the patient and HU(x, y)ro; was the average HU value within the patient. Anam et al
[24] reported that the percentage differences between the automated and the manual Dw
calculations were less than 0.5%.

A metric for characterizing patient dose estimates is the size-specific dose estimate
(SSDE) [32]. The SSDE values were calculated automatically based on the results of auto-
mated Dw calculations [24]. The equations to calculate the SSDE based on head and body
PMMA phantoms were obtained from four different research groups organized by the
American Association of Physicists in Medicine (AAPM) in 2011 [33]. The four groups used
different methods, i.e. physical measurements using an anthropomorphic phantom, physical
measurements using cylindrical PMMA phantoms, Monte Carlo measurements on voxelized
phantoms, and Monte Carlo measurements on simple cylindrical phantoms [33]. All data
were then combined to produce the equations for calculating SSDEs taking into account the
patient size. The results from the four different studies were highly correlated with a R? of
0.942 [33]. The equation for SSDE for the pelvis, abdominal and thoracic examinations was:

SSDE = CTDI3} x 4.378094 x ¢ 004331124 x Dw, )
The equation for SSDE for the head examinations was:

SSDE = CTDI!?

()

| X 1.874799 x 670.03871313 X Dw' (3)

CTDI?2 is the metric of CT output dose measured using 32 cm PMMA phantom, and
CTDI'S, is measured using 16 cm PMMA phantom. The values of CTDIZ2, and CTDI!S

vol
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Figure 3. Original images (first row) and their corresponding standard deviation maps
(second row). The blue boxes indicate the location of the smallest standard deviation
which characterizes the noise of the image. (a) Pelvis, (b) abdomen, (c) thorax, and
(d) head.

values were taken from the Digital Imaging and Communications in Medicine (DICOM)
header.

2.3. Algorithm of automated noise calculation

Noise is generally determined by calculating the standard deviation within a homogeneous
area in the ROI [34, 35]. Automated noise calculations require this be done automatically.
However, the determination of a ROI in a patient is not trivial. Recently, Christianson et al
[28] introduced an automated noise calculation algorithm without ROI detection. However, it
was only able to be applied in abdominal images. Anam et al [28] developed a refinement
algorithm that is applied to all body regions. Automated noise calculation was measured in
the most homogeneous area, i.e. it was identified as the smallest standard deviation (SD) in
the standard deviation map. The standard deviation map was calculated using a sliding
window with kernel size of about 1 cm”. Figure 3 shows the original images of patients (first
row) and its corresponding noise maps and locations of the smallest SD in the SD map to
decide the noise of the image (second row).

3. Results

The SSDE levels for the pelvis, abdomen, thorax and head of the patients as a function of Dw
are shown in figure 4. The SSDE values increase linearly with increasing Dw in the pelvis,
abdomen, and thorax images. The R? are 0.74, 0.54 and 0.82 for pelvis, abdomen and thorax,
respectively. A different trend is observed in the head images, the SSDE exponentially
decreases with increasing Dw. The noise for the pelvis, abdomen, thorax and head of the
patients as a function of Dw are superimposed in figure 5. The noise in the pelvis, abdomen,
thorax, and head images are rather constant (with R* around 0.01) for varying Dw.
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Figure 4. The result of automated noise and SSDE calculations as a function of Dw for
different body parts. (a) Pelvis, (b) abdomen, (c) thorax, and (d) head.
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Figure 5. Box plots for different body parts. (a) SSDE, and (b) Noise.

Box plots of SSDE and noise are shown in figure 5. The SSDE values in the head image
(65.1 £ 1.7 mGy) are significantly higher than for the pelvis (21.8 4+ 7.3 mGy), abdomen
(22.0 £+ 4.5 mGy) and thorax (21.5 £ 4.7 mGy). The noise in the pelvis, abdomen and thorax
images are similar with mean values of 5.9 = 1.5 HU, 5.2 £ 1.4 HU and 4.9 + 0.8 HU,
respectively, while in the head images the noise is significantly lower at 3.9 4+ 0.2 HU.

4. Discussion

The automated noise calculation [27, 28] in conjunction with an automated size-specific dose
estimate (SSDE) [20, 24] can be used as a tool to optimize dose in accordance with the
ALARA principle. An automated method more objectively and effectively determines the
noise and SSDE than the manual method. The determination of noise is strongly influenced
by the selection of the ROI by the observer, who may sometimes determines noise in an area
that is not the most homogeneous.

It is found that the noise in the pelvis, abdomen and thorax images are relatively constant
for varying Dw because of TCM [36-38]. Even though it did not use TCM, the noise in the
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head image is also relatively constant, due to very small Dw variations in the head, of about
2 cm. This small variation of Dw leads to only a slight impact on the noise on the head.

SSDE is affected by both values of CTDIvol and size-correction factor. SSDE decreases
with size in the head due to constant mA (or fixed tube current, FTC). The constant mA leads
to a constant CTDIvol. This constant CTDIvol then results in a decreasing of SSDE, because
of the decrease in size-correction factor. Conversely, the other examinations use tube current
modulation (TCM) for dose reduction in small patients, where the mA increases with the size.
This increase of mA leads to an increase in CTDIvol. If the size increases, the CTDIvol
increases but the size-correction factor decreases. The combination of the increase of
CTDIvol and a decrease of size correction factor can lead SSDE to remain constant, or
increase, or decrease depending on which one is more dominant. This dominance depends on
the magnitude of TCM. In this study, the increase in CTDIvol was more dominant than the
decrease in size-correction factor, consequently SSDE increased with the size. In previous
studies the reported difference in results depended on the magnitude of TCM. One study
reported that the TCM technique caused a relatively constant SSDE [39], although other study
reported that the TCM technique caused an increase in SSDE [40].

The current study found that the SSDE of the head was in the order of 65 mGy, a much
higher dose level than other body parts examined which had SSDE values of about 20 mGy. Our
results are comparable with a survey of output dose values of about 60 mGy for head CT
examinations and of about 20 mGy for body examination in the US in the period 1999-2001
[41]. In this study, we found that the noise in head images was about 3.9 HU and it was lower
than that in pelvis, abdominal and thorax images (about 5-6 HU). This finding indicated that the
protocol for head CT examination produces too high a dose and too low noise, the dose could be
further reduced while maintaining diagnostic image quality. Previously, Tipnis et al [42] reported
that a decrease in output dose from 75 to 60 mGy in head CT examinations produced no clear
degradations in depicting neuroanatomy. Based on this finding, the noise in the head image could
be further increased up to about 5 HU which may be obtained with a dose lower than 60 mGy.

Comparison of doses on each examination for optimization purposes could also be
conducted. In the pelvis and abdominal examination, there are several noise outliers, i.e. the
noise is much greater than the average noise value for the certain examination. This
phenomenon indicates that in one examination further optimization needs to be carried out.
The ranges of noise values in the pelvis, abdominal and thoracic examinations are relatively
large at around 4 HU, indicating that TCM optimization needs to be increased so that the dose
and noise ranges can be reduced to around 2 HU. This task is challenging because the pelvis,
abdomen, and thorax have relatively large variations in size, geometry and composition. A
noise range of less than 2 HU has been achieved on head examinations due to the relatively
small variation in head size from one patient to another, which is in the range of 2 cm.

In the current study, however, the calculated noise level has not been compared with
visual observations by expert radiologists [42]. In a follow-up study, we will compare
quantitative noise levels from automated methods with qualitative radiological observations
determined by a radiologist. Image quality is not only characterized by noise. For a more
comprehensive optimization we need to evaluate an automatic approach taking into account
other measures of image quality, such as spatial resolution [43], artifacts and so on.

5. Conclusions

Implementation of automated noise calculation, along with automated size-specific estima-
tion, may provide a convenient tool for optimizing patient doses according to the ALARA
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principle. We found that the noise in head images was lower than that in pelvic, abdominal
and thoracic images, while the dose in the head was about three times that in the other
regions. This finding revealed that the protocol for head CT seems to be characterized by
higher dose and lower noise, both of which could be further optimized while maintaining
diagnostic image quality.
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